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Abstract 

This thesis compares tree responses in naturally evolved and cultivated arboreal 

landscapes of Monsoonal Northern Territory.  It examines the interactive effects of 

the carbon, hydrological and nutrient cycles, and cyclone and associated fire impacts 

influenced by climate, topography and soils, linked to geology. 

Carbon stock in these arboreal communities increases linearly with stand basal area. 

Post-1940 increases in available moisture have tended to reduce tree carbon 

accumulation in disturbed savanna woodland, linked to stimulated grass growth, 

whereas in undisturbed monsoon rainforest and cultivated trees, growth rates have 

increased. Growth and, inversely, root failure in cyclones is positively correlated 

with topography-regulated drainage, which increases, and soil depth, which 

decreases with slope and elevation. 

Both native and cultivated dicotyledon, rainforest, and particularly deciduous species 

have higher carbon assimilation rates and, apart from legume trees, higher storm 

tolerance than most evergreen species, such tolerance increasing with height and 

diameter. The reverse applies to palms, with both phyla showing a curvilinear 

response to taper. 

Depth trends of vital nutrients, affecting fine root development, and failure, are more 

strongly correlated with soil organic carbon decrease than clay increase. Tree root 

density, and both moisture and nutrient decrease, is highest in the strata where these 

depth trends intersect. Carbon accumulation in response to nutrient cations is 

generally negative for native, and positive for cultivated trees, both increasing with 

Nitrogen and Phosphorus. 
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Tropical Cyclone Tracy altered the demographics of arboreal communities along the 

tracts — inland and, based on house damage patterns, radially from the cyclone 

centreline. The hypothesis that trees protected houses during TC Tracy was 

supported by empirical data in Darwin’s newer northern suburbs, but not in the older 

southern suburbs. There is sufficient evidence in this thesis to suggest that well-

planned and well-managed urban tree cover can play important protective roles 

ameliorating microclimate, sequestering carbon and mitigating cyclone impacts in 

tropical, monsoonal cities. 
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AC Autocorrelation 
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AR Autoregression 
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Cuextr Extractable copper 

DA Darwin Airport 

DBG  Darwin Botanic Gardens 

DBH Diameter at Breast Height (1.3m) 

DBH pr Predominant tree DBH 

DEM Digital Elevation Model 

Dicot Dicotyledonous plants 

DIPE Department of Infrastructure, Planning and Environment (NT) 

DPO Darwin Post Office 
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Et Evapotranspiration 

Fe Iron 
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GIS Geographic Information System 

GLM General Linear Model 

GH Government Houses 

H Height 

HC Housing Commission Houses 

Hpr Predominant tree Height  

HI Height Index 
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HDI House Damage Index 

IACSS Australian Cyclone Severity Scale 

IIC Current Intensity Number 

JRS Dr Jeremy Russell-Smith, Berry Springs 
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K Potassium 

Kextr Extractable potassium 

Kexch Exchangeable potassium 

KTBCC Kendall tau_b Correlation Coefficient 

LA Single Leaf Area 

LAI Leaf Area Index 

LMA Leaf Mass per area 

LT Leaf thickness 

MAI H Mean annual height increment 

MAI DBH Mean annual DBH Increment 

Mg Magnesium 

Mg exch Exchangeable magnesium 

Mn extr Manganese, extractable 

MNT Monsoonal Northern Territory 

MnT Manganese, Total 

Monocot Monocotyledonous plants 

mPAI Periodic Annual Increment, mean for more than one year 

MoE Modulus of Elasticity 

MoR Modulus of Rupture 

MRF Monsoon Rainforest 

N Nitrogen 

NT Nitrogen, Total 

Nextr Nitrogen extractable (nitrate) 

Na Sodium 

Na exch Exchangeable sodium 

NRETA Natural Resources, Environment, Tourism & Arts (NT) 



 

 Page VIII 

NTES Northern Territory Emergency Services 

Nextr Extractable nitrogen  

OM Organic matter 

P Phosphorus 

PAI H Periodic Annual Increment in Height 

PAI DBH Periodic Annual Increment in Diameter 

PCC Pearson’s Correlation Coefficient 

Pextr Extractable phosphorus 

PGS Pedon group spectrum 

PH Private Houses 

pH Hydrogen ion concentration 

PT Phosphorus, total 

R/S Root: shoot ratio 

RH Relative Humidity 

RF Rainfall 

rp Rate parameter  

S Sulphur 

Sexr Extractable Sulphur 

SOC Soil organic carbon 

SOI Spheres of Influence 

SPSS IBM Statistical Software (originally, Statistical Package for the Social 

Sciences) 

ST Sulphur, Total 

SWL  Savanna woodland 

TC Tropical Cyclone 

TCu Total copper 
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TDI Tree Damage Index 

TERTHFP Top End Regional Tropical Hardwood Forestry Project 

TK Total potassium 

Tmax Maximum temperature 

Tmin Minimum temperature 

Vmax Maximum 10 minute wind speed 

Wv Wind velocity 

Zn Zinc 

Zn extra Extractable Zinc 

ZnT Total zinc 
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Chapter 1 Introduction and background 

1.1 Introduction 

The value of trees has predominantly been associated with their role in providing 

wood products. However, there is growing recognition of the wider environmental 

services provided by trees, particularly moderating climate related processes 

including temperture (McPherson 1994, McPherson et al. 1997, Rosenfield et al. 

1998) and wind (van Eimern et al. 1964, Lynch and Donelly 1980, Ralph 1982, 

Dengate 1983, Visser and Cleijne 1994). Of specific interest to this study, is the role 

of trees in providing infrastructure protection from cyclones (Cameron et al. 1993) 

and contributing to carbon sequestration and storage (Rowntree and Nowak 1991, 

Lisson et al. 2000).  

Climate changes due to increases in “Greenhouse” gases have been identified 

globally by the International Panel on Climate Change (IPCC, 2001), in Australia 

(Pearman and Mitchell 1991, Nicholls et al. 1996, Anon 1999a, Nicholls 2006, 

Bureau of Meteorology 2008) and in Monsoonal Northern Territory (MNT) 

(Hennessy et al. 2004).  A number of reports have identified changing cyclone 

regimes (McBride 2004, Walsh 2004, Emanual 2005, Trenberth 2007). These, 

coupled with other landscape changes, have implications for the environment of both 

people (MacCarthy 2001, Flannery 2005) and arboreal communities (Fox 1980, 

Cameron et al. 1983, Hilbert et al. 2001, Ostertag et al. 2005, Lugo 2008, Turton 

2008), including their capacity to provide feedback services.   

Such changing pressures on trees are not occurring in isolation, but are also affected 

by topographic moderators of climate (White et al. 1984, Crowder 1995), hydrology 



Chapter 1: 

 Page 2 

(Vardavas 1987, Dilshad et al. 1996) and various edaphic factors influencing soil 

moisture, aeration and nutrient availability (Russell 1973, Donahue et al. 1983, 

Grubb 1995) and associated root development (Raurk et al. 1982). These landscape 

factors interact to influence photosynthesis, carboxylation rates and above and below 

ground carbon accumulation (Adams and Moore 1983). The resulting root/shoot ratio 

(Day 1950, Fraser 1962) and tree morphology affect tree vulnerability to wind 

damage and the consequent loss of both carbon and protective services (e.g. catching 

flying debris) during destructive winds.  

This thesis, in addressing the complexity of these environmental relationships, 

arboreal responses and associated carbon assimilation and cyclone protection 

services, has undertaken a meta analysis across a spectrum of naturally evolved 

(savannah woodland, open forest, monsoon rainforest) and cultivated (forestry, 

horticulture, urban amenity) arboreal ecosystems across Monsoonal Northern 

Territory (MNT), with a focus on Darwin and Tropical Cyclone (TC) Tracy (Figure 

1.1).  The study has drawn on, integrated and synthesised existing published and 

unpublished information and data, from across landscape gradients, to establish 

temporal and spatial patterns in atmospheric and geospheric systems bearing on 

potential arboreal ecosystem states and dynamics.  These patterns are then related to 

actual responses across a spectrum of such ecosystems, and how those responses 

influencing the services they provide, in particular carbon sequestration and cyclone 

protection. 
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Figure 1.1 Location of MNT and Darwin landscape study areas in the Northern 

Territory of Australia used in this study 

 

The naturally evolved arboreal ecosystems (NEC) of Monsoonal Northern Territory 

assessed in this study are grouped into savanna woodland (SWL), open forest (OF) 

and monsoon rainforest (MRF). Cultivated arboreal ecosystems (CC) range from 

plantations and orchards to parks and gardens, the latter encompassing houses.  

These different tree communities vary in their contribution to the carbon cycle and 

vulnerability to cyclones, depending on community composition, structure, 

associated species ages and morphology. This thesis explores genetic, environmental 

and cultural influences on these attributes and the relationship these have to carbon 

accumulation. Information has been drawn from a number of studies dealing with 

naturally evolved MNT community structure and composition (Bowman 1992, Prior 

et al. 2004, Prior et al. 2007), physiology of tree water use (Prior et al. 1997a, Prior et 

The Darwin Urban 

area 

Monsoonal Nothern 

Territory (MNT) 
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al. 1997b, O’Grady 1999, Eamus et al. 2001), and carbon sequestration, influencing 

above and below biomass and carbon stock (Chen et al. 2003, Cook 2005, Chen et al. 

2005). These studies underpin much of this work. Limited information has also been 

derived from plantations (Reilly et al. 2005, Clark et al. 2007), as plantations provide 

useful comparative information under more controlled conditions.  

It is argued that the associated tree anatomy and morphology, both above and below 

ground, has a bearing on vulnerability to cyclones and potential for carbon release. 

However, an important question which arises is whether the adaptive traits of 

existing native species are able to cope better than introduced and cultivated species 

with anthropogenic atmospheric, hydrological, edaphic changes and episodic 

ecological disturbances. The impact of disturbance by fire in MNT savanna is well 

documented (Braithwaite and Estbergs 1985, Wilson and Bowman 1987, Bowman et 

al. 1988a, Bowman and Hooper 1988b, Bowman and Fensham 1991, Clayton-Green 

and Beard 1993, Bowman 1998; Bowman et al. 2001, Russell-Smith et al. 2002, 

Bowman 2003, Edwards et al. 2003, Fensham et al. 2003, Bowman and Prior 2004, 

Russell- Smith et al. 2004, Beringer et al. 2007). Less well documented is the impact 

of storms and cyclones (Stocker 1976, Fox 1980, Williams and Douglas 1995, Cook 

and Goyens 2008) or the interactive effects with fire (Bowman and Panton 1994). 

Studies on cyclone disturbance in other ecosystems (Bruce et al. 2008, Cook and 

Curren et al. 2008a and 2008b, Goyens 2008, Laurance and Curran 2008, Lugo 2008, 

Metcalf et al. 2008, Staben and Evans 2008, Turton 2008a and 2008b) also provide 

some insights into the dynamics involved. 

The impacts of cyclones on cultivated trees have also received limited attention in 

MNT (Cameron et al. 1983) or elsewhere (Francis 1993, 2000, Guard et al. 1999, 
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Kanowski 2008). Comparative assessments between natural and cultivated arboreal 

communities provide additional insights into the carbon cycle and cyclone ecology of 

such communities not evident from individual studies.   

An  integrated landscape ecosystems approach, using geographic information 

systems (GIS) and other spatial as well as temporal analytical tools, has enabled the 

synthesis of  complex biological, physical and sociological information, from 

published and unpublished sources in MNT and related landscapes.  This 

multidisciplinary approach allows for the potential emergence of new information 

and insights that a single analytical lens may not have revealed.  

1.2 The thesis 

1.2.1 Research questions 

This thesis asks: 

1. What are the basic atmospheric (gaseous/particulate, climatic and particularly 

cyclonic) and geospheric (geologic, topographic and edaphic) drivers and 

regulators, of tree and associated community states in MNT landscapes, how 

have these changed as a result of human activity, and how do such changes 

influence the capacity of trees to accumulate (and release) carbon, and both 

resist and recover from cyclones? 

2. Do genotypic and phenotypic attributes of naturally evolved (savanna woodland 

and monsoon rainforest) and cultivated (plantation, orchards and amenity 

plantings) tree species, and associated community structure and composition, 

differ in how they cope with the natural and human influenced environment 
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generally, and in particular the accumulation of carbon and response to 

cyclones?  

3. What relationship do such trees have with the built environment (houses) during 

cyclones? How does this affect their ability to provide landscape services 

contributing to sustainability? 

To answer these questions, this thesis evaluates the spatial and temporal state of the 

MNT environment influencing tree states, focusing on: 

 the cyclic and changing solar energy, moisture and wind regimes 

of the Darwin atmosphere reflected in temporal cycles and spatial 

gradients of climate generally, and cyclones in particular and their 

extension across MNT; 

 the morphological, physical, hydrological and chemical attributes 

of the geology-regolith-soil and associated topography complex 

(called the geosphere here); 

 the response in above and below ground morphology (and 

associated carbon stock), composition, structure and cyclone 

resilience of native and cultivated arboreal communities, in these 

landscapes to atmospheric and geospheric influences;  and 

 the relationship such trees have to the pre- and post-cyclone built 

environment and whether this is protective or harmful. 

1.2.2 Research approach 

This research is mainly inductive, describing relationships which may or may not be 

causal, given the lack of existing theory on many aspects of carbon and cyclone 

ecology. Where existing theories do exist, a deductive approach is used. Much of the 

information has been drawn from NT government “Land Resource Survey” (LRS) 
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reports of land systems and land units (Aldrick and Robinson 1972, Foster and 

Fogarty 1975b, Wells and Harrison 1978, Day et al. 1979, Fogarty et al. 1979, 

Fogarty et al. 1984, Napier and Steen 2002). This has been supplemented with data 

from empirical studies undertaken by CSIRO, NT Government agencies, and Charles 

Darwin University to extend the predictive value of resulting models.   

This thesis builds on approaches used in other studies of vegetation pattern in 

response to environmental gradients. The role of contemporary climate regulators on 

tree distribution and associated morphology, consequent community structure, 

biomass and therefore carbon storage, has been well documented (Holdridge 1947, 

Ladiges 1974, Rognon and Wilimas, 1977, Specht 1981, Nix 1982, Specht and 

Specht 1999). A number of studies have explored vegetation changes in relation to 

topography (Austin and Belbin 1981; Kessell 1981, Austin et al. 1983, Kirkpatrick et 

al. 1987), as well as with latitude. The “North Australian Tropical Transect” (NATT) 

project (Williams et al. 1996, Cook et al. 2002), complementing similar landscape 

studies of other world savannah ecosystem responses, is particularly relevant to the 

latitudinal gradient analysis of trees used in this study. This study is located in the 

northern, approximately 400 km long (1600mm – 1200mm average annual rainfall), 

section of this transect, but draws on a broader cross-section of arboreal and 

environmental information, including a range of natural and cultivated arboreal 

communities and soil and landform types. 

This data integration in this meta study from various sources has the potential for the 

emergence of new ecological information and insights not evident in the original 

studies but having a bearing on carbon accumulation and cyclone influences on the 

landscapes studied. 
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Geographic Information Systems (GIS) and various forms of remote sensing are 

established tools for achieving the spatial and vertical (layering) integration of these 

multiple landscape variables (Sklar and Costanza 1990, Turner 1990, O'Neill et al. 

1991, Turner et al. 1995, Legendre and Legendre 1998). These tools are also used in 

this study to establish spatial relationships between trees and house states and the 

environment, including responses to cyclone disturbance. 

The data used in this study includes qualitative or non-parametric (eg ranked data), 

data interpreted from scaled relationships, and quantitative or parametric data.  It has 

been analysed using well-documented statistical methods (Quinn and Keogh 2002) 

as summarised in Box 1.1. 
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Box 1.1 Summary of statistical software and analysis used in this study (See Appendix 

1.1 for details.) 

 

  
SPSS 15 (SPSS Inc 2006) 

Parametric 

Test for normality of data using p-p plots to ensure that standard deviation 

were independent of means (p-p test). 

Test for differences between means 

Significance of difference in means between two variables using a two tailed t 

test adjusted for equal or non-equal variance based on Leven’s significance 

test (t tests). 

Significance of difference between pairs in multiple variable comparison test 

using one way analysis of variance using Turkey’s significance test where 

equal variance is assumed and Dunnett’s C where it is not (ANOVA). 

Parametric 2 tailed correlation analysis 

Pearsons’s Product Moment Correlations coefficient (R) for bivariate linear 

data sets using Bonferroni significance level on (PCC). 

Regression analysis 

Least mean square regression modelling to test data for goodness of fit to 

linear (Lin), logarithmic (ln or Log), power (P), quadratic (Q) or cubic (C) 

models based on regression coefficient r
2 

and F test significance probability 

level. 

Autocorrelation and Autoregression analysis 

To detect cyclic patterns and trends within them (see Box 2 Appendix 1) 

STATISTICA (Stats of t Inc) 

3D plot based on least distance mean square relationship between one 

dependent and two independent variables. 

Non parametric 

Kendall tau_b correlation coefficient (R) for bivariate linear related data 

(KTBCC). 

PC-ORD (McCune and Mefford 1999) 

Non parametric multidimensional scaling for establishing relationships and 

ranking of landscape entities based on multiple attributes in multidimensional 

space involving data iteration to a minimum stress level of fit. (NMS) See Box 

1 Appendix 1. 
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1.3 Conceptual basis for this thesis 

1.3.1 Landscape systems 

Many theories have been developed for the state and dynamics of naturally evolved 

ecosystems and landscapes. Such theories are less well developed for cultivated 

ecosystems. The “Landscape Ecology” paradigm (Naveh 1982, Risser et al. 1983, 

Naveh and Leiberman 1984, Risser 1987, Urban et al. 1987, Zonneveld 1989, 

Nassauer 1995, Hobbs 1997, Haber 2004) provides some useful insights into the 

dynamics of anthropogenic landscapes and associated ecosystems. This integration 

of geography and ecology is seen as providing a useful foundation for dealing with 

complex emergent landscape problems and underpins much landscape design and 

planning as well as hazard prediction (Mabbut 1968, Major 1969, Cooke and 

Doornkamp 1974, Wood et al. 1985, Ragatt and Hill 2004). It includes pattern 

analysis using generic (Rowe and Sheard 1981), process (Moss 1985) and parametric 

(King 1970, Ollier 1977) approaches, to the study of landscape states in time and 

space. These serve as indicators of “land capability”, “carrying capacity”, “fertility”, 

and “site quality” as used in forestry (Lewis et al. 1976, Booth and Saunders 1985, 

Eyre 1987). 

This study takes such a landscape ecosystem approach. The term “system” derived 

from Latin and ultimately Greek is a meaningful or useful agglomeration describing 

the state of any phenomenon of interacting entities, elements, or state variables 

(parameters, properties) in time and space. All such systems are maintained between 

extreme flows of energy (solar, thermal and kinetic) and associated circulation of 

matter (air, carbon, water and nutrients). Both deficits and excesses of such flows 

result in often irreversible system change. General systems theory (GST) (Von 
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Bertalanffy 1968, Abrahams et al. 1992) provides a useful theoretical framework for 

conceptualising and exploring the dynamics of relationships between discrete, but 

changing entities in landscapes which result from the complex interactions between 

landscape ecological flows and circulation process. These entities exhibit specific 

qualities and quantities, generally called attributes such as presence/absence, 

chemical and physical structure and composition which vary continuously, and are 

referred to as variables. 

For the purpose of this study, such system variables are associated with specific 

physical, biological as well as human-related entities. These are classed broadly as 

“spheres”, with specific attributes and influences, called an ‘environmental sphere of 

influence’ (ESOI) in this study. Such descriptors have been applied to systems 

ranging from planet earth (Lovelock 1991) to environmental systems within the 

planet (White et al. 1984) as well as the function of climate (Trenberth et al. 1996) to 

social systems (Roy 1982, Dimitrov et al. 1996, Grossman 1997). A proposed 

typology of ecological ESOI relevant to this study is summarised in Table 1.1. 

Table 1.1 Typology of ecological spheres and sub sphere of influence bearing on 

ecosystem  

Environmental spheres 
of influence 

Sub spheres Description 

Atmosphere Troposphere  Low strata and boundary layer  

Geosphere Lithosphere Rocks sediments and regolith  

 Pedosphere Soil  

 Toposphere  Landforms  

Hydrosphere Marine hydrosphere  Oceans, seas, estuaries  

 Terrestrial hydrosphere  Rivers creaks lakes and aquifers  

Biosphere Autotrophic biosphere  All photosynthetic life forms  

 Heterotrophic biosphere  Consumers of live organisms   

 Decomposer biosphere  Consumers of dead organic matter 

Anthroposphere Technosphere  Human artefacts  

 Sociosphere  Human groupings and organisation  

 Noosphere  Human thought and ideas  
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The concept of ecosystem, (Tansley 1935), incorporating interacting functional life 

forms (autotrophic, heterotrophic and decomposer) and their environment has been 

extended in this study  to incorporate humans, and their artefacts (anthropic 

ecosystems). A subset of the biosphere, in all such systems, is the ‘arborosphere’ 

consisting of trees influenced by and influencing other ESOI. This is summarised in 

Box 1.2. 

Box 1.2 Model of an anthropic arboreal ecosystem in the MNT landscape  
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(Ts           {Tg, [(A, G, H, B), An]) C 

where 

Ts = The state of a tree or arboreal community per unit time defined in terms 

of composition, structure (cover height diameter, H/D ratio), 

productivity and reproductively  

Tg = Tree or arboreal community inherent, physiological, anatomical and 

morphological attributes and age   

C = Cosmosphere the influence of the sun, moon and other cosmic matter (no 

feedback affects). 

A = Atmospheric drivers regulators solar energy (short (light) and long (heat) 

wave, matter – chemical gases, moisture (vapour and rainfall) and wind, 

G = Geospheric (geology, landform) and edaphic (soil) drivers and regulators 

- soil chemical energy (CEC, pH, EC, redox) cations and anion 

nutrition, gases, moisture  

H = Hydrospheric drivers regulators water flow energy, chemical 

composition of solutes, surface and ground water flow regimes  

B = Biospheric driver and regulators competition, consumption, microbial 

influences on nutrition and disease  

An = Anthropic drivers and regulators of tree and the growing environment  

    refers to both drivers and regulators and feedback effects 
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Many models dealing with such complex ecosystem dynamics have been developed 

(Odum 1969, Reichle et al. 1975, Fion Jr 1976, Sabath and Quinell 1981, Odum 

1994). These identify critical energy and matter (moisture, nutrients) storage and 

transfer processes between ecosystem entities. These are disrupted by episodic 

disturbances leading to various perturbations which have been well developed in the 

literature (Mooney and Godron 1983, Rykeil Jr. 1985, Chanton and Facelli 1991). 

This study focuses on cyclone disturbances of trees in natural as well as the cultural 

landscape, particularly where they are associated with houses. 

It is recognised that modelling of such complex systems can often oversimplify 

interrelationships and often overlook critical variables. In addition, many ecosystem 

models, although providing a useful conceptual framework for identifying critical 

processes, have for the most part, been implicit or abstract and mostly in one 

dimension, or, if in two dimensions, “without a realistic rendering of an actual piece 

of terrain” (Reiners and Dreise, 2004 P15). Landscape ecosystem studies provide for 

greater spatial definition and analysis of both vertical and horizontal patterns and 

processes with functional links and mutual relationships between them. 

The concept of “landscape”, as a spatial entity, used most frequently in the 

geographic description of landform (Twidale 1973, Marsh and Dozier 1981) provides 

a useful framework for spatial analysis where it is extended to climatic and edaphic 

entities and biological elements giving rise to landscape pattern. The term “land 

systems” and ‘land units’ are used to describe such spatial relationships in MNT 

(Christian and Stewart 1953, Christian and Steward 1968, Aldrick and Robinson 

1972, Cooke and Doornkamp 1974, Crofts 1974, Foster and Fogarty 1975b, Wells 

and Harrison 1978, Day et al. 1979, Fogarty et al. 1979, Fogarty et al. 1984, Wood et 
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al. 1985, Napier and Steen 2002). These are all mental models of landscape systems 

developed by experienced surveyors and converted to explicitly stated rules (Wood 

et al. 1985, Bui et al. 1999, McKenzie and Ryan 1999, Bui 2004) giving concrete 

spatial meaning to often subjective natural ecological relationships. Although there 

are consequently some inconsistencies in the land unit code across reports used in 

this study, they still serve as valuable experiential information on the geophysical 

(see chapter 3) and biological (see chapter 4) attributes of these landscapes, useful in 

modelling tree responses (see chapter 5). 

These landscape based ecosystems need to be seen as a product of past and present 

evolutionary change to ESOI and are therefore continuous, dynamic emergent 

entities ranging from those dominated by natural forces to those dominated by 

human influences. 

1.3.2 Evolutionary landscape ecological change 

Landscape based arboreal ecosystems are emergent entities resulting from complex 

interactions between randomly mutating species and changing environmental forces 

over time leading to natural selection of adapted individuals. This process, from the 

Cretaceous Period onwards in particular, has been well documented in Australia 

(Burbridge 1960, Johnson and Briggs 1975, Grady and Berry 1977, Powell et al. 

1981, Johnson and Briggs 1981, Barlow 1981). Similar evolutionary processes 

contribute to the genetic potential of species emerging in landscapes outside of MNT. 

These evolutionary processes driven by changes in the atmosphere, geosphere and 

hydrosphere (and more recently the anthroposphere) all influence extinction, retreat 
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to favourable habitats (refuges), natural selection of genetically adapted competing 

species and radiation across landscapes. 

The influences of atmospheric changes in composition, solar energy balances and 

associated climate is recognised (Gill 1975, Bowler et al. 1976b, Rognon and 

Williams 1977, Martin 1981, Kemp 1981a, Hallam 1985, Wasson et al. 1991a, 

Anderson 1992, Petit et al. 1999) and are evident in recent trends (Hennessy et al. 

2004). Long-term changes are detected from ice core analysis (Shackleton and 

Opdyke 1973, Dansgaard et al. 1973, Robock and Free 1995, Petit et al. 1999), and 

are evident in the paleontological record (Dettmann 1981, Hallam 1985, Truswell 

1990, Frakes and Vickers-Rich 1991). Changes in the geosphere, evident in the 

geological record (Chappell et al. 1983, Veevers 1984, Williams 1991, Quilty 1994) 

include the influence of plate tectonics, influencing both migration, isolation and 

selection of tree species (Nelson 1981) and altered climate regimes (McKenna 1972, 

Coleman 1980) have played an important role. Both atmospheric and geospheric 

changes, particularly extreme catastrophic events, have interactively influenced the 

natural biological evolutionary processes. Resulting convergent physiological, 

anatomical and morphological adaptive attributes, developed by exposure to various 

environmental stresses have provided emerging species with varying degrees of 

tolerance and plasticity to recent environmental change and associated disturbance 

such as cyclone regimes. This needs further exploration in the light of increasing 

anthropogenic impacts. 
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1.3.2.1 Evolution of anthropic arboreal landscapes 

Human disturbances to the natural landscape are a relatively recent evolutionary 

phenomenon in MNT, with often catastrophic ecological impacts on landscapes 

depending on the adaptive tolerance of species affected. Such intervention 

commenced at the beginning of the most recent glacial cycle where both 

anthropogenic fire, departing from natural lightning fire regimes as evident in the 

charcoal record (Jones 1969, Hughes and Sullivan 1981, Braithwaite 1991, Jackson 

1998), together with hunting pressure led to the demise of the megafauna (Gorecki et 

al. 1984, Dodson et al. 1993, Brook and Bowman 2002) already under pressure from 

climate change. This had significant impact on natural arboreal ecosystems structure 

and composition. The advent of more intensive European land management practices 

has accelerated the rate and extent of disturbance, with the imposition of new grazing 

regimes and the introduction of pasture grass species affecting fuel loads, and 

possibly also competing with trees for resources (Scholes and Archer 1997) as well 

as influencing recruitment. 

Partial and wholesale land clearing of trees, accompanied by intensive development, 

physical landscape changes and tree introduction, creating new arboreal ecosystems 

of species, are all ongoing landscape phenomena contributing to the emergence of a 

“spectrum” of land use systems (LUS). These are referred to as a “human ecosystem” 

by sociologists and anthropologists (Berry and Horton 1970, Berry 1976, Spooner 

1986, Botkin 1990, Drury 1991, Allen and Hoekstra 1992, Bennett 1993, Pickett and 

McDonell 1993, Martell 1994, Kay 1996, Boyden 1997, McDonnell and Pickett 

1997, Redman 1999) or “anthropic ecosystems” by others (Ludwig 1989) and are a 

focus of this study. 
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1.3.2.2 Emergence of the Anthropogenic Ecosystem Spectrum 

The ‘anthropic ecosystem spectrum’ forms a mosaic across the landscape. Patches 

range from near “natural”, where evolutionary processes largely prevail, to artificial 

patches subject to various levels of human disturbance (Thackway and Lesslie 2005). 

These systems vary in composition and structure of both trees and other landscape 

attributes, the intensity of environmental impacts and spatial scale and can 

categorized as a distinct landscape layers (Laut et al. 1977, Birks et al. 1988, 

Nassauer 1995). 

In MNT, naturally evolved ecosystems are used for traditional Aboriginal purposes 

(Haynes 1983, Stevenson 1983, Rose 1987, Walsh 1990, Pearce et al. 1996), 

conservation and passive recreation (Whitehead et al. 1990, Finlayson et al. 1991, 

Russell-Smith and Bowman 1992, Russell-Smith et al. 2002), and pastoral activities 

(Morton and Andrew 1987) sometimes  partially ‘converted’ for improved pastures. 

These together with plantations, orchards and amenity plantings or cultivated 

ecosystem. At higher levels of intensity, landscapes have been engineered to alter the 

physical environment, such as in mining, transport corridors and for urban dwelling. 

In urban landscapes various artefacts, such as buildings, roads and infrastructure are 

intermixed with trees in parks and gardens with altered microclimatic and edaphic 

conditions to which such trees must adapt. These emergent ecosystems are dependent 

on human organisation, technology and fossil support energy (Smith 1973, Hobbs 

1997, Dunlop et al. 2002).  They also tend to generate pollution which may be toxic 

to trees, or in some cases such as carbon dioxide, assimilated by trees. 

The nature of such ecosystems and associated environmental changes has been well 

documented (Evernden 1985, Goudie 1986, Botkin et al. 1989, Simmons 1989, 
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Turner et al. 1990, Likens 1991, Max-Neef 1991, Levine 1995, Meyer 1996, Goudie 

and Viles 1997), including in Australia (Clark 1972, Cocks 1992, Kirkpatrick 1994, 

Cosier and Lambert 1996). It is argued that these developments accompany increased 

energy dependence and associated carbon emissions with a reduction in natural (not 

economic) ecosystem resistance and resilience to catastrophic impacts. 

1.4 Catastrophic disturbance in arboreal landscape 
evolution 

Anthropogenic landscape perturbations often lead to unforeseen secondary 

disturbances, with accompanying disasters. These have been well documented 

(Elsom 1992, Ewan et al. (eds) 1993, McMichael 1995, McLennan 1996). 

Catastrophic natural disturbances in anthropogenic landscapes are generally called 

hazards and are linked to varying ESOI and occurring at varying scales as 

summarised in Table 1.2. These hazards vary in intensity, frequency and duration 

constituting a ‘hazard regime’. Cyclones are the focus of this study, bearing in mind 

that other hazards such as floods and subsequent fires as well as disease can 

accompany cyclone events. 
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Table 1.2 Major natural disturbance forces and environmental links operating at 

various scales leading to change after Bryant 1991 and McLennan 1996 

Environmental spheres Hazard scale (spatial and temporal) 

Landscape scale Small Medium Large 

Atmosphere and climate Lightning, 
thunderstorms hail 
storms, cyclones and 
tornadoes 

El Niño droughts Global climate 
change 

 

 

Geology and landform 

Interaction with the 
athenosphere  

Landslides and 
erosion 

Earthquakes, volcanic 
eruption 

Plate tectonics, 
mountain building 
and rifting 

Marine and freshwater 
system 

Tsunami, local 
floods, tidal surge 

Extensive floods Marine glaciations 
and deglaciation  

Rapid sea level rise 
due to heat induced 
expansion 

Switch in ocean 
currents 

Vegetation  Fire  

Invasion by alien 
organisms and 
pandemics   

Fire, disease 

Aggressive plant and 
animal spread 

Global disease, 

Extensive, 
aggressive species 
domination of 
landscapes  

1.4.1 Cyclones 

1.4.1.1 Cyclone intensity measurements 

A number of rating systems have been developed for categorising the hazard regime 

of cyclones and hurricanes primarily for community warning purposes. The Saffir – 

Simpson Index (SSI) (Saffir 1974), used for hurricanes, modified for Australian 

conditions (Walker 1989) and The Australian Cyclone Severity Scale (ACSS) 

described by Crowder (1995) are summarised in Table 1.3 overleaf. 
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Table 1.3 Relationship between cyclone categories rated on a scale of 1-5 wind gusts 

central pressure and storm surge for the Saffir-Simpson Index, the modified 

Walker version and the Australian Cyclone Severity Scale (ACSS) rating 

(Note 1 km hr-1 = 27.78 m s-1.) 

Saffir –Simpson Index (SSI) Walker modification (SSIW) ACSS 

Category 
Maximum Sustained 

winds gust speed 
(Km/Hr) 

Central 
Pressure 

(hPa) 

Maximum 
Winds 

gust(10min) 
(Km/Hr) 

Central 
Pressure 

(hPa) 

Surge 
(m) 

Strongest 
Winds 

(Km/Hr) 

1 119-153 gusts 149-191 >980 75-110 <990 0-1 90- 124 

2 154-158 gusts 192-223 965-979 125-160 970-985 1.5-2.5 125-169 

3 179-209 gusts 124-261 945-964 180-215 950-965 3.4 170-224 

4 211-249 gusts 264 –311 920-4 290-325 930-945 4.5-5.5 225-279 

5 >249 gusts >311 <920 290-325 >920 6.7 280 

 

The Dvorak analysis (Dvorak 1975, 1984) is the generally accepted means of 

monitoring TC formation and intensity changes, by the Bureau of Meteorology 

(BOM) using satellite imagery (McBride and Holland 1987). It gives a relationship 

between a value called the “current intensity number” (CI), derived from various 

predetermined image parameters of a developing cyclone, the maximum sustained 

wind speed (1 min mean) (in knots) and the central pressure for the Atlantic and 

West Pacific. 

A relationship has been established by the Bureau of Meteorology, (Sam Cleland 

pers. comm.) between the ACSS rating and the CI, useful for providing wider access 

to cyclone relevant data. This is summarised in Table 1.4. 
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Table 1.4 Estimated relationships between Current Intensity Rating (CI) and 

Australian Cyclone Severity Rating (ACSS) based on minimum pressure 

relationships and maximum and minimum pressure within each class (Love 

and Murphy, 1985) (Bureau of Meteorology, Darwin, unpublished) 

CI 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 

ACSS   1 2 2 3 3 4 4 5 5 5 5 

10min mean 

(Km/hr)  
47 56 73 90 106 125 146 166 186 205 230 253 277 

2sec gusts 

(Km/hr) 
66 79 103 127 150 176 205 234 262 290 324 357 390 

Pressure diff 

(hPa) 
10 13 19 25 31 38 46 54 62 70 80 90 100 

 

The relationship between SSI and ACSS and predicted damage to various structures 

is summarised in Table 1.5. A strong link between patterns of housing and vegetation 

damage is apparent suggesting that the former can serve as proxy for the latter. Not 

described are the relationships between wind speeds and the impact on tree species 

and life forms or house types and the role played by landscape factors. Also what 

needs to be addressed are relationships between trees and houses in this environment. 
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Table 1.5 Structure and tree damage prediction for the Saffir- Simpson Damage 

Potential Scale (Saffir 1974) and the Australian Cyclone Severity Scale 

(Crowder 1995) 

Scale Saffir - Simpson Damage Potential Scale 
Australian Cyclone 

Severity Scale 

1 Damage primarily to shrubbery, trees, foliage and unanchored mobile 
homes. No real damage to other structures. Some damage to poorly 
constructed signs. Low-lying coastal roads inundated, minor pier 
damage, some small craft torn from moorings in exposed anchorage. 

Negligible house 
damage. Damage 
to some crops, 
trees and 
caravans. Craft 
may drag 
moorings. 

2 Considerable damage to shrubbery and tree foliage; some trees blown 
down. Major damage to exposed mobile homes. Extensive damage to 
poorly constructed signs. Some damage to roofing materials of 
buildings; some window and door damage. No major damage to 
buildings. Coastal roads and low-lying escape routes inland cut by 
rising water 2 to 4 hours before arrival of hurricane centre. Considerable 
damage to piers; marinas flooded. Small craft torn from moorings in 
unprotected anchorages. Evacuation of some shoreline residences and 
low-lying island areas required. 

Minor house 
damage. 
Significant damage 
to signs, trees and 
caravans. Heavy 
damage to some 
crops. Risk of 
power failure. 
Small craft may 
break moorings. 

3 Foliage torn from trees; large trees blown down. Practically all poorly 
constructed signs blown down. Some damage to roofing materials of 
buildings; some window and door damage. Some structural damage to 
small buildings. Mobile homes destroyed. Serious flooding at coast; 
many smaller structures near coast destroyed; larger structures near 
coast damaged by battering waves and floating debris. Low-lying 
escape routes inland cut by rising water 3 to 5 hours before hurricane 
centre arrives. Flat terrain 1.5 m or less above sea level flooded inland 
~13 km or more. Evacuation of low-lying residences within several 
blocks of shoreline possibly required.  

Some roof and 
structural damage. 
Some caravans 
destroyed. Power 
failure likely. 

4 Shrubs and trees blown down; all signs down. Extensive damage to 
roofing materials, windows and doors. Complete failure of roofs on 
many small residences. Complete destruction of mobile homes. Flat 
terrain ~3 m or less above seas level flooded inland as far as ~10 km. 
Major damage to lower floors of structures near shore due to flooding 
and battering by waves and floating debris. Low-lying escape routes 
inland cut by rising water 3 to 5 hours before hurricane centre arrives. 
Major erosion of beaches. Massive evacuation of all residences within 
~455 m of shore possibly required, and evacuation of single-story 
residences on low ground within ~3 km of shore required. 

Significant roofing 
loss and structural 
damage. Many 
caravans 
destroyed and 
blown away. 
Dangerous 
airborne debris. 
Widespread power 
failure. 

5 Shrubs and trees blown down; considerable damage to roofs of 
buildings; all signs down. Very severe and extensive damage to 
windows and doors. Complete failure of roofs on many residences and 
industrial buildings; extensive shattering of glass in windows and doors. 
Some complete building failures. Small buildings overturned or blown 
away. Complete destruction of mobile homes. Major damage to lower 
floors of all structures less than ~4.5 m above sea level within ~455 m 
of shore. Low-lying escape routes inland cut by rising water 3 to 5 hours 
before hurricane centre arrives. Massive evacuation of residential areas 
on low ground within ~8 to 16 km of shore possibly required. 

Extremely 
dangerous with 
widespread 
destruction 



Introduction and background 

 Page 23 

1.4.1.2 The history of cyclones in MNT and TC Tracy 

The record of cyclone occurrences in the MNT is sparse particularly prior to the 

introduction of satellite imagery. Cyclone tracks, occurring at sea and on land in 

northern Australia, have been compiled by the BOM (Coleman 1972, Lourensz 

1977). Lourenz (1977) found data for the open sea was not reliable prior to 1950 and 

only used data from 1950 to 1974. Cyclone occurrences have also been documented 

from 1827-1984 (Murphy 1984) expanding data from Lourenz (1977) by combining 

it with historical anecdotal information. This history suggests that cyclone frequency 

in MNT (Table 1 Appendix 1) may have increased over the recorded period, but that 

this may be an artefact of the increasing sophistication of recording events, 

particularly heralded by the introduction of LANDSAT satellite imagery. As would 

be expected, the frequency and intensity of cyclone events also decreases inland of 

the coast across MNT. 

The TC Tracy phenomena, well documented by the BOM (1975, 1977) illustrates 

this spatial pattern. It was reported to have originated at 8oS 135oE, north of 

Melville Island, during 22-Dec-1974. The cyclone emerged from a low pressure 

disturbance system during conditions of favourable sea surface temperature (29-

30oC) and minimum vertical shear. According to the BOM (1977), a mid-latitude 

high dominating the Australian continent to the south appears to have given rise to 

low level south westerly wind surge contributing to low level relative vorticity, 

augmenting the cyclone genesis path. 

The temporal sequence of the subsequent cyclone path and associated meteorological 

conditions are given in Table 2 Appendix 1. The cyclone reached East Point at 0315 

CST on December 25th 1974 and crossed the coast just north of Fannie Bay, a 
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quarter of an hour later moving directly towards the airport at approximately 11 km/ 

hr. The radar eye decreased from 37 km to 10 km diameter when it crossed the coast, 

accompanied by an asymmetric convergence of the spiral bands to the left of the 

storm path. Detailed analysis of the pressure record indicated a radius of maximum 

wind in the eye-wall was approximately 7 km and the extreme pressure gradient in 

its vicinity was about 5.5 hPa. During this time the storm’s forward speed was 

around 1.7 ms
-1

, indicating a radial travel over 10 minutes of only about 1 km. 

Given the very high level of destruction created by TC Tracy and the fact that the 

anemometer was destroyed by flying debris just before entering the eye, there will 

always remain some doubt as to the best estimate of the peak wind speed for this 

event. The highest wind gust recording deemed reliable was 60.3 ms
-1

, which 

occurred 5 minutes before total anemometer loss. This converts to maximum wind 

gusts of 217 km/hr ranging to 240 km/hr consistent with satellite estimates of 236 

km/hr. Analysis of both tree and house damage data in this study will make a further 

contribution to such estimates. 

The approximate centre line of the cyclone (Bureau of Meteorology, 1977), and the 

relationship between estimated wind impact velocity and direction (Leicester and 

Reardon 1975) in Walker (1975), superimposed on the catchment and contour map 

of Darwin (Department of Lands Planning and Environments), is shown in Figure 

1.2. 
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Figure 1.2 Location of TC Tracy centre line and eye wall approximations 

superimposed on a topographic catchment map of Darwin. Arrows show 

the estimated wind direction based on effects on landscape objects and 

numbers show wind impact velocity (m sec
-1

) (data from Leicester and 

Reardon 1975) 
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The impact on houses (Walker 1975) and trees (Fox 1980, Cameron et al. 1983) is 

well documented and as illustrated in Figure 1.3. 

 

 

 

 

 

Figure 1.3 Damage to part of Darwin suburbs following TC Tracy (Photo courtesy of 

Government Photographer NT state Library) 

 

This cyclone was a prime example of the tenuous relationship between the scales of a 

hazard and its social and environmental consequences of disaster with devastating 

impact on Darwin suburban houses, trees, and people causing many deaths from 

flying debris (Stretton 1976, Cole 1977, Stretton 1978, McKay 2001). 

Although the eye was small the approximate boundary of wind damage in Darwin 

was estimated to be 30 km. A swathe of tree damage continued beyond Darwin as far 

as Adelaide River encompassing Howard Springs and Humpty Doo. 

The effects of this cyclone have been well documented, but the interactive influences 

of the changing cyclone morphology and path, landforms, cultural factors and 

associated responses of naturally evolved and cultivated tree communities and 

feedback effects have not been well analysed. GIS technology and more recent 
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information have provided an opportunity to do so. House and tree damage patterns 

represent similar mechanical responses to cyclones so that analysis of such patterns 

also extends the information on cyclone effects, as well as on interactions between 

the destructive and protective effects of trees, the latter constituting benefit or service. 

1.5 Arboreal services for dealing with environmental 
stress and hazards in anthropogenic landscapes 

The interaction between trees and landscapes, particularly where exposed to 

hazardous disturbances such as cyclones, can provide potential benefits for people 

which in this sudy have been called ‘arboreal services’. Such services have been 

recognised in the amelioration of mined and contaminated land (Bartle and Riches 

1978, Bennison 1978, Allen 1985, Smith 1986, Gordon 1990), the creation of 

microclimate in agriculture for protecting crops and livestock (Oates and Clarke 

1987, Davidson and Davidson 1992, Heinjus 1992) and, more specifically, to 

microclimate amelioration in urban ecosystems (Oke 1980, Heisler 1986, Oke 1989, 

Givoni 1991, McPherson 1993, 1994, McPherson et al. 1997, Rosenfield et al. 1998, 

Bonan 2002a) including housing allotments (Huang et al. 1987). 

Urban trees have also been advocated for dealing with toxic gasses affecting urban 

air quality (Kuttler and Strassburger 1999, Brack 2002) and, increasingly, to deal 

with carbon dioxide sequestration (Lacointe 1990, Rowntree and Nowak 1991, 

Lisson et al. 2000). Soil organic matter from tree biomass provides an effective 

method for carbon storage while enhancing soil structure, and also influencing 

fertility (Bicknell 1991, Leys 1991). Trees also intervene at various points in the 

hydrological cycle, regulating runoff in catchments by intercepting high intensity 

rainfall and increasing soil infiltration rates, (O'Shaughnessy et al. 1979, Leitch 1982, 
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Young 1989, Clarke 1994, Brierley 1997, Ferguson 1998). Tree evapotranspiration 

has also been used to lower water tables in salinity mitigation schemes (van der 

Moezel and Bell 1990, Beetson and Gordon 1991, Dooley 1991, Morris 1991, 

Schofield and Bari 1991, Walker et al. 1991) and has also been used in urban effluent 

treatment (Cromer 1980, Steward and Flinn 1984, Stewart et al. 1986, Morris and 

Wehner 1987). 

Of particular interest to this study, complimenting the role played by trees in carbon 

sequestration is the regulation of boundary layer wind regimes and associated matter 

transport. In agriculture, wind protection by trees has been shown to regulate the 

transport of air born matter, such as sand (Skidmore and Hagen 1977, Shang-Jyh et 

al. 1990, Leys 1991). Cyclone debris, a significant contributor to house damage 

(Holmes, 2001) and human injury and fatality (McKay 2001) appears also to have 

been intercepted by trees during TC Tracy as shown in Figure 1.4.  

 

 

 

 

 

 

Figure 1.4 Standing trees with intercepted debris following TC Tracy (Government 

Photographer NT Library)  
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Cameron et al. (1983) found that of 61 houses inspected, 12 were damaged by trees 

and 49 were protected, with the main tree damage being caused to fences. Interviews 

with individuals present during TC Tracy (Ron Hooper, George Brown, Graham 

Bailey, Richard Luton, pers. comm.) support arguments that direct damage caused by 

trees hitting houses may have been relatively small and trees may have played a role 

in ameliorating the effects of the cyclone. This important arboreal influence has not 

been studied elsewhere. This issue however remains controversial particularly where 

these trees may pose a hazard. Observations during Cyclone Vance at Exmouth 

indicate that, although many trees hit buildings, only a few large ones caused damage 

(Reardon et al. 1990). During TC Tracy, MacKay (2001) also reports that falling 

trees damaged houses, brought down power lines and more importantly hindered 

escape by blocking access routes. 

The study therefore recognises that apart from the benefits trees may also have a 

number of dis-benefits, both of which are summarised in Table 1.6 overleaf. 

Maximising the positive role played by trees in landscapes and minimising the 

negative effects provides a challenge for urban planners dealing, particularly where 

tree cover appears to have both. 
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Table 1.6 Environmental changes in landscapes, the effects trees have on these and 

critical tree attributes contributing to these effects 

Environmental 
change 

Positive tree effects Negative tree effects Tree attributes 

Atmospheric, hydrosphere interaction 

CO2 pollution  Assimilation in 
photosynthesis 

 Emission 
(respiration, 
decomposition 

Leaf area, stomata 
density, biomass 
accumulation rate 
(vigour) /storage capacity  

Solar radiation   Absorption /shading  Overshading, 
reflective heating  

Canopy cover area, 
orientation and colour, 
persistence, heat 
tolerance 

Temperature Evaporative cooling Wind mixing 
inhibition 

Canopy cover, 
orientation, stomata 
density, transpiration 
capacity 

Rainfall  Energy absorption  Interception loss Leaf area, canopy cover 
orientation,  

Surface runoff Energy absorption and flow 
attenuation  

Flow retardation and 
constriction 

Leaf area, persistence, 
stem density, flood 
tolerance 

Ground water    Water table lowering  Surface water drying Leaf area, root 
morphology, vigour 
tolerance to water 
logging 

Moisture vapour, 
RH 

Temperature induced 
reduction 

Wind inhibited and 
transpiration 
increase 

Leaf area, transpiration 
rate 

Wind  Wind energy and matter 
absorption 

Venturi effect and 
turbulence 

Tree size, canopy 
density, spatial 
arrangement, wind 
tolerance 

Cyclone  Wind and debris 
assimilation 

Tree fall and branch 
shed damage 

Tree size, strength, 
canopy characteristics, 
location, wind tolerance 

Edaphic interactions  

Fertility Organic carbon, CEC and 
microbe enhanced nutrient 
cycling 

Soil acidification Leaf persistence, nutrient 
cycling mechanisms, soil 
microbial relations, low 
fertility tolerance  

Toxicity (e.g. 
salinity, water 
logging) 

Soil water depletion 
aeration increase 

Excessive drying, 
and toxic chemical 
concentration 

Root depth, transpiration 
rate, chemical tolerance 
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1.6 Species attributes influencing tree growth stability 
and the capacity to provide services 

The positive services provided by trees in dealing with the adverse affects of 

landscape change and impact of hazards such as cyclones is determined by a range of 

genotypic and phenotypic factors, whether they have naturally evolved or have been 

introduced to the landscape. This applies particularly to trees in cyclone prone 

environments where wind affects on tree sway, defoliation, branch breakage, stem 

breakage and root failure shows much variability between species and associated 

communities (Cremer et al. 1982, Valinger et al. 1993, Munishi and Chamshama 

1994, Valinger and Fridman 1997, Mitchell 2000, Peltola et al. 2000, Curran et al. 

2008a, 2008b). There are strong arguments for retention of naturally adapted plant 

communities (Callicott and Mumford 1997, Costanza et al. 1997, Daily et al. 1997, 

Mooney and Ehrlich 1997, Saunders et al. 1998, Redford and Richter 1999, Strange 

et al. 1999, Salwasser 1990) encompassed in the concepts of “ecosystem services” 

(Eamus et al. 2005). However, in highly altered landscapes the provision of such 

services by naturally adapted plant species may be compromised by environmental 

change or the cultivation process to which introduced species may be better adapted. 

Tree physiology 

The physiological needs of trees during development, and the environment’s capacity 

to meet such needs, play a critical role in determining tree growth and associated 

cyclone resistance and resilience to stress. Development is regulated by a number of 

atmospheric processes involved in photosynthesis, in particular carbon dioxide 

assimilation (Curtis and Barnes 1989). These include irradiation influencing light 

availability, particularly during the first stage of photosynthesis (Paton 1978, Enright 



Chapter 1: 

 Page 32 

1982, Farquhar and Sharkey 1982, Lowman 1986, Thomas et al. 1999) as well as 

temperature influencing carboxylation, respiration and transpiration. More critical is 

the role of moisture from precipitation and vapour content of the atmosphere. CO2 

diffusion, across a partial pressure gradient, accompanies moisture loss in 

transpiration across a vapour pressure gradient between the leaf stomatal cavities and 

atmospheric boundary layer. 

The role of moisture cannot be isolated from transported nutrient, particularly 

nitrogen (Raison, 1992), in influencing photosynthesis and subsequent growth and 

carbon accumulation. Nutrients also have other function in trees as catalysts for 

metabolic processes, osmotic moisture regulation and building up tissue strength. 

These roles are summarised in Appendix 1.3 Table 1. 

Phenological attributes ranging from evergreen to deciduous depending on both 

genetic and climatic conditions play a vital role in determining tree water and 

nutrient relationships and associated carbon assimilation (Creswell et al. 1982, 

Williams et al. 1997, Eamus and Prior 2001) and cycling. Together with canopy 

structure, they also determine a canopy’s resistance to cyclones. Vessel porosity and 

wood density, influencing water flow to leaves, (Eamus and Prior 2001) together 

with cell differentiation, expansion and cell wall development, all affect tree anatomy 

(Esau 1962, Carlquist 1988, Shigo 1994), wood density and associated strength 

properties. These are expressed as the modulus of Elasticity (MoE) and rupture 

(MoR) (Pearson 1962, Mettem 1986) and are important in the cyclone tolerance of 

trees. 
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Tree physiology, anatomy and phenology all contribute to tree morphology, which 

also determines tree relationships with carbon storage and associated wind resistance 

during cyclones the foci of this study. Tree morphology is commonly described 

through allometric relationships which relate the size of a part of a tree as a constant 

function of the whole (Satoo and Madgwick 1982, Specht and Specht 1999). These 

relationships are based on fundamental physiological relationships between tree 

weight/volume characteristics and the associated dimensions of different tree parts 

required for mechanical support. Water flow and storage in trees, bearing on tree 

anatomy, is modulated by such allometric constraints. It maintains certain 

dimensional relationships between canopy foliage, branch biomass and trunk 

biomass and supporting trunk diameter or basal area, independently of tree form 

(Attiwill, 1965). 

These relationships in MNT for naturally evolved trees have been determined in 

many studies reviewed by Eamus et al. (2000a) and form the basis of the 

morphological analysis in Chapter 4. Similar relationships have been developed for 

cultivated trees in plantation (eg Lewis et al. 1976, Miller undated, Cuevas et al. 

1991, Henril 1994 Mayhew and Newton, 1998) and are explored further in Chapter 5 

and 6 of this study. 

Below ground tree morphology, influencing both moisture and nutrient dynamics 

also influence tree stability (Fraser 1962, Fitter 1987, Visalakshi 1994, Vogt et al. 

1996, Lamont, 2003). This relationship has received some attention in naturally 

evolved communities in MNT (Werner and Murphy 2001, Eamus et al. 2002a, 2002b, 

Chen et al. 2003a, Janos and Bowman 2008). No information is available on 

cultivated trees in MNT. However, some inference can be made from relevant 
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information on the rooting environment (Foster, 1993). The precise nature of such 

root system dynamics and morphology and the implication for carbon storage and 

cyclone tolerance needs to be better understood. 

Genetic and environmental influences on tree physiology, anatomy and associated 

phenology and morphology, and the relationship between these attributes are 

considered to be particularly relevant to understanding both the impact of 

environmental change and extremes on tree development. This study explores such 

attribute relationships and how these are both influenced by their growing 

environment and feedback effects they have in MNT. 

1.7 Research outline 

Chapter 1 Introduction and background 

This chapter has provided an overview of arboreal ecosystems, including their 

natural and cultural evolution. The chapter has also explored the impact of extreme 

environmental disturbance or hazards accompanying the emergence of such 

ecosystems and discussed in particular cyclone hazards and the background of TC 

Tracy. It has reviewed the concept of arboreal services including the potential 

services provided during storms and cyclones and has identified the role played by 

physiology, anatomy and morphology as determinants of both cyclone vulnerability 

and ability to provide such services. 

Chapter 2 Atmosphere regulators of arboreal ecosystems in MNT 

This chapter focuses on the temporal and spatial patterns in atmospheric parameters 

influencing tree growth and distribution. The thesis examines solar irradiation, 
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climate and storm patterns, linked to changes in carbon dioxide. It examines 

evidence of anthropogenic climate change which both impact on and could be 

ameliorated by trees. It examines temporal patterns of light, sensible heat, moisture 

and wind, including extremes such as cyclones. It compares data from Darwin sites 

pre and post 1941 and trends within each of these data sets. Recognising the spatial 

limitations of the Darwin study, the chapter also establishes latitudinal gradients for 

these climatic parameters. 

Chapter 3 Geosphere regulators of arboreal ecosystems in MNT 

This chapter assesses the geosphere (geology, landforms, regolith and soils) complex 

and related physical, chemical and hydrological attributes that moderate climate 

influences on tree growth and morphology in MNT. Hydrological attributes include 

soil depth, drainage and moisture storage capacity. Chemical edaphic attributes 

involve macro and micro nutrients and include soil reaction and cation exchange 

capacity, in relation to clay content and organic carbon. It assesses these across a 

spectrum of pedon groups linked to clay content, landform, latitude (rainfall) 

gradient and soil depth. 

Chapter 4 Tree ecology of carbon accumulation and cyclone disturbance in 

natural evolved arboreal ecosystems of MNT 

This chapter analyses and synthesises and compares existing ecological relevant 

information on the distribution, above and below ground structure and composition 

of naturally evolved savanna woodland and forest and monsoon rainforest, and 

associated species morphology under varying environmental and anthropogenic 

influences from fire, grazing and weed invasion. It focuses on carbon storage and 



Chapter 1: 

 Page 36 

sequestration and the relationships relation this has with climate, soils, landform and 

disturbance history particularly from storms and in relation to the TC Tracy tract. 

Chapter 5 Tree growth and carbon accumulation in single species and age 

cultivated arboreal ecosystems of MNT 

This chapter deals with simple cultivated arboreal ecosystems consisting of 

introduced saplings and adult species growing in monoculture plantations and 

orchards. It assesses the influence of species, age, climate, soil fertility and grass and 

tree competition on tree water use, form, growth and carbon accumulation rates and 

carbon stock. It draws on largely unpublished tree species, provenance and stand 

attribute information. This has a bearing on carbon storage but also provides 

information on cyclone stability. 

Chapter 6 A case study of arboreal communities in the Darwin landscape 

during TC Tracy 

This chapter examines the impact of TC Tracy on cultivated trees in the Darwin 

Botanic Gardens. The chapter also analyses the distribution of cultivated and native 

trees in the suburban Darwin landscape and the relationship such tree cover has with 

houses and house damage patterns from TC Tracy. It examines the taxonomy, 

morphology and ages of trees, the spatial and topographic distribution of trees and 

how this is related to TC Tracy tree and house damage patterns. It examines such 

relationships in the context of house morphology, construction material, age, 

ownership, and allotment area as well as cyclone proximity. 
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Chapter 7 Synthesis, discussion, conclusion and recommendations 

This chapter draws together information from the previous chapters and from the 

literature to establish and compare broad ecological relationships governing tree 

growth, carbon assimilation and cyclone damage in naturally evolved and cultivated 

arboreal communities in MNT. The significance of this research for arboreal 

feedback services important for urban planning in a changing environment is 

identified and possible urban tree management strategies are discussed. 
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Chapter 2 Atmospheric regulators of arboreal 

ecosystems in the monsoonal Northern 

Territory 

2.1 Introduction 

2.1.1 Background 

This chapter examines the state and dynamics of the atmospheric environment of 

MNT, focusing on the climate in the Darwin area over the last 120 years. This period 

is considered to cover the life span of the more mature trees found in this landscape. 

Limited climatic information from across MNT has both enabled some verification 

of site representativeness as well as spatial extrapolation of observed climate patterns. 

This information is of value when interpreting both potential as well as actual 

gradients and seasonal fluctuations of arboreal states (discussed further in Chapter 4 

and 5 of this study). 

The atmospheric environment is defined here by both stratification and composition 

of various gases, vapours and suspended colloidal or aerosol matter (see Table 1 

Appendix 2.1). Many of these contribute to both the biogeochemical cycle 

contributing to growth and, through radiation forcing, to the climate of trees. 

Direct and diffuse solar radiation (expressed as Watts m
2
) essential for tree 

metabolism, varies daily with earth rotation, seasonally with elliptical orbit around 

the sun (perihelion) (Munk and MacDonald 1960) and degree of exposure 

determined by the earth’s curvature. The spatial variability in atmospheric thickness 

and composition influences the transmission, absorption, re-radiation and reflection 

of the visible light spectrum that drives photosynthesis, while the sensible heat flux 
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affects transpiration, carboxylation and respiration processes in trees. Various forcing 

factors in the atmosphere as well as the marine hydrosphere and the terrestrial 

environment have influenced the solar radiation balance and associated climate of 

MNT in the past and at present as explored in this study. 

2.1.1.1 Changes to the atmosphere and climate over time 

The climate regimes accompanying, if not driving, arboreal evolution are 

summarised in Table 1 Appendix 4.1. Changes to the solar constant (Bard et al. 

2000), which have resulted from shifts in the precession of the earth’s perihelion, the 

axis of rotation, and Chandler's axis wobble s (Lambeck 1980) together with 

continental plate movement and associated tectonic activity, appear to have 

contributed to marked changes in the climate of MNT.  In the Cretaceous Period, 

Australia was located at lower latitudes and attached to Antarctica, having separated 

from the Indian Plate, and the Aptian sea covered most of the lower MNT landscape. 

In the subsquent Cenozoic Era (past 65 million years) conditions changed from warm 

and humid in the Eocene becoming progressively cooler and drier, grading to the 

alternating glacial and interglacial cycles of the Pleistocene. 

The last glacial cycle began in the Eemean (125,000 years Before Present (BP)) 

when mean temperature was 1
o
C warmer and sea level 4.6m higher than present. 

Glacial maxima occurred 60,000 and 18-20,000 yrs BP, followed by rapid warming 

in the Holocene, when contemporary vegetation evolved. Effective precipitation (EP) 

increased from arid, about 10,000 yrs BP (evident in Aeolian activation on Groote 

Eylandt (NT) (Nott et al. 1999)) to a maximum from 5000 BP to 4000 BP. EP 

declined 4000-3500 BP and but then returned (Shulmeister and Lees 1995) although 
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with fluctuations. There is no strong evidence of “Medieval Warming” or “Little Ice 

Age” influencing the southern hemisphere, although this is disputed as it has some 

bearing on the interpretation of existing climate trends. This period heralded the 

onset of 'modern' ENSO-dominated ocean-atmosphere interactions (Bowler et al. 

1976a, Chappel et al. 1983, Shulmeister and Lees 1995) and the accompanying 

cyclone regime of varying intensity and frequency (Nott and Hayne 2001, Hayne and 

Chappel 2005, Nott 2004, 2006). 

The climate pattern appears to have altered over the last 200 years, associated with 

anthropogenic influences on solar radiation flux.  Exponential increases in the global 

concentration of CO2 (measured at Mauna Loa, Hawaii) evident in the Keeling curve, 

together with other greenhouse gases in the troposphere, coupled with changes to 

surface albedo and roughness, have all contributed to global temperature rises (IPCC, 

1996, 2001, 2007). 

Locally, atmospheric composition has been influenced by photosynthetic 

assimilation and emissions from combustion (Noller et al. 1985, Cook and Andrew 

1991, Ayers et al. 1993, Noller 1993, Cook 1994, Bowman et al. 2006), respiration 

and decomposition. These all play a role in seasonal and interannual composition 

fluctuations (Knorr and Heimann 1995, Buchmann et al. 1997, Eamus et al. 2001, 

Beringer et al. 2007) affecting climate. The contribution made by arboreal 

ecosystems to the gaseous state of the atmosphere has feedback implications, which 

together with other climatic and non-climatic factors, regulate carbon assimilation 

and associated tree growth. These interactions are explored in this thesis and their 

implications for the Darwin climate are the focus of this chapter. 
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2.1.2 Background concepts to the study 

2.1.2.1 The importance of the marine hydrosphere 

The marine hydrosphere is both a sink for CO2, and, because of its high volumetric 

heat capacity and thermal conductivity, influences atmospheric temperature, wind 

gradients, moisture vapour and rainfall, as well as contributing to thunderstorm and 

cyclone development. Since the last glacial high (20,000 yrs BP), sea level rose from 

130-150 m below present levels, exposing much of the continental shelf to the north 

of MNT, to current levels, if not 1-2 m higher in the Holocene (Chappell 1983) 

influencing the regional climate in various ways. 

The deep west Pacific and deeper Indian Ocean waters outside of the continental 

shelf east and west of MNT, and the interconnected shallow Timor and Arafura Seas 

(extending up to the Torres Straits) over the continental shelf (the Indo-Pacific 

Converge area), together with bays, gulfs and estuaries, are an integral part of the 

oceanic heat bank. This particularly impacts on MNT climate (Godfrey and Golding 

1981). Surface water temperatures of the MNT coast appear to have been increasing 

since 1950 (IPCC 2001, Bureau of Meteorology 2008) as shown in Figure 2.1. 

 

 

 

 

Figure 2.1 Australian tropics annual sea surface temperature anomaly average trend 

line (Base 1961-1999) (Source Bureau of Meteorology, 2008)  
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2.1.2.2 Macro circulation systems driving regional climate  

Thermal gradients within and between these oceans, and between these and land 

masses, influence a hierarchy of macro circulation systems impinging on northern 

Australia. The Hadley Cell (Hobbs 1998, Green 1999, Ahrens 2003), dominates the 

Dry Season and the classic or “True Monsoonal Cell” (Tapper and Hurry 1993, 

Tapper 2002) the Wet Season (this is separated from a quasi-monsoon (Gentilli 

1986) directed towards a continental heat low in central and south east Australia 

(Hobbs 1998)). The meridian circulations of the Hadley cell are complemented by 

the comparable zonal circulation of the Walker Cell near the equatorial Southern 

Pacific. These fluctuating systems are illustrated in Figure 2.2. A weakening of the 

trade winds, associated with the Hadley cell, drives warm surface water westward 

towards northern Australia, raising sea surface levels as well as temperature, and is 

associated with a release of latent heat (Pan and Oort 1990). This gives rise to 

increased cloud, rain, and ocean temperatures in the region (White and Cayan 2000), 

called La Nina. 

  



Chapter 2: 

 Page 44 

 

 

 

 

 

 

 

Figure 2.2 Illustration of ocean atmosphere coupling and Walker circulation and Niña 

and El Niño disturbances (IPCC, 1998) 

 

When higher and warmer sea levels are experienced in the central and eastern 

equatorial Pacific, accompanying the return of the Humboldt current, these triggers 

reduce rainfall (Ropelewski and Halbert 1989, Nicholls and Wong 1990, Zhang and 

Casey 1992) and cool ocean waters in the waters off northern Australia. This quasi 

periodic shift in circulation (Bjerknes 1969, Tanaka 1980), influences cyclic climate 

patterns of northern Australia (Webster 1983, Sidmore 1987, Nicholls 1991, Bonan 

2002b), and is called the El Niño Southern Oscillation (ENSO). 

Another cyclic latitudinal circulation system occurring within near equatorial 

latitudes is the Indian Ocean Dipole (IOD) (Figure 2.3). This system may also 

influence MNT climate in a similar way to, and possibly interact with ENSO, 

although this has been the subject of debate (Ashok et al. 2001, Drbohlav et al. 2007). 

El Niño event La Niñja event 

 

  



Atmospheric regulators of arboreal ecosystems in the monsoonal Northern Territory 

 Page 45 

Recent changes in the historic ENSO–monsoon relationship raise the possibility that 

the properties of the IOD may also be evolving in response to this relationship 

(Ashok et al. 2001). 

 

 

 

 

Figure 2.3 Indian Ocean dipole circulation behaviour 

(source http//upload.wikimedia.org/Wikipedia/commons/f/fg) 

 

These macro circulation systems are strongly linked to the Inter-Tropical 

Convergence Zone (ITCZ) impacting seasonally on MNT. A number of monsoonal 

phases have been identified and are summarised in Table 2.1. 

 

Table 2.1 Monsoon synoptic phase elements, drivers and responses 

(based on Suppiah, 1992; Holland, 1986) 

Monsoon synoptic 
phase elements 

Drivers Response 

Active phase 
High energy, associated with 
pole ward location of ITCS 

Strong low-level westerlies and upper 
easterlies and enhanced spatially-
organised convection with heavy rain, 
tropical depression and cyclones 
common 

Moderate phase Moderate energy 
Tropical depression and cyclones 
infrequent 

Break phase Shallow monsoon trough 
Weak low level easterlies, and 2-3 
westerlies per season and weak upper 
level easterlies (20%) 
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Active and break phases of the monsoon appear to be a link to the Madden Julian 

Oscillation (MJO), a 30-50 day wave oscillation in the upper easterlies and lower 

level westerlies (Madden and Julian 1971, Hendon and Liebman 1990, Madden and 

Julian 1994) with successive oscillations varying in amplitudes, periods and wave 

length. These also explain other variations in climate (Hayashi and Golder 1993). 

Madden Julian Oscillation convections, zonal winds, and moisture convergence are 

important for cyclone genesis, particularly when sea surface temperature (SST) 

anomalies coincide (Jones et al. 1998) although the relationship between them is 

unclear. 

2.1.2.3 Microcirculation systems driving local climate  

Land-sea breezes 

Various micro-circulation systems emerge within the ITCZ (Crowder 1995). Most 

predictable are on/off shore breezes resulting from time lags between short-wave 

solar radiation exposure and long-wave radiation responses between land and marine 

emissions. These produce sufficient pressure differences to establish localised 

circulation systems onshore during the day and offshore at night (White et al. 1984, 

Bonan 2002). The accompanying breeze phenomenon generally occurs mid-

afternoon in coastal MNT.  This moderates temperature and, often in the wet season, 

brings moist air inland, giving rise to conditions favouring thunderstorm 

development. 

Thunderstorms 

Darwin is reported to experience about 70 thunderstorm days per year (Hobbs 1998). 

Thunderstorm-associated squall lines impact on Darwin at various times (Houze 
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1977, Zipster 1977, Gill and Kersemakers 1993a). These squalls are characterised by 

convective cells where updrafts and downdrafts prevail (Drosdowsky and Holland 

1987) contributing to lower level cooling (Houze 1977, Zipster 1977, Chong et al. 

1987), producing strong localised wind gusts and heavy rainfall (Gill 1993b, Houze 

1977, Zipster 1977, Chong et al. 1987, Gill and Kersemakers 1993a). Lightning 

accompanies cumulonimbus cloud where negative electrical charge accumulates at 

the base inducing a positive charge on the ground below (Crowder 1995). This has 

significant direct impacts on vegetation, occasionally contributing to tree damage and 

death, as well as being a primary natural initiator of wildfires during periods of low 

fuel moisture content. 

Thunderstorms occurring over ocean waters are generally a precursor to cyclone 

genesis and often co-occur within tropical cyclones (Southern 1966, Taylor and 

Tulloch 1985). Overland they are often linked to tropical low pressure systems which 

become cyclones over warm ocean waters. 

 

Cyclones 

Cyclone development, requiring both heat and the presence of Corriolis forces, is 

precluded within 4
o
 to 5

o 
of the equator and does not approach full strength within 

the ITCZ until about 10
o
 Latitude. At this latitude, two regions of high frequency 

cyclone incidence are evident, one in the Indian Ocean off the north west of Western 

Australia and the other in the Western Pacific off north-east Queensland (Coleman 

1972, Lourensz 1977, Nicholls 1979, Anon 1999b). The north-west cyclone 

frequency cluster appears to be linked to the monsoon shear line at the southern limit 
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of the monsoon trough between the south-east trades and the monsoonal north 

westerlies where flows are strong (McBride and Keenan 1982). The western pacific 

cyclone cluster is influenced by the Walker circulation system and associated ENSO 

phenomena interacting with the monsoon trough. El Niño years are conspicuous by 

the reduction of cyclone frequency (Nicholls 1979, 1984, 1985, 1991, 1992, 1998; 

McBride 2004). There are suggestions that cyclones may in fact trigger and sustain 

El Niño rather than the reverse (Ramage 1986). The long-term impact of atmospheric 

changes and associated climate variability and trends on trees in the Darwin region, 

as well as the possible feedback effects such trees may have on both atmospheric 

composition and climate locally, regionally and globally are also little understood. 

Better understanding of these interactions would assist long-term urban and regional 

planning. 

2.1.3 Research into the climatic regime of MNT 

Recent climate patterns bearing on the energy, moisture and wind regime, 

influencing potential carbon assimilation and storm damage, have been well 

documented for the Australian region generally (Taylor 1993, Sturman and Tapper 

1996) and MNT in particular (McAlpine 1969, Lee and Neal 1984, Taylor and 

Tulloch 1985, McDonald and McAlpine 1991, Butterworth and Arthur 1993, 

Murphy 1993, Hennessy et al. 2004). 

Climate variability and change has been extensively modelled.  This is documented 

in various IPCC reports (eg IPCC 1998, 2007) and described elsewhere (Crowder 

1995, Trenberth et al. 1996, Flannery 2005) including studies by CSIRO in the 

Northern Territory (NT) (Pearman and Mitchell 2001, Hennessy et al. 2004). The 
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reliability of some of data used in modelling has been challenged (Trenberth and 

Hoar 1996) suggesting the necessity of more consistently-measured long-term 

records (Trenberth and Shae 1987, Wright et al. 1988) or dealing with the lack of 

homogeneity in other ways. This study does not specifically address long-term trends, 

but attempts to analyse temporal patterns within and between the heterogeneous 

Darwin Post Office (DPO) data from 1988 to 1941 and Darwin airport (DA) data 

from 1947 to 2006 that are relevant to the arboreal ecology in this environment and 

trends relevant to tree growth in that time period. 

Some inter-annual trend analyses have been undertaken for atmospheric pressure 

(Trenberth and Hurrell 1994, Harrison and Larkin 1997, Smith and Hope 2005), 

precipitation (Houghton et al. 1996, Trenberth et al. 1996, Zhang et al. 2007, Seung-

Ki et al. 2011) as well as wind regimes (Gill 1993b ) and cyclones (Coleman 1972, 

Lourensz 1977, Mc Bride and Keenan 1982, Murphy 1993, Murphy 1984, Love and 

Murphy 1985, anon 1999b, Cook and Nicholls 2009). The cyclone record is not long 

and only reliable with the advent of “LANDSAT” satellite imagery, in the mid- to late-

seventies. It also needs to be recognised that the process of cyclone-genesis, growth and 

subsequent decline is a continuous process spanning several days with varying 

spatial and temporal impacts. Such processes and the stages involved are well 

documented (Grey 1975b, McBride and Keenan 1982, Powell 1987, Emanual 1988, 

Zehr 1992, Tuleya 1994, Crowder 1995, Kepert 2002, Trenberth 2007), as are 

cyclone structures which occur at landfall (Powell 1987, Kepert 2002) although 

detailed information on how cyclone regimes impact on MNT arboreal ecosystems is 

lacking. Unpublished data compiled by NT Emergency Services and a recent study 

based at the BOM by Nicholls (2007) from across northern Australia, are useful 

although not ideal, and will be drawn on in this study. 



Chapter 2: 

 Page 50 

 Changes to daily, seasonal and inter-annual fluctuations and extremes ranging from 

deficient to excessive, exceeding the threshold of tree tolerance, are not well 

documented. This includes tree responses to solar radiation (Paton 1978), and 

temperature, wind and cyclones (eg Fox 1980, Cameron et al. 1983, Lugo 2008) and 

rainfall (Schuur 2003). Because physiological limits for specific tree species are 

generally ill-defined, some insights can be gained from assessment of the temporal as 

well as spatial climatic environment in which species have evolved (explored further 

in Chapters 4 and 5). 

2.2 Method 

For the purpose of this study, climatic information assessed has been grouped 

broadly as summarised in Box 2.1. 

Box 2.1 Critical atmospheric attributes bearing on arboreal landscape states  

 

 

 

 

 

 

 

Energy state  

Primary energy  

Solar radiation (input)  

Secondary energy  

Temperature  

Matter states  

Moisture state regime  

Evaporation (vapour input) 

AVPD (vapour storage)  

Precipitation (condensation output) 

Tertiary energy  

Wind, thunderstorms and cyclones 
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Temporal trends of variables in Box 2.1 are analysed using data from a number of 

sources, but mainly from the BOM in Darwin from both DPO (pre-1941) and DA 

(post-1941) recording stations. These sites are within 5 km of each other. It is also 

recognised that both site and instrumentation differences influence results. These are 

accounted for by treating the datasets separately and focusing on relative patterns. 

The statistics and software used for analysing this data are summarised in Box 1.1 

Chapter 1. 

2.2.1 Solar radiation data 

Spencer (1965) produced tables covering position (solar angle of incidence and 

azimuth) and intensity of direct and diffuse solar radiation levels falling on 

horizontal and vertical surfaces of objects in Darwin exposed to the cardinal 

directions (N, S, E and W) between 0700 to 2100 hrs for the 22nd day of each month. 

The imperial measure for radiation used (Btu ft
-2

 hr
-1

) has been converted to the 

metric equivalent (W m
-2

) most commonly used in the climate literature (White et al. 

1983, Reid 1987). These data are analysed to establish daily and seasonal variability 

in radiation and how this is influenced by exposure. Potential tree responses are 

based on the model used by Fitzpatrick and Nix (1980), with units converted, as 

shown in Eqn 2.1. 

G = 1 - e3.5
(r/312) 

Eqn 2.1 

Where G is any relative tree growth statistic and r is the level of direct solar radiation 

expressed in Wm-2. 
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The numerator value 312 Wm-2 used is the estimated light saturation value 

equivalent to 750 cal cm-2 day -1. Above this value, additional shortwave incoming 

radiation is considered to make little difference to photosynthesis (light saturation) 

and below this, growth decreases exponentially. Sunshine recorders (also known as 

Campbell-Stokes recorders), measure the number of hours in the day during which 

the sunshine is above a certain level (typically 200 mW/cm2). Data collected in this 

way can be used to determine the solar insolation by comparing the measured 

number of sunshine hours to those based on calculations and including several 

correction factors. This record is available only for Darwin airport from 1955. 

2.2.2 Analysis of climate data from the BOM, Darwin 

Climatic data derived from Darwin Bureau of Meteorology sources used in this study 

are shown in Table 2.2. 

DPO (1888 and 1920-1941) was located on the southern tip of Darwin Peninsula on 

the edge of Francis Bay in Darwin Harbour. The DA site was shifted four times from 

the old Parap airport site (now Parap Rd) from 1947 to the nearby DA site (from 

1955), six km inland from the coast, NNE of the old DPO. Station histories are 

essentially non-existent for the DPO and incomplete for the DA sites, particularly 

prior to TC Tracy (Butterworth 1993). As a consequence, precise details of 

relocation, instrumentation and site exposure are unavailable. This is a problem for 

trend interpretation (Bridgman and Nicholls 1990, Sheppard 1991). The record was 

therefore pooled as either DPO (pre-1941) or DA (Post-1942). 
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Table 2.2 Meteorological information, collection method and record extent 

Variable Units Method used Analysis Location 

Temperature 
maximum (Tmax) 
and minimum 
Tmin) 

oC 

Max-Min Thermometer  

Glasheir stand 

Stevenson screen  

Daily  

Monthly 

Annual 

DPO 

1888-1910 

1910-1941  

DA 1947-2005 

 
Thermocouple  

Data logger  
3 hourly  DA 1955-2005 

Rainfall (RF) Mm 
127mm Rain gauge  

24 hour 

Monthly 

Annual 

DA 1888-1941 

DPO 1947-2005 

Relative humidity 
(RH) and 
saturation vapour 
pressure deficits 
(SVPD) 

% 

Psychometer in  

Glasheir stand 

Stevenson screen  

0900Hr, 1500Hr 

Mean 
Monthly 

Annual 

DPO  

1888-1910 

1910-1941 

DA 1947-2005 

 
Revolving drum hair 
Hygrometer  

Mean  

3 hourly 
DA 1955-2003 

Atmospheric 
Vapour Pressure 
Deficit (AVPD)  

hPa 
Calculated from 1500hr RH 
and Maximum temperature 
(see below ) 

Monthly 

Annual 

3 hourly 

 

Evaporation (Ep) Mm A class Pan 24 hour 
Monthly 

Annual  
DA 1964-2005 

Wind (Wv) 

Run (km) 

Mean daily 
speed 
(km/hr) 

Cup anemometer at 10m 

1m above A class pan 

24hr 

Monthly 

Annual  
DA 1947-2006 

 Dines anemometer 3 hourly DA 1967- 2003 

Estimating Atmospheric Vapour Pressure Deficits (AVPD hPa) 

Data for maximum temperature and 1500 relative humidity derived from BOM 

records have been applied in Bolton’s formula (Bolton 1980), as expressed in Eqn 

2.2 and 2.3. 

SVP = 6.112 e 17.67* t / (t+243.5) Eqn 2.2 

AVPD = SVP – RH* SVP Eqn 2.3 

Where t = maximum temperature (°C), RH =minimum relative humidity (%) and  

SVP = Saturation Vapour Pressure (SVP) in (hPa) 
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Saturation Vapour Pressure (SVP) was derived from temperature (Eqn 2.2), and 

converted to actual AVPD by multiplying by relative humidity (RH) (prop) and 

establishing the difference between both (Eqn 2.3). 

Daily cycle values have been arrived at from pooled 3 hourly readings of RH and 

derived SVP, and temperature for DA (1947-2005) only. Monthly values are based 

on mean monthly maximum temperature and 1500hr RH for both DA and DPO sites.  

Actual Evapotranspiration estimates 

Actual evapotranspiration (Ea) for savanna woodland in MNT has been derived from 

Ep values using monthly Ea/Ep ratios derived from the work of Hutley et al. (2000). 

The evaporative fraction Ea/Ep has been derived using daily Ea statistics derived 

from Hutley et al. (2000), converted to monthly equivalents (x30) (mm month
-1

), and 

assessed against monthly Ep statistics from the DA (mm month
-1

). 

Details of other analytical methods used 

1. Daily three hourly data for all except sunshine hours, rainfall, and evaporation 

for DA plotted using a box plot of median and range of these values. 

2.  Monthly mean daily sunshine hours and total Class A Pan evaporation analysed 

for DA only.  

For all other variables at both stations, data have been analysed using box plots of 

median and ranges of varying probability. In the latter case, differences between 

mean values and their significance have been calculated to assess the influence of 

site relocation and possible climate shifts between recording periods.  Linear 
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regression analysis (based on simplified assumptions of randomness) was used to 

establish monthly trends within each site. 

3.  Annual trends and cyclic variability were plotted using box plots of mean and 

ranges for all, except sunshine hours, pooled monthly data.  

The autocorrelation and autoregression function using SPSS 15 statistical software 

(SPSS Inc 2006) based on Box and Jenkins (1994) was used on climate data from 

both sites. The simple model is used where the series is assumed to have no trend or 

seasonal variation. The Holt model has been used when the series has a linear trend 

but no seasonal variation. 
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2.2.3 Spatial climate pattern analysis 

The BOM was the primary source of meteorologic information collected from five 

recording sites across the MNT landscape. Mean annual rainfall data were obtained 

from six sites by Williams et al. (2005). The locations are detailed in Table 2.4 and 

shown in Figure 2.3. 

Table 2.3 MNT Location and meteorological data collected by Williams et al. (2005) 

(W) and from the Bureau of Meteorology (M) Number in brackets indicates the 

number of recordings where known. 

Location 
Lat 

(deg) 
Long 
(deg) 

Annual 
mean 

max &min 

Temp C 

Annual 
RF(mm) 

RH% 

0900Hr 

RH% 

1500Hr 

Darwin 12.25 130.52 X (60) W (60) M(60) M(60) 

Humpty Doo 12.5 131.3  W   

Berry Springs  12.7 131  W   

Adelaide River  13.23 131.1  W   

Batchelor 13.24 131.03 M (10 )  M   

Douglas Daly 13.83 131.19 M(15) M (34) M(18) M(15) 

Marballoo 14.6 132.2  W   

Katherine 
Experimental Farm  

14.48 132.25 M(15) M (24) M(24) M(24) 

Daly River 13.68 130.622        
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Figure 2.4 MNT Location and meteorological from Bureau of Meteorology records and 

compiled by Williams et al. (2005) 

 

2.2.4 Thunderstorm and Cyclone data analysis 

Data for monthly recorded thunderstorm frequency, obtained by observation, and 

associated lightning frequency (based on static interference to radio signals) for the 

period 1942-2005 have been used to plot mean monthly and inter annual frequency 

distributions. 
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McMinn’s Lagoon  

Darwin 
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Data derived from work by Mike Nicholls (2007, and pers. comm.) on cyclones and 

intense tropical low pressure cells (ITLPC), with potential to develop into cyclones, 

drawn from BOM files in Darwin, Brisbane and Perth, include the following- 

1.  Latitude, longitude and distance from Darwin. 

2.  Pressure gradient ΔP (except for data for Perth (1985-2000)) based on the 

assumed ambient pressure (Pn) of 1009 hPa at 00UTC and then allowing for diurnal 

variation. 

3.  The Dvorak current intensity number (CI) (see Chapter 1) derived from the 

BOM pressure value. 

4.  The 10 min wind speed (V600) was derived from the tabulated Dvorak 

relationship between CI and V600. 

The basis of this analysis was the assumption that in the period 1974-1984, both 

Darwin and Perth BOM used the Dvorak (1974) wind pressure relationship. From 

1985-2000, the Perth office of the BOM, where all analyses were undertaken, used 

the Dvorak (1985) method with the Atlantic wind velocity pressure relationship 

adjusted for Pn = 1010. From 2001 onwards this Atlantic wind pressure relationship 

was used with estimated or measured pressure drop (ΔP). Regional modification for 

relationships between empirical maximum wind and central pressure are of relevance 

to northern Australian conditions where environmental flows differ and small intense 

cyclones with higher central pressure prevail. These calculations involve a modified 

Holland-type relationship (Holland 1980) for the estimated eye-wall wind velocity 

and provide a more realistic horizontal wind profile of the tangential wind field about 
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a cyclone (Love and Murphy 1985). Regression analysis was used to establish 

relationships between the independent variables CI and the dependent variable ΔP 

across the cyclone radius, the maximum wind (mean 10 minute ) speed and rate of 

forward travel as refined by Love and Murphy (1985) from Dvorak (1974, 1984), for 

MNT conditions. 

Distances from Darwin and the land/water movement pattern for cyclones and 

intense low pressure systems recorded for a 500km radius (excluding cyclones 

formed in the Gulf of Carpentaria) and moving inland radius for the period 1975-

2004 were scanned, rectified and analysed to establish spatial distribution statistics. 

In addition statistics on intensity, frequency and duration have been compiled and 

plotted. 

Rainfall cyclone intensity relationships 

Data on Australian Cyclone Severity Scale (ACSS) were also derived from 

unpublished time series records of cyclones crossing or intercepting coastal 

communities across northern Australia (compiled by Northern Territory Emergency 

Services (NTES)(- Appendix 1 Table 4) for the period 1964-2004. The contribution 

of cyclone intensity to precipitation has also been derived from this data set where 

concurrent rainfall data has been recorded at 8, 12, 14, 48 and 72 hours, but most 

were 24 hrs intervals. Those less than 24 where treated as 24 hour readings and those 

greater than 24 hours were adjusted to 24 hour equivalent for comparison. 
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2.3 Results of Darwin climate analysis 

2.3.1 Atmospheric solar and thermal energy regime 

2.3.1.1 Direct and diffuse solar radiation inputs in Darwin landscape 

Daily solar radiation exposure for tree canopies 

The daily median and range of direct and diffuse radiation for all months combined, 

falling on a horizontal (A) or vertical (B) surface of trees and affecting seasonal 

photosynthesis and transpiration, is shown in the box plots in Figure 2.5 (data from 

Spencer 1965). Given that the estimated saturation level for photosynthesis is taken 

as 312 Wm
-2

 the median values for direct radiation falling on horizontal surfaces are 

above saturation levels between 0900 and 1600 hrs, and vertical surfaces 0900 to 

1100 hrs and 1500 to 1700 hrs. Diffuse radiation is below saturation at all times and 

is not affected by angle. 

 

 

 

 

 

Figure 2.5 Median values, 25 and 75 percentiles and outliers of hourly direct and 

diffuse solar radiation falling on horizontal (A) and vertical (B) surfaces in 

Darwin 
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Monthly solar radiation exposure for tree canopies 

Estimated median and range of seasonal variability in direct all-day solar radiation 

exposure of horizontal tree surfaces based on all 3 hourly readings for the 22
nd

 day of 

each month for Darwin, are plotted in Figure 2.6 (data from Spencer 1965). Each 

month experiences a similar range of solar radiation influenced seasonally by the 

perihelion. The median and range is greater in February to March and October to 

November equinox when the solar distance is least (largest solar angle) (650 W m
-2

) 

and at a minimum when the solar distance is maximum (smallest solar angle) in June 

(480W m
-2

). 

 

 

 

 

 

 

Figure 2.6 Median values, 25 and 75 percentiles and outliers of monthly direct solar 

radiation from daily cycles falling on horizontal surface in Darwin  
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Aspect modification of direct solar radiation 

 

 

 

 

 

 

 

 

 

  

Figure 2.7 Median values, 25 and 75 percentile and outliers of total hourly direct and 

diffuse vertical surface solar radiation for four cardinal directions of 

exposure 

 

The relationship between direct and diffuse solar radiation impinging on trees and 

soil for all cardinal directions of aspect is summarised in Figure 2.7 (data from 

Spencer 1965). The median and range of direct radiation is significantly higher in 

east and west exposed surfaces than on southern, and to a lesser extent northern faces. 

  

Cardinal direction  

East                  North                South                West 

S
o

la
r
 r

a
d

ia
ti

o
n

 W
m

2
 



Atmospheric regulators of arboreal ecosystems in the monsoonal Northern Territory 

 Page 63 

Sunshine hours effect 

The monthly variation in sunshine hours recorded for DA in Figure 2.8 shows 

minima November to April (when solar radiation load is highest), and maxima May 

to October (when solar radiation is at a minimum), peaking August to September 

when solar radiation is also at a peak. 

 

 

 

 

 

 

Figure 2.8 Median values, 25 and 75 percentile values and outliers of monthly sunshine 

hours in Darwin Airport (Bureau of Meteorology, Darwin, data) 
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2.3.1.2 Temperature regime of the Darwin landscape 

2.3.1.2.1 Diurnal temperature cycle 

 

 

 

 

 

 

Figure 2.9 Box plot of median, 25 and 75 percentile values and outliers for three hourly 

air temperature readings at Darwin airport (Bureau of Meteorology, Darwin, 

data)  

 

The recorded daily three hourly median (and range) temperature for all months is 

presented in Figure 2.9. Maximum temperature occurs at 1500 hrs, the period of 

maximum moisture stress. The minimum temperatures at 0300 hrs contribute to 

night/day range of 25C/31C. 
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2.3.1.2.2 Seasonal (monthly) temperature cycle 

The median and range of monthly values of daily maximum and minimum 

temperature for Darwin Post office (DPO) and Darwin airport (DA) are presented in 

Figure 2.10. Note differences in the ranges of values on the y axis (Bureau of 

Meteorology, Darwin, data). 

Maximum values at both sites reach a low in June /July with a second low value in 

February, consistent with a seasonal low in sunshine hours despite the high direct 

solar radiation. Not only are wet season temperatures higher at DPO, but outliers 

suggest extreme temperature events not evident on the DA data at this time. 

Minimum temperature values also are lowest in June and July, consistent with direct 

solar radiation and inversely with sunshine hours. 

 

 

 

 

 

 

 

Figure 2.10 Median values, 25 and 75 percentiles and outliers of monthly max and min 

temperatures at Darwin Post Office (DPO) and Darwin airport (DA)  

DPO 1888-1941 DA 1947-

2003 
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Inter annual monthly trends within two recording periods 

The independent sample two tailed t test (Significance ** p< 0.01, * P< 0.05) used to 

assess temperature difference (and trends) between DPO and DA is summarised in 

Table 2.4. This indicates that maximum temperatures (except for July) and minimum 

temperatures from December to June were significantly higher at DPO than DA 

which may indicates either a climate or sites shift affect or both. 

Table 2.4 Correlation of means and difference for max and min monthly temp and 

mean differences between Darwin post office (DPO) and Darwin airport 

(DA) sites 

 
t (sign) Dof 

Difference 

DA-DPO 
t (sign) Dof 

Difference 

DA–DPO 

Month Mean Maximum Temperature Mean Minimum temperature 

January 3.7** 97 -0.63 3.82** 116 -0.37 

February  5.0** 112 -0.87 2.75* 118 -0.29 

March 4.5** 102 -0.84 5.24** 116 -0.53 

April 4.8** 100 -0.86 3.59** 118 -0.42 

May 3.9** 111 -0.58 2.65** 118 -0.48 

June 2.8* 105 -0.53 3.90** 117 -0.87 

July 0.6 105 -0.09 1.90 117 -0.44 

August 2.5** 110 -0.37 1.71 118 -0.33 

September 4.0** 109 -0.50 0.10 118 -0.15 

October 7.1** 104 -0.84 0.74 115 7.833E-02 

November 7.0** 104 -0.95 1.49 118 -0.16 

December  6.3** 114 -0.99 2.52* 106 -0.29 
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2.3.1.2.3 Inter annual temperature trends 

Mean annual trends and cyclic variability 

Results of the ARIMA model time series trend analysis of actual and running one 

year moving average and autoregression for minimum temperatures, based on one 

year moving average (MA1) at DPO, and autoregression moving average (AR1) for 

DA, to take account of cyclic fluctuations, are shown in Figure 2.11 (Bureau of 

Meteorology data). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 Inter-annual DPO and DA mean annual min temp and ARIMA fit based 

on one year moving average (MA) and autoregression (AR) where 

significant. 
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The minimum temperature trends between sites are not linked, suggesting an 

instrumentation/site change. The autoregression coefficient (AC) for minimum 

temperatures at DPO is only moderately significant, mainly positive, with Box Ljung 

autocorrelation for lags 1-12 (two being negative) (p<0.05) indicating random inter-

annual values and a stationary series not amenable to autoregressive modelling. Peak 

autocorrelation coefficients of r = 0.24 occur at lag 4. Simple time series linear 

regression analysis confirmed the weak, very low significance (p = 0.09, 60 dof) 

positive trend. The ARIMA model for DA based on AR1 has a significant AC (r = 

-0.023, p = 0.00) with a non-significant autocorrelation residual error. The AC trend 

was significant (p<0.05) for lag 9 indicating non-random stationary series with 

significant autocorrelation peaks (apart from lag 1 of 0.26 at lag 5). 

Results of the ARIMA model time series trend analysis of actual and running one 

year moving average and autoregression for maximum temperatures at DA based on 

one year moving average (MA1) are shown in Figure 2.12 below (Bureau of 

Meteorology data). 

 

 

 

 

 

Figure 2.12 Inter-annual mean annual max temp for DA, ARIMA model fit based on 

one year moving average (MA) and autoregression (AR) where significant 
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The autoregression coefficient (AC) in Figure 2.12 is non-significant, (indicative of 

randomness) but the trend is significant with positive regression coefficient (r = 0.10, 

p = 0.00) over this period. This record appears to be a continuation of the previous 

DPO period with no marked break in scale. The trend for DPO using an 

autoregression moving average (AR1) is shown in Figure 2.13 (BoM data). 

 

 

 

 

 

 

Figure 2.13 Inte-annual DPO mean annual max temp and ARIMA fit based on one 

year moving average (MA) and autoregression (AR) where significant  
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Results of statistical analyses of inter-annual monthly trends in maximum and 

minimum temperatures are shown in Table 2.5. DPO, although showing no trend in 

minimum temperature, shows a significant (p<0.05) decrease in maximum 

temperature for all months except January and February. These trends persisted in 

March, and from July to December, post-1920 when the Stevenson screen was 

M
ea

n
 m

a
x
im

u
m

 t
em

p
er

a
tu

re
s 

○
C

  



Chapter 2: 

 Page 70 

introduced. At DA, using the same screen, maximum temperatures increased 

although only significantly from April to November (dry season) and minimum 

temperature only from November to March (wet season). 

Table 2.5 Monthly linear trends analysis in maximum and minimum temperature DPO 

(1888-1941) and post-Stevenson screen (1910-1941) and Darwin Airport 

(1947-2003) showing r
2
, p and trend (+/-) 

 Darwin Post Office 

temperature (○C) r2 

Darwin airport 
temperature(○C) r2 

 Maximum r2 Minimum Maximum Minimum 

Month 1888-1941 

(63 dof)  

1910-1941 

(30 dof ) 

1988-1941 

(63 dof)  

1910-1941 

(30 dof) 
(49 dof) (49 dof) 

January Ns Ns Ns Ns Ns Ns 

February  Ns Ns Ns Ns Ns 0.13**+ 

March 0.26**- 0.12*- Ns Ns Ns 0.08*+ 

April 0.09*- Ns Ns Ns 0.12*+ 0.19**+ 

May 0.12*- Ns Ns Ns 0.09*+ 0.11**+ 

June 0.15**- Ns Ns Ns 0.10*+ Ns 

July 0.11*- 0.15*- Ns Ns 0.10*+ Ns 

August 0.25**- 0.24**- Ns Ns 0.10*+ Ns 

September 0.18**- 0.12*- Ns Ns 0.12*+ Ns 

October 0.46**- 0.32**- Ns Ns 0.22**+ Ns 

November 0.23**- 0.18*- Ns Ns 0.10*+ 0.15**+ 

December  0.06**- Ns Ns Ns Ns 0.14**+ 

Annual 0.33**- 0.15*- Ns Ns 0.25**+ 0.11**+ 

Significance * p<0.05 ** p<0.01; -, + indicates decrease of increase time trend 
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2.3.1.2.4 Temperature spatial gradients in MN 

Mean annual station maximum and minimum temperatures, along a latitudinal 

gradient through MNT south of and including Darwin, are shown in Figure 2.14. 

Linear regression analysis of temperature changes with latitude show a significant 

positive max temp gradient (r2 = 0.89, p = 0.01, 3 dof) and an insignificant but 

apparent decreasing trend for min temp (r2 = 0.52, p = 0.17, 3 dof). This suggests 

that the range between maximum and minimum temperature increases with 

increasing latitude across MNT. 

 

 

 

 

 

 

Figure 2.14 Spatial trends in maximum and minimum temperature change with 

latitude between Darwin and Katherine (Bureau of Meteorology data) 
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2.3.2 Darwin Moisture regime 

2.3.2.1 Daily cycles AVPD  

The median and range of 3 hourly intervals AVPD at Darwin Airport, derived using 

the Bolton (1980) conversion, are presented in Figure 2.15 (Bureau of Meteorology, 

Darwin, data). These show a peak in AVPD at approximately 1500 hrs consistent 

with maximum temperature at this time. 

 

 

 

 

 

Figure 2.15 Median values, 25 and 75 percentiles and outliers of daily variability in 

median and range of estimated Atmospheric Vapour Pressure Deficits 

(AVPD) 
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2.3.2.2 Seasonal moisture cycles 

Seasonal Precipitation (P) 

The median seasonal distribution pattern of precipitation at the DPO and DA sites, in 

the box plot in Figure 2.16 shows, for both sites, increasing rainfall from October to 

a peak in January, declining to April, (the Wet Season) followed by negligible 

rainfall from May to September (the Dry Season). 

 

 

 

 

 

Figure 2.16 Median values, 25 and 75 percentiles and outliers of monthly seasonal 

rainfall for Darwin Post Office (DPO) and Darwin Airport (DA) (BoM 

Darwin data) 
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Seasonal Atmospheric Vapour Pressure Deficits (AVPD) and Class A Pan evaporation 

The annual cycles of monthly median AVPD based on 1500hr RH and maximum 

temperature at both Darwin Post Office (DPO) and Darwin Airport (DA) sites are 

shown in Figure 2.17 (BoM Darwin data). 

 

 

 

 

Figure 2.17 Median values, 25 and 75 percentiles and outliers of mean monthly 

(atmospheric) vapour pressure deficit (AVPD) 

AVPD (at 1500 hrs) is at a minimum in February.  It increases to a peak, which for 

DPO is August to October, and for DA May to August, then slowly declining into the 

Wet Season.  Median daily Class A Pan evaporation for DA only for the period 

1964-2005 are shown in Figure 2.18. It also peaks in August. 

 

 

 

 

Figure 2.18 Median values, 25 and 75 percentiles and outliers of mean monthly class A 

pan evaporation for Darwin Airport sites (data from BoM Darwin) 
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Monthly long-term trends in AVPD, precipitation, for both sites, and Class A Pan 

evaporation for Darwin only with implication of tree moisture regimes in the region 

are presented Table 2.6. 

Table 2.6 Linear regression analysis (r
2
) of monthly AVPD and rainfall at DPO (1888-

1941) and DA (1945-2003) and daily Class A pan Evaporation at DA only 

(1957-2003) 

Month 

AVPD (1500 hrs) Rainfall Evaporation 24 hrs 

DPO DA DPO DA DA 

Linear regression  r2 (significance) and trend 

45 70 53 61 47 

January Ns Ns Ns 0.07 *+ Ns 

February  Ns Ns Ns Ns 0.19**- 

March 0.11 *- Ns Ns Ns Ns 

April Ns Ns Ns Ns 0.36**- 

May Ns Ns 0.07*- Ns 0.23**- 

June Ns Ns Ns Ns 0.42**- 

July 0.10*- Ns Ns Ns 0.49**- 

August 0.13 *- 0.09 *+ Ns Ns 0.35**- 

September Ns Ns Ns Ns 0.34**- 

October 0.24*- 0.10*+ Ns Ns 0.40**- 

November Ns Ns Ns Ns 0.22*- 

December  Ns Ns 0.06*- Ns 0.27*- 

Significance ** P<0.01 * p< 0.05) - decrease rend + increase trend 

This indicates a negative linear time trend, for DPO rainfall mainly in late dry and 

wet season and AVPD early dry season, the high inter-annual variance giving a low 

r
2
. Evaporation appears to be negative for most months. This is inconsistent with 

AVPD, although it follows a complementary seasonal pattern. This will be explored 

further below. 

Ea from arboreal ecosystems, comprising evaporation of intercepted water from all 

surfaces plus root absorbed moisture discharged in transpiration, provides a more 
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realistic measure of the tree community water regime. Monthly rainfall, A Class Pan 

evaporation (Bureau of Meteorology data) and Ea (from Hutley et al. 2000), for 

Howard Springs, are plotted in Figure 2.19. 

 

Figure 2.19 Generalised seasonal moisture relationships between mean monthly rainfall 

(RF), A class pan evaporation (Ep) and tree community 

evapotranspiration (Ea). 

 

The inverse linear relationship between Ep and rainfall is expressed in Eqn 2.4. A 

direct relationship between Ea and RF is expressed in Eqn 2.5.  

Ep = 220.35 - 0.062 (RF) (r
2
 = 0.23, p=0.00, 40 dof) Eqn 2.4 

Ea = 56.47 + 0.062 (RF) (r
2
 = 0.57, p=0.00, 40 dof) Eqn 2.5 

Where Ep is potential evaporation based on Class A Pan data (mm), Ea is 

evapotranspiration (mm) and RF is annual rainfall (mm). 

RF exceeds Ep from December to March, but exceeds Ea from October to April, 

during which time surplus water is stored in the ecosystem potentially available for 

the remaining dry months. After this time Ea exceeds rainfall to September, during 

which period trees must draw on these reserves. 
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2.3.2.3 Inter-annual atmospheric vapour pressure deficits and 
rainfall trends 

Mean annual time trends and fluctuation for AVPD are shown in Figure 2.20. 

 

 

 

 

 

 

Figure 2.20 Time trends for original and IRMA data for mean, annual 1500 hr AVPD 

for DPO (A) and DA (B) Note different scales. (Bureau of Meteorology 

data) 

 

Auto regression analysis for 1500hr AVPD readings for DPO show negative time 

trends with significant AC at lag 4 (r = 0.15, p = 0.004), 9 (r = 0.23, p = 0.02) and 13 

(r = 0.13, p = 0.039). For DA there is a positive time trend with significant AC at lag 

3 (r = 0.25, p = 0.04). 

Inter-annual Evaporation 

The mean annual Class A Pan evaporation trends for the period 1967 to 2001 are 

presented in Figure 2.21. Mean annual time trends for rainfall are shown in Figure 

2.22.  
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As is the case for monthly data, evaporation shows a significant decrease over the 

period (r
2 

= 0.52, p = 0.00, 35dof) inconsistent with the trend in AVPD, while rainfall 

shows an increase for this period.  Simple autocorrelation of DPO and DA annual 

rainfall are both non-significant at all lags. Peak negative AC values however occur 

at lag 4 (r = -0.21, Box Lung p = 0.00) when differenced.  The regression coefficient 

is significant and negative for DPO (r = -0.39, p = 0.025) as is the simple annual 

regression trend, particularly in May and December. Three cyclic patterns of 

decreasing amplitude are evident. 

The annual AC at Darwin Airport was significantly positive (r = 0.67, p = 0.00) with 

the cyclic fluctuations continuing. Overall the periodicity of the rainfall fluctuations 

is about 30 years. 

 

 

 

 

 

Figure 2.21 Annual mean Class A Pan evaporation at Darwin Airport for the period 

1967 - 2003 (Bureau of Meteorology Darwin data) 
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Figure 2.22 Mean annual rainfall for Darwin Post office (A) and DA (1946 - 2003) (B) 

with 4 year moving averages from ARIMA Note different scales. (BoM 

Darwin data) 

2.3.2.4 Spatial moisture gradients 

The relationship between mean annual precipitation and latitude across western 

MNT are presented in Figure 2.23. Precipitation shows a strong decreasing spatial 

trend with increasing latitude. 

 

 

 

 

 

Figure 2.23 Relationship between mean annual rainfall and latitude for sites between 

Darwin and Katherine (data from Bureau of Meteorology Darwin, with some 

derived from Williams et al. 2005) 

A B 
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2.3.3 Wind regime 

2.3.3.1 Daily and seasonal wind patterns 

The results of eight three hourly daily dines anemometer readings for the period 

1955-2005 are shown on the box plot of monthly median wind speed values in 

Figure 2.24. 

 

 

 

 

Figure 2.24 Median values, 25 and 75 percentiles and outliers for daily wind speeds for 

Darwin airport measured three hourly (BoM Darwin data) 

 

This follows the same daily cycle as temperature and solar radiation peaking at 1500 

hrs at around 18 km hr
-1

 a period of maximum water use. 

The seasonal variation in both mean monthly wind velocity, based on the mean of all 

3 hourly dine anemometer readings at Darwin Airport for the period 1955-2005 is 

shown in Figure 2.25. It shows that the median and range of mean monthly wind 

velocity over the recording period at DA shows little seasonal variability.  Maximum 

wind velocity (cup anemometer) is higher November to March than the remainder of 

the year (dry season) supported by the predominance of outliers in Figure 2.25. 

Monthly frequency of recorded thunderstorms at Darwin Airport, is shown in Figure 

2.26. 
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Figure 2.25 Median 25 and 75 percentiles and outliers of all 3 hourly wind speeds for 

DA 1955-2005 Figure and maximum wind velocity for 1947- 1993 (BoM 

Darwin data) (Note the TC Tracy outlier). 

 

 

 

 

 

Figure 2.26 Monthly frequency of recorded thunderstorms at DA (Bureau of 

Meteorology) 
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A build up in thunderstorms is evident from October/November and peaking in 

December /January, consistent with the peak gust data, then decreasing to April. The 

number of intense tropical depressions and cyclones developing within 500 km of 

Darwin and active cyclones recorded near the MNT coast over a similar but longer 

period is shown in Figure 2.27. 

 

 

 

 

Figure 2.27 Total number of cyclones in each month reported near the MNT coast 

1964-2004) (40 yrs) (A) (source NTES unpublished records) and intense low 

pressure systems and cyclone recorded within 500 km of Darwin 1974-

2005 (31 yrs) (B) (From data compiled by Mike Nicholls Unpublished.) 

 

Tropical low pressure systems and cyclones peak in December but also in April, 

consistent with the transit of the Monsoon trough over the ocean. Cyclone 

frequencies identified in the NTES data for the total MNT coast are higher, and show 

increases in frequency peaking in March, than tropical low pressure systems and 

cyclones occurring within 500 km radius of Darwin.  These also show a peak in 

December and are possibly more likely to form cyclones in the latter part of the wet 

season. 
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2.3.3.2 Inter annual wind velocity pattern 

The mean daily wind velocity (derived from 24 hr wind run) at 1.5 m is shown in 

Figure 2.28B and at 10 m shown in Figure 2.28A. 

 

 

 

 

Figure 2.28 Inter-annual distribution of mean annual anemometer wind velocity (1955-

2003) at 10 m (A) and 1.5 m (B) at Darwin airport (Bureau of Meteorology 

data) 

 

Since 1976, a positive time trend of mean wind velocity has been recorded at 10 m 

and an anomalous negative trend with a lower mean velocity occurs at 1.5 m located 

above the Class A evaporation pan, reflecting possible changes in surface roughness.   

Mean annual wind gusts for the period 1964-2006, are shown in Figure 2.31. These 

show a period of increase from 1964 also followed by a decline from about 1976 to 

2004 (a significant anomalous peak 1974/5 is associated with TC Tracy). This 

parallels the 1.5m mean wind velocity trend (a reverse to 10 m readings) to 2004 but 

then increases. 
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Figure 2.29 Maximum wind gusts distribution (10 min mean) at 10m recorded at 

Darwin airport (Bureau of Meteorology, Darwin data) (Note the TC 

Tracy peak). 

 

Results of monthly linear inter annual time trend analysis for minimum and 

maximum 24 hour anemometer wind runs and the maximum wind gusts at Darwin 

airport for the period 1955-2006 (for which there is an unbroken record) is presented 

in Table 2.7. 

The monthly trends in 24 hr wind runs at 10 m are consistent with those for mean 

annual wind velocity for minimum values for all months and maximum values for all 

months except the transition months of March to May and October involving a 

change in circulation system dominance. 
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Table 2.7 Monthly linear time trend regression r
2
 values, significance and trend 

direction for mean wind speed, minimum and maximum 24 hour wind run 

and maximum wind gusts at 10 m for Darwin airport 1955-2006 

(data Bureau of Meteorology, Darwin) 

Monthly wind regime 1955-2006 

 
Minimum 24 hr wind 

run (km) 
r2 

Maximum 24hr 
Wind run (km) 

r2 

Maximum wind gusts 
(km/hr) 

r2 

Month Sig (37) Sig (46) Sig (26) 

January 0.19+* 0.12 +** 0.01 

February 0.38+** 0.14+* 0.10 

March 0.26+** 0.06+ 0.07 

April 0.39+** 0.06+ 0.02 

May 0.41+** 0.07+ 0.00 

June 0.41+** 0.13+* 0.01 

July 0.26+** 0.15+* 0.01 

August 0.30+** 0.12+* 0.00 

September 0.12+* 0.16+** 0.01 

October 0.24+** 0.07 0.11 

November 0.30+** 0.09+* 0.16+* 

December 0.40+** 0.00+* 0.68+** 

Significance ** P<0.01 * p< 0.05) - decrease rend + increase trend values in italics 0.05>p<0.1 
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2.3.3.3 Thunderstorms 

Time trends in recorded wet season thunderstorm days for the period 1942 to 2004 

are presented in Figure 2.30. 

 

 

 

 

 

Figure 2.30 Total number of thunderstorm days per annum recorded at Darwin 

Airport (Bureau of Meteorology, Darwin) 

 

The period covering 1942-63 showed an increased frequency of thunderstorms. The 

sudden drop in 1964 followed by a gradual increase to 1983 followed by a gradual 

decline to 2004 followed by a rise is consistent with the trend in wind gusts shown in 

Figure 2.29. 
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2.3.3.4 MNT tropical cyclone and low pressure regime patterns 

The annual frequency of cyclones influencing the NT coast (NTES) (A) and cyclones 

and intense tropical low pressure systems within a 500km radius of Darwin (B) are 

shown in Figure 2.31. The limited data for cyclones and tropical low pressure 

systems within 500 km of Darwin indicates no temporal trend, although cyclones 

intercepting the NT coast decrease in annual cyclone frequency of one to three, 

particularly from 1975 evident in both data sets. This trend is consistent with the 

trend in wind gusts and thunderstorms for this period. 

 

 

 

 

 

Figure 2.31 Inter-annual number of cyclones influencing the NT coast 1964-2000 (A) 

(data NT Emergency Service unpublished) and cyclone and intense tropical 

low pressure systems within 500 km of Darwin 1974-2003 (B) (data Mike 

Nicholls unpublished). 

 

Figure 2.32 shows for tropical cyclones and intensive low pressure systems from 

1974-2003 total numbers as a function of latitude, longitude (B) distance from 

Darwin (C) and their movement in relation to land and water (D). It also shows 

relative proportion of cyclones recorded in proximity to the NT coast by duration, 

(indicating time and area of community exposure depending on speed of travel) (E) 

and the relative by annual frequencies. 
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Figure 2.32 Total number of cyclone and intense low pressure systems within 500 km 

radius of Darwin by latitude (A), Longitude (B), distance from Darwin (C), 

pathway (D) 1974-2003 (source Mike Nicholls unpublished data) and 

percentage of cyclones duration (E) and annual frequency (F) near NT 

coast 1964-2002) (data NTES unpublished) 

Note LL land only, LW land to water, WL water to land, WW water only. 
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The highest incidence of tropical cyclones and intense tropical low pressure systems 

appears to occur around latitude 12.25
0
S (122.5) north of Darwin and 127

0
E (1270) 

to the west. Numbers increase with distance north from Darwin to a peak at 474 km. 

Most of the tracks analysed in this study have been initiated over water. This also 

indicates that most cyclones last three days, with the distribution skewed out to 15 

days. These cyclones are most likely to occur three times per annum, with up to six 

per annum. 

Frequency of cyclones influencing the MNT coast in ACSS categories is shown in 

Figure 2.33. Most cyclones which emerge are category one (36%) with 3% being 

category five. 

 

 

 

 

Figure 2.33 Percentage frequency of cyclone within severity classes (ACSS scale) 

recorded within 500km of Darwin 1974-2003 (source Mike Nicholls 

unpublished data) 
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ACSS and maximum wind speed and precipitation intensity 

The relationship between maximum wind (mean 10min) speed and ACSS rating is 

given in Eqn 2.6. 

V max = 19.50 + 12.12 (IACSS) (p = 0.00 6)  Eqn 2.6 

Where MCP is mean central pressure (kPa); V max is maximum 10 minute wind speed (m sec
 -1

) 

 IACSS is Australian cyclone severity scale. 

This relationship is linear. The relationship between 24 hr (maximum) rainfall 

measured on land and ACSS for cyclones intersecting the NT coast between 1964 

and 2000 in this study is significantly positive (KTB(R)=0.28, sig p=0.00, 90 dof). 

2.4 Synthesis and Discussion 

2.4.1 Introduction 

Direct and diffuse solar radiation-induced insolation, temperature, atmospheric 

vapour state (RH and AVPD) and wind determine available moisture for plant 

growth.  This, along with tree phenology, influences leaf area, sapwood area, root 

volume, and regulates transpiration and carbon dioxide assimilation (O'Grady et al. 

1999, Eamus et al. 1999, Hutley et al. 2000, Eamus et al. 2001). 

Sensible heat (temperature), and maximum temperature, relative humidity, 

atmospheric vapour pressure deficits, obtained for Darwin Post Office pre-1920 

(before the Stevenson Screen was introduced) may not be reliable for trend analysis. 

The location effects between Darwin Post Office and Darwin Airport also raise 

problems for interpreting absolute values. 
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Station differences and their seasonal variability have been assessed. The marked 

similarity between monthly seasonal mean and range gives some confidence in the 

data, particularly when used to establish relative trends. Rainfall measurements are 

less instrument-sensitive, although show some variability between sites.  Again, 

within sites relative patterns are more reliable. Wind regimes have only been 

assessed at Darwin Airport. These atmospheric attributes at both sites have been 

shown to fluctuate seasonally and inter-annually with some evidence of longer term 

change which may have implications for tree states. Daily patterns for DA 

influencing water use, photosynthesis and growth, together with spatial gradients 

from data across MNT contributing to tree states, have also been established. This 

climate study has focused on two Darwin recording sites collectively representing the 

most extensive record in MNT. It has been assumed that the broad temporal patterns 

persist across MNT. To what extent these patterns can be extrapolated spatially into 

other landscapes, where such data are non-existent is debatable. The spatial pattern 

of climate variables contributes to arboreal structure and composition variation 

(Williams et al. 1996, Cook et al. 2002). 

2.4.2 Solar radiation trends 

No spatial analysis was undertaken on direct solar radiation. Daily and seasonal flux 

of direct and diffuse solar radiation falling on vertical and horizontal tree surfaces 

was modified by sunshine hours.  The daily cycle of direct and diffuse solar radiation 

on a horizontal surface such as the top of canopies, rises to a peak at 1300 hrs. 

The median and variability of direct solar radiation on horizontal surfaces between 

months calculated from tables in this study peaked at 650 Wm
2
 in wet-dry transition 

months, coinciding with intermediate sunshine hours (and cloud cover). Recorded 
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peak values for the Howard Springs flux tower was 450Wm
2
 Beringer et al. (2007). 

Minimum median values in June to July in this study were 480Wm
2
 compared to 

about 370Wm
2
 at Howard Springs. Although differences existed between absolute 

values, the seasonal differences are the same. 

Canopy assimilation rate does not become fully irradiance-saturated at any time in 

the wet season but does in the dry (Eamus et al. 2001) where light saturation 

irradiance generally occurs at about 30% of full sunlight at current levels of CO2. It 

would appear from this study to be non-limiting (light saturation) for part of the dry 

season day, which other studies have established to be 4 hrs (Eamus et al. 1999). 

Light falls below saturation levels, particularly on vertical leaf surfaces. At low 

latitudes, shading in north and south facing aspects of landscape structures coupled 

with cloud cover, may further reduce light. These relationships are reversed in the 

morning and late afternoon for horizontal surfaces when solar radiation also falls 

below saturation levels. Studies in unburnt savanna communities (Fensham 1990) 

indicate significant increases in cover and stem numbers on southern, relative to 

northern, aspects for Breyenia cernue, Xanthostemon paradoxis and Terminalia 

ferdinandiana. Ten other species have also been found to favour southern aspects, 

with others such as E. miniata and three other species showing a preference for more 

exposed northern aspects, suggesting that insolation plays a role in tree growth and 

community composition. 

Increased tree taper may result from light limitation conditions or a combination of 

them, such as canopy and cloud cover potentially.  This in turn affects vulnerability 

to cyclone damage. 
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2.4.3 Sensible heat trends and species tolerance 

Sensible heat follows a similar daily and seasonal cycle to solar radiation, further 

influencing transpiration and carbon assimilation as well as various metabolic 

processes. Tmax increases and Tmin decreases with latitude, increasing the diurnal 

range by 6
○
C across a latitude from 12.25 to 14.45 degrees. This appears to be within 

the tolerance range of naturally evolved trees species such as E. tetrodonta found 

across this range, although there may be also be genotypic adjustments in response, 

bearing in mind the role this may play in flowering. 

The seasonal temperature cycles are similar in both datasets. In this study, daily 

median maximum temperature (Tmax) peaked at 31
○
C (2 hrs after solar radiation), 

dropping to a minimum (Tmin) of 25
○
C, which appears to be below these optima. 

Seasonally, median Tmax peaks at 34
○
C in October and Tmin is lowest (19

○
C) in 

July with a higher amplitude of 15
○
C. The amplitude of the daily and seasonal cycles 

of direct solar radiation and temperature are similar to those reported elsewhere by 

Reid (1987), Gutzler (1992), Haigh (1996) and Balachandran et al. (1999)). Running 

mean average annual temperature trace for the combined DPO and DA reported by 

Butterworth (1993) is consistent with those reported by the IPCC (2006). The actual 

IPCC data shows averaged land and sea temperature changing little up to 1915 

followed by a rapid increase to a strong peak in 1940. Although minimum DPO 

temperatures (Tmin) showed no significant change, maximum temperature (Tmax) 

decreased significantly over this period. This may be linked to a post-1850 “Little Ice 

Age” high. Post-1941 temperatures reported by the IPCC fluctuated at the 1940 level 

until about 1970 and then again showed another rapid rise. At DA both Tmin and 

Tmax also showed a gradual increasing trend, consistent with post-1950 trends 

reported by Harrison and Larkin (1997) and Hennessy et al. (2004). The contention 
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that minimum temperatures have been rising at about twice the rate of maximum 

temperature (Horton 1995, Anon 1999a, Collins et al. 2000), decreasing the diurnal 

range, is however not supported by data in this study. 

There is little information on thermal optima and tolerance ranges for MNT trees. 

Unimodal mega-thermal response models for this region from Fitzpatrick and Nix 

(1970) and Nix (1982) predict optimum mean temperatures of 35
○
C. Paton (1981) 

suggests a day/night temperature optima of 33/28
○
C or greater suggesting that both 

the spatial and temporal thermal range since 1988 falls within the tolerance limits of 

existing tree species. 

2.4.4. Moisture regimes impacting on tree growth 

2.4.4.1 Rainfall 

The seasonal fluctuation in precipitation is predictable from the latitudinal movement 

of the monsoon trough. Rainfall peaks between November and April and is 

associated with an increased frequency of thunderstorms, monsoonal low pressure 

systems, and cyclones as reported here and elsewhere (Bell 1972, Taylor and Tulloch 

1985, Nicholls and Wong 1990, Yu and Neil 1991, Zhang and Casey 1992, Lough 

1993, Yu and Neil 1993, Suppiah and Hennessy 1996, Meinke et al. 2005). In humid 

(>900mm) monsoonal landscapes, such rain patterns are considered by Lehmann et 

al. (2009) to be insignificant for trees because it is considered to be always adequate 

for recharging the soil moisture store (Bowman 2005) maintaining existing cover and 

basal area (Cook et al. 2002). This requires further investigation, as excess rainfall 

may lead to waterlogging in some landscapes creating suboptimal growth conditions. 
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A negative trend in rainfall at the DPO contrasts with the general positive trend 

reported by Zhang et al. (2007) for the same latitude reported from 1910 by Suppiah 

and Hennessy (1996). The positive trend at Darwin Airport, predicted by simple 

annual linear regression models, is consistent with other observations (Butterworth 

and Arthur 1993, Hennessy et al. 1999, Nicholls 2000, Zhang et al. 2007). A long-

term annual average trend in cloud cover in Australia, from 1957 (Henderson-Sellers 

1992) until the mid-seventies (see introduction), is also consistent with this study and 

a subsequent weak drop, consistent with the IPCC data. The larger lags evident in 

this study are also evident in the IPCC data and are possibly linked to switches in 

alternative rainfall regime (Nicholls 2006). 

2.4.4.2 Evapotranspiration 

Atmospheric moisture vapour deficits, regulating evapotranspiration, follow the 

same daily cycle and seasonal cycles (but with some time lags) as solar radiation and 

temperature. Hutley et al. (2000) report that mean Et in evergreen MNT tree species 

is relatively constant throughout the year (0.7-1mm per day), with a small decline 

towards the end of the dry season. Actual community Et shows a direct relationship 

with rainfall and inverse relationship to Class A pan evaporation (Ep). Assimilation 

rates and stomatal conductance, associated with Et, appear to shows no significant 

response to AVPD in the wet season, but declines with increasing AVPD (and Ep) in 

the dry. This is consistent with findings elsewhere (Fordyce et al. 1997, Meyers et al. 

1997, Eamus and Cole 1997, Prior et al. 1997a, 1997b, Eamus et al. 1999). 

A decline in potentially available moisture for transpiration occurs from April (from 

a high residual soil moisture), to a lowest in September to October when AVPD and 
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Ep are highest. Tree scale experiments by O’Grady et al. (1999) however show that 

the dry season AVPD contributes to higher mean daily water flux/transpiration 

response, despite a decline in stomatal conductance and reduced predawn leaf water 

potential (soil moisture). This is also associated with a greater daily hysteresis, 

possibly due to low soil hydraulic conductivity or extraction of stored stem water. 

Cook et al. (1998) propose that the accumulated moisture in the rhizosphere, from 

wet season rainfall/runoff is sufficient to maintain such transpiration and carbon 

assimilation. This is explored further in Chapter 3. This decline may also be linked to 

changes in light intensity and quality (of particular wavelengths), and leaf surface 

area. Evergreen trees have been shown to have a small dry season decline in 

assimilation (10%) which is greater in semi deciduous (50%) and deciduous (100%) 

trees (Eamus et al. 1999). 

2.4.4.3 Evaporation 

The anomalous decreasing trend in Class A Pan evaporation data in this study (when 

both temperature and wind is increasing), compred with data averaged over Australia 

from 1970 to 2004, shows variability around a long term curvilinear downward trend. 

A decrease occurred in the early 1970s, followed by an increase in the 1980s, 

followed by a decrease over the next two decades before showing an apparent weak 

increase again from 2001 (Roderick and Farquhar 2004, Farquhar and Roderick 2005, 

Hutchison 2005, Nicholls 2006). This trend serves as an indicator of potential 

evapotranspiration and carbon assimilation in trees linked closely to AVPD for 

which it provides a useful proxy and may be indicative of atmospheric moisture 

increases. 
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Increases in cloud cover (Karl et al. 1993), influencing net radiation have been 

suggested as a possible cause (Roderick and Farquhar 2004). This, with 

accompanying rainfall increases from 1957 until the mid-seventies, followed by a 

weak drop, has been reported by Henderson-Sellers (1992) with subsequent increases 

reported by BOM (2008) in the introduction. This may explain wet season (but not 

the dry season) evaporation trends, where the same trend persists indicating the need 

for further investigation (see Table 2.6). Reports from Europe also suggest that 

negative evaporation trends correspond with a decrease in diurnal temperature range, 

which may apply to the wet season but not to the dry where the range increases (Karl 

et al. 1993, Peterson et al. 1995). 

2.4.5 Wind and storm regimes impacting on trees 

2.4.5.1 Wind regimes 

As mentioned wind is important as a driver of evapotranspiration, removing 

accumulated moist air from boundary layers above any free water surface thereby 

maintaining a moisture gradient (Roderick and Farquhar 2002, Rayner 2006). Wind 

gusts of increasing intensity also contribute to tree damage ranging from defoliation 

to root failure, particularly where this accompanied by rainfall. Wind roses 

constructed from BOM data shown in Figure 1 in Appendix 2.1 show significant 

changes in seasonal wind direction and scaled wind velocity and frequency. This 

seasonal variability is influenced by changes in domination by the Hadley cell or the 

Monsoon circulation system. Seasonal changes and long term trends in the intensity 

of these winds, impacting on tree states, has received little attention in MNT. 

Stronger winds, including dry season tornadoes and wet season thunderstorms and 

cyclones, contribute to tree defoliation, trunk breakage and uprooting. 
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The role played by wind in evapotranspiration has been underestimated in 

hydrological studies. The daily and seasonal wind cycles show a similar pattern to 

solar radiation, temperature and, as would be expected, inversely to AVPD. Long 

term trend data are anomalous. Both maximum and minimum monthly 24 hr wind 

runs increase for most months of the year from 1955 to 2006. Mean annual 

maximum 10 min wind gusts at 10m increased from 1964 to about 1983 then 

decrease coinciding with thunderstorm and cyclone frequency trends. The mean 

annual wind velocity during this latter period however increased at the same height 

of 10 m suggesting that overall winds are increasing in intensity but with reduced 

extremes. A decrease in the wind velocity trend at 1.5 m, although supporting the 

gust and thunderstorm trend, appears to be land cover change related. 

2.4.5.2 Thunderstorms 

Darwin is reported to experience about 70 thunderstorm days per year (Hobbs 1998). 

Wind gusts associated with thunderstorm downdrafts in Darwin have not been 

identified specifically in this study. Thunderstorm models however reinforce the 

importance of temperature gradients and the role this plays in gust intensity 

generation and subsequent tree damage. 

The thunderstorms classified as severe in this analysis occur from October to April, 

peaking in November. Studies from across NT have shown increases from August 

into December decreasing to May (Ryan 1992). 

Cyclones have also been shown to peak in December and March to April suggesting 

a strong link with thunderstorm activity, particularly where thunderstorms occur over 

the ocean. 
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No assessment was made in this study of the daily cycle of wet season thunderstorm 

occurrence, although they have been reported to generally commence at about 1300 

hrs, be most frequent at about 1600 hrs and decline in frequency to about 0600 hrs 

(Gill 1993b). These thunderstorms are accompanied by severe wind gusts and intense 

rain, inflicting localised damage on trees (Williams and Douglas, 1995).  

Lightning accompanying thunderstorms can also contribute directly to tree damage 

or indirectly through fire initiation. For a given thunderstorm the probability of such 

lightning strikes are highest in October when fuel is also driest. Smoke from late dry 

season fires, ingested by thunderstorms, can further enhance cloud to ground 

lightning, exacerbating fire initiation (Lyons et al. 1998). 

2.4.5.3 Cyclones 

The short history of cyclones in MNT has been relatively well documented, as summarised 

in Appendix 1.1. Spatial variability in cyclone frequency and intensity was not 

assessed in this study although the importance of marine proximity, indicated in the 

sea to land movement with little land to land movement, points to a significant 

decrease with increasing latitude. This is supported by the TC Tracy tract (BOM 

1977) reporting cyclone dissipation near Adelaide River, 50 km inland from the coast.  

 The cyclone record is more reliable but shorter with the advent of LANDSAT 

imagery, in the mid- to late-seventies. There is little information on such trends 

neither for MNT nor on patterns of intensity and duration critical for predicting tree 

and other structural damage. Unpublished data compiled by NTES and a recent study, 

examining the return period of such cyclones, based on BoM data (Nicholls 2007 and 
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Mike Nicholls pers. comm.) from across northern Australia, extends this information. 

This is evaluated further in this study. 

Although long-term inter-annual trend data and both daily and seasonal cycles for 

climate have been documented, inter- and intra-annual variability, important for tree 

growth, has received less attention. Similarly monthly long-term trends indicating 

seasonal changes in climate regimes have also been largely ignored in climate studies 

(Nicholls 1996) so that there is little understanding of how such changes might 

impact on trees at present and in the future. 

The documented frequency of tropical cyclones and intensive tropical low pressure 

systems occurring within 500 km of Darwin shows no clear trend. BoM data 

(Appendix 2 Figure 3) suggest that although cyclone frequency across northern 

Australia increased from 1950 to 1990, it has also shown a subsequent gradual 

decline, consistent with the wind findings in this study for the last 30 years.  The 

IPCC reports suggest that currently available historical evidence does not support the 

hypothesis that cyclone severity and/or number is directly linked to the underlying 

rising sea surface temperature (Figure 2.1) alone. This alone does not contribute an 

increase in frequency although it may to intensity. Other factors such as upper 

tropospheric temperature (thermal gradients), moisture (vapour gradients) and winds 

(windshear effect) all play a role in limiting genesis of cyclones and thunderstorms 

and may be contributing factors to these trends. The fluctuating wind runs may also 

indicate that more extreme but less frequent storm events are likely, possibly 

inhibiting cyclone genesis. The record is too limited to draw firm conclusions on the 

implications for arboreal ecosystems in MNT. Any storm generated dead biomass 
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will lead to both decay and provide fuel for combustion releasing carbon back into 

the atmosphere. 

2.4.5.4 Fire regime change 

Fires represent another mechanism of carbon release particularly from storm-

generated debris or in pre-cyclone communities made more vulnerable to cyclones. 

Fuel loads and consequent fire behaviour across MNT is influenced by both climate 

gradients and temporal cycles of moisture, temperature and wind (Lehmann et al. 

2009). Wet season rainfall most likely increased fuel loads. Increased dry season 

maximum temperatures, AVPD and wind, reported in this study provide conditions 

favouring increased fire intensity, exacerbating the rate of carbon loss. Such fires 

also influence soil and boundary layer air temperature directly, as well as 

contributing to subsequent soil exposure to solar radiation heating.  

Finally, solar radiation, wind, cyclone and fire behaviour are also influenced by 

topography, which is analysed in more detail in Chapter 3. 
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Chapter 3 Geosphere regulators of arboreal 

ecosystems in Monsoonal Northern 

Territory 

3.1 Introduction 

Climatic influences, analysed in Chapter 2, are moderated by landforms, affecting 

solar radiation, wind exposure and surface drainage. These, together with the 

regolith/soil contribution to hydraulic conductivity, aquifer transmission and storage 

in the rhizosphere, influence tree water use and carbon assimilation. This complex 

moisture regime also influences mass flow and exchange of nutrients playing a vital 

role in photosynthesis, contributing to above and below ground carbon accumulation 

and tree morphology and cell strength affecting cyclone resistance. Root 

development pattern, together with soil moisture regimes during wind stress 

influence the mechanical resistance offered by trees to wind pressure. The role of 

these edaphic factors in tree reproduction also affects post-storm adaptive resilience. 

Table 1 Appendix 1.3 provides a summary of the vital functions played by soil 

nutrients in tree growth. 

Growth responses in trees influence below ground organic carbon (SOC) from litter 

and fine root turn over. This has significant feedback effects on plant productivity 

(Jobbagy and Jackson 2000, Chen et al. 2005), through nutrient release, enhancing 

Cation Exchange Capacity (CEC) and regulating leaching losses as well as providing 

an energy source for soil biota, which in turn contribute to the nutrient cycle. 

This part of the study examines the edaphic environment of the rhizosphere within 

the rock/ sediment, regolith/soil and topography complex across MNT landscapes. 
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These collectively constitute the “geosphere” of arboreal ecosystems, impacting on 

cyclone ecology and carbon dynamics. 

Background 

Edaphic relationships with the structure and composition of naturally evolved 

arboreal communities, have been studied at a number of sites across MNT (Bowman 

1985, Bowman and Minchin 1987, Kirkpatrick et al. 1988, Bowman and Wilson 

1990, Bowman et al. 1991, Finlayson 1991, Bowman 1992, Fensham and 

Kirkpatrick 1992, Bowman et al. 1993, Finlayson et al. 1993, Wilson and Bowman 

1994, Williams et al. 1996, Werner and Murphy 2001, Bowman et al. 2004, Russell-

Smith et al. 2004, Chen et al. 2005). A smaller number of studies have identified the 

roles of soil nutrient regulators of cultivated ecosystems generally (Charman and 

Murphy 1991, Landon 1991, Donahue et al. 1981), and those involving trees in 

particular (Woods 1957, Mueller and Cline 1959, Waldron 1977, Adams and Moore 

1983, Matherick et al. 1997). Some nutrition studies in MNT have also focused on 

cultivated pasture plants (Calder and Day 1982, Day et al. 1983, Cameron 1999) and 

only a limited number on plantation trees (Karger, 2002). 

No clear relationships have been established between macro and micro soil nutrient 

concentration across the spectrum of MNT soils, their spatial variability across the 

MNT landscape (particularly in relation to clay and organic carbon (OC) content) 

and the relationship this has with soil energetic attributes influencing cation and 

anion exchange capacity and soil reaction. The role such soils play in root failure in 

cyclones has received some attention overseas (Day 1950, Fraser 1962, Pyatt 1966, 

Zobel 1992, Peltola et al. 1999) but has not been explored in MNT. Soil nutrient 

depth and moisture gradients linked to potential root development are considered to 



Geosphere regulators of arboreal ecosystems in Monsoonal Northern Territory 

Page 105 

play an important role. They are evaluated in this part of the study using existing soil 

and regolith data and are developed further in Chapters 4 and 5 which explore tree 

responses. 

Although much soil chemical data exists, a number of problems persist in relating 

these data to tree growth and stability, mainly resulting from inconsistencies in 

survey and analytical methods used. Soil analysis methods, for example, often focus 

on different chemical species (e.g. total vs. extractable) without a clear understanding 

of the relationship they bear to each other or to tree needs. The dynamic relationships 

such chemicals have with the clay and SOC colloid complex, and associated CEC 

and soil reaction (pH) in particular is little understood. Similarly the depth of 

sampling is variable and often confined to either the soil surface, (Bowman et al. 

1991, Bowman 1992, Karger 2002) or to a limited depth, without established 

relationships to the generally deeper tree rhizosphere that often extends beyond the 

solum. The solum, up to the lower limit of pedological organisation (Isbell 1998, 

2002) of about 1.5-2 m, is generally considered to constitute the zone of active fine 

and coarse root development and associated biological activity. Some trends within 

the solum have been reported outside MNT for organic matter (OM) (Jobbagy and 

Jackson 2000) and SOC (Spain et al. 1993), macro nutrients (McKenzie et al. 2004), 

particularly nitrogen (N), (Ladd and Russel 1993, Spain et al. 1993), organic 

phosphorus (P) and sulphur (S) (Probert 1993), as well as some micro nutrients 

including copper (Cu), zinc (Zn) and manganese (Mn) (Tiller 1963). 

Existing hydrological research suggests that root activity extends well beyond this 

zone (Cook et al. 1998a, Cook et al. 1998b, Cook et al. 2002) and should include the 

deeper part of the regolith and even fractured parent rock and unconsolidated 
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sediments. What remains controversial is the potential role played by this “non soil” 

component (Isbell 1998, 2002) in tree root development and the entire growth and 

carbon cycle and cyclone vulnerability of trees. Depth trend analyses undertaken in 

this study can provide some insight into the potential influence of deeper strata. 

Further understanding of edaphic factors affecting trees, beyond the soil solum can 

also be gained from geological and regolith information. This is generally outside the 

domain of soil science, but important for studies on tree ecology in the highly 

seasonal MNT environment. Geological information from across MNT provides 

useful insights into stratigraphy, often coevolving with trees, soil parent material 

aquifer systems and landform development affecting catchment hydrology impacting 

spatially and temporarily on arboreal ecosystem dynamics. This is well documented 

and is described here to provide context for the more detailed landform, soil and 

regolith analysis undertaken here. 
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3.1.1 Geology and geomorphology of MNT 

The location of the major drainage basin evaluated in this study and the associated 

geological complex of the MNT landscape are shown in Figure 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Drainage basins (Source data NRETA) and the associated geological features 

of interest to this study (Source NT Geological Survey and Pietsch 1983, 1989) 
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The geology of MNT landscapes has been well documented (Needham and Stuart-

Smith 1980, Rossiter and Ferguson 1980, Pietsch 1983, Pietsch and Stuart-Smith 

1987, Dundas et al. 1987a, 1987b, Pietsch 1989, Nott 1994, Doyle 2001) (see Table 

1 Appendix 3.1).  

Four geological regions, of significance to MNT tree ecology, are identifiable based 

on surface geology and associated drainage basin geomorphology. The first is the 

Moony Shoal Basin dominating the northern part of the study area, extending in an a 

broad band from about 12
○
10


S and 12

○
70

 
S and including Darwin. This is 

dominated by Cretaceous sandstone, siltstone and claystone of the Bathurst Island 

formation, which constitutes the low undulating Koolpinya surface. An unconformity 

separates this from the underlying isoclinally folded, metamorphosed Pine Creek 

Geosyncline of Early Proterozoic marine sedimentary deposits of the Finnis River 

group. These mainly comprise Burrel Creek Formation shales, siltstones and 

sandstones and phyllites and igneous intrusions overlying Archaean, often dolomitic 

rock. This craton is covered with the thin veneer of Cretaceous shallow marine 

claystone, siltstone and sandstone sediments deposited by the retreating Aptian sea 

(Nott, 1994).  

The craton is exposed from about 13
○
S to about 14

○
S within MNT called the 

Ashburton surface. Here extensive granite intrusions, exposed by erosion, are evident 

in lower parts of the south central (Cullen Batholith) and western (Mount Bundy 

Granites and Two Sisters Granites) parts of the geosyncline area, evident in the 

Adelaide River Basin. Similarly minor exposed volcanic rocks occur in the upper 

Mary River catchment to the south (Edith River and El Sheran Groups).  
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Downwarping and minor vertical and strike slip movement along the Giants Reef 

fault, along the eastern margin of MNT has given rise to the Litchfield Block in the 

Litchfield Province, an area of high relief constituting the third region of the study 

area. Archaean and Early Proterozoic formations here are overlain in part by uplifted 

Late Proterozoic lacustrine quartz arenites, dolomite and mudstone of the Tolmer 

Group, and by horizontally bedded Cambrian marine deposits. Elsewhere older 

formations have been exposed at the surface by erosion. This region extends from 

north to south across the same latitude but to the west of the previous region. 

The Middle to Late Proterozoic Katherine River Group, formed during this time, 

overlies deflated Early Proterozoic formation on the southern uplifted plateau margin 

of the study area. Wrench faulting, inducing vertical movement of several hundred 

metres, and subsequent peneplanation has resulted in an erosion surface with a relief 

of 150 m with northward slope which persisted into the Paleozoic (Dundas et al. 

1987a). These constitute uplands of the Adelaide and Mary river catchments with 

rivers running north to the Bonapart gulf in the Moony Shoal Basin.  

 Continental aggregation, from plate collision in the Early Cambrian, (while the 

continent was still located in the Northern Hemisphere) gave rise to Antrim plateau 

volcanics, subsequently covered in the Middle Cambrian by shallow marine sea 

carbonate rock (Tindal Limestone) and subsequent arenaceous sediments forming a 

shelf in the Daly Basin (Dundas et al. 1987a). This constitutes the fourth region of 

the study area. Strong head water erosion and escarpment retreat, by up to 200 km in 

a southwest direction in the Victoria River system, and a less extensive retreat into 

the Gulf of Carpentaria has contributed to pre-Cretaceous basin development in the 
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Cambrian-Ordivician limestone, forming the contemporary Katherine and Daly river 

basin.  

Horizontal and vertical displacement, dextral movement and vertical faulting, 

accompanying the break up (rifting) of Pangea into Laurasia and Gondawanaland in 

the Jurassic, is believed to have continued into the Cretaceous preserving the 

Cambro–Ordovician sediments of the Daly Basin (Pietsch 1989). Cretaceous 

deposits occur as a fragmented disconformity over a relatively flat, but deformed, 

Ashburton surface in the Daly Basin exposed to erosion during the Upper Cretaceous 

to Middle Tertiary Period, as continental drift proceeded towards the tropics.  

The Tertiary land surface, exposed to high atmospheric carbon, temperature and 

moisture environment with associated tropical rainforest, was subjected to intense 

chemical weathering, resulting in duricrust development across the wide range of 

pre-existing parent rock (Wright 1963a, Hays 1967).  

Dismembering of the extensive Early Tertiary regolith appears to have occurred 

during the Late Tertiary period. This was also a period of extensive erosion and re-

deposition of this weathered regolith as suggested by the abundant ferruginous lag 

spread across the MNT landscape. Erosion was followed by renewed weathering of 

saprolite and exposed underlying rock with remnant ferruginous duricrust (or lateritic 

residua), developed on ferruginous saprolites, transported along drainage lines. These 

are also found as benches along drainage lines exposed by this erosion. The process 

of regolith/soil development, erosion, coarse sand sedimentation and rejuvenation is 

assumed to have continued cyclically during the Quaternary, oscillating between 

more humid interglacial periods characterised by higher sea levels, and drier glacial 



Geosphere regulators of arboreal ecosystems in Monsoonal Northern Territory 

Page 111 

periods with lower sea levels. Holocene inundation and re-drowning of Tertiary 

valleys led to clay alluvium deposition forming estuarine coastal plains of 

montmorillonite clays (Chappell et al. 1983, Chappell and Grindrod 1984, Williams 

1991, Woodroffe and Mulrennan 1993). These plains have been incised with 

channels, and overlain with levee banks and chernier ridges on the coastal margin of 

the study area.  

Groundwater within unconfined rock and sediment aquifers, of varying lithology, 

fluctuates from 2 m to 9 m below the surface, and plays a crucial role maintaining 

base flows into the dry season (Cook et al. 1998a). Swamps and lagoons, developed 

on plateau surfaces, possibly as karstic depressions (Tickell 1994, Doyle 2001), have 

internal drainage from seasonal rainfall runoff with water tables perched above the 

regional water table (Pidsley et al. 1994, Cook et al. 1998a). This undulating 

landscape continues to be vulnerable to water erosion, even on low slopes (Dilshad 

and Peel 1994, Dilshad et al. 1996) exposing underlying parent material to renewed 

weathering cycles with new sediments accumulating in drainage depressions (Ive et 

al. 1976, Mitchell and Bubenzer 1980). 
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3.1.2 The process of regolith development  

The weathering-erosion-deposition and reweathering cycles, influenced by 

fluctuating climate and varying topographic location, slope and exposed parent 

material and vegetation cover has given rise to a mosaic of edaphic regolith 

complexes ranging from skeletal (erosion exposed), eluvial (erosion free), colluvial 

(on slopes) and alluvial (on valley floors and floodplains). 

The emergent regolith complex that dominates the MNT landscape, comprises the 

entire unconsolidated or secondarily re-cemented cover that overlies generally more 

coherent fractured and basement rocks, but also other ”parent material”. It includes 

saprolites as well as soils and organic accumulations and is associated with rock, 

colluvium, clay and sand-rich alluvium (Eggleton 2001). 

 The variability of regoliths by genesis summarised in Box 3.1. 
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Box 3.1 Categorisation of regolith according to genesis (from Robertson et al. 2006) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TRANSPORTED REGOLITH 

Coastal Sediments 

Beach and estuarine deposits on tidal flats, chenier and coastal plains. 

Alluvial Sediments 

Overbank and channel deposits on alluvial plains, floodplains, fans and swamps. 

Lacustrine Sediments 

Sediments on depositional and playa plains. 

Paludal Sediments 

Sediments in swamps. 

Colluvial Sediments 

Sheet-flow and fan deposits on depositional plains, colluvial and sheet-flood fans on 

erosional rises and plains. 

Aeolian Sediments 

Quartzose sands forming longitudinal and parabolic dunes on local or extensive 

dunefields and forming coastal dunes. 

IN SITU REGOLITH 

PEDOLITH 

Residual Material 

Ferruginous induration of residual materials on erosional plains, rises, low hills; on 

depositional and coastal plains and plateau surfaces. 

Residual Sand 

Sand veneers on erosional plains, rises, low hills; on depositional and coastal 

plains, sheet-flood fans and on plateau surfaces. 

Residual Clay 

Clay veneers on erosional plains, rises, low hills; on depositional plains and plateau 

surfaces. 

SAPROLITH 

Weathered bedrock (saprock/saprolith) on erosional plains, rises, low hills, hills, 

mountains and plateau surfaces. 

Saprolite 

Variably weathered bedrock on erosional plains, rises, low hills, hills, mountains 

and plateau surfaces. 

Saprock 

Slightly weathered bedrock on erosional plains, rises, low hills, hills, mountains and 

plateau surfaces. 

MODIFIED REGOLITH 

Lag 

Veneers on erosional plains, residual rises, erosional rises, low hills, depositional 

plains and plateau surfaces. 

Bauxite 

Bauxite deposits including pisoliths and nodules; loose and cemented; some 

transported. 
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The regolith profile consists of two major components, the saprolith and the pedolith, 

distinguished by their fabrics. The boundary between them is the pedoplasmation 

front. The base of the saprolith is the boundary with fresh rock (comprise the wide 

ranging geological material described above), the weathering front being where 

mineral nutrients are most likely to accumulate. This regolith may exhibit great 

variations in mineralogical and chemical composition, fabric and origin, even within 

a single regolith profile, varying with parent material (or bedrock) and ground water 

characteristics. Two major saprolith horizons have been identified (Robertson et al. 

2006), saprock and saprolite. 

Saprock  

Where oxygen is more plentiful, combined oxidation and hydrolysis of Fe
2+

 

precipitates Fe oxy hydroxides. Cementation by secondary silica, amorphous 

aluminosilicate materials and, especially by Fe oxy hydroxides, increases, preserving 

the fabric in places with less than 20% of the weatherable minerals altered. 

Concretionary laterite is also actively forming as ferruginous mottling and lateritic 

nodules in poorly drained sediments as a result of such ground water fluctuations. 

The layer generally occurs at depths of 1-2 m with macropores influencing both root 

penetration and drainage. 

Saprolite 

This is the mottled zone, a product of nearly iso-volumetric weathering, in which 

primary minerals are pseudomorphically replaced by more than 20% weathering 

products. It has macroscopic segregations of subdominant colour different from that 

of the surrounding matrix. In the upper saprolite, most of the weatherable minerals 

are altered to kaolinite, and its hydrated equivalent, halloysite, and smectites together 
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with Fe oxy hydroxides, several Mn oxides, cryptocrystalline or amorphous silica, 

and carbonates. Saprolite may progressively lose its fabric upwards as the proportion 

of clay increases. 

Ferricrete and underlying saprolite are considered to be generically linked as part of a 

so-called “lateritic profile”. Lateritic residuum resulting from ferricrete break up 

comprises lateritic or ferruginous duricrust and lateritic gravel (Robertson et al. 

2006) of low porosity (Trescases 1992). 

Weathering, by releasing many elements such as silica into solution, leaves kaolinite 

to capture some mobile elements, either by incorporating them into their crystal 

structures or by surface adsorption. Silica removal by the groundwater causes 

extensive fabric changes, giving rise to earths which dominate MNT (Robertson et al. 

2006). Few minerals remain unaffected, or relatively so, by weathering (such as 

quartz, tourmaline, chromite, rutile and zircon), generally producing a range of 

completely new minerals whose role in tree growth is little understood. 

The pedolith constitutes the upper part of the profile, above a transition zone. This is 

a disconformity which separates the solum from underlying regolith and parent 

material (Foster and Fogarty 1975a) through which roots may penetrate. These are 

characterised by the loss of the parent rock fabric and the development of new 

fabrics with some variability between horizons. 
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3.1.3 Pedogenesis (soil formation) 

Pedogenesis or Pedolith development, within regolith as identified in Box 3.1, varies 

with climate, landform position, hydrology and vegetation cover. Pedogenesis is 

ongoing and according to the classic text book model generally gives rise to horizons 

of OC accumulation near the surface (A1), and mineral depletion (eluvial) (A2) 

below the surface and accumulating (illuvial) (B) at greater depth. The duration of 

pedogenic processes influences the degree of soil development including depth to 

parent rock and clay. The relevance of this model to MNT landscapes is questionable. 

Here the considerable antiquity of pedogenic and erosion processes, the relative 

contribution made by litter and root turnover to SOC as well as the relationship 

between the rhizosphere and the classic solum of soil science, present problems 

which need to be addressed. 

3.1.4 Pedon classification 

Clay and associated texture, together with other attributes including CEC and pH, 

resulting from pedogenesis, used as diagnostic attributes in soil categorisation are 

drawn on in this study, recognising that these constitute only the upper part of the 

tree rhizosphere. This information is derived from analysis of individual pedons 

which have been classified using the Great Soil Group (GSG) classification 

(Stephens 1962, Stace et al. 1968), and more recently a generic system, called the 

Australian Soil Classification (ASC) system (Isbell 2002, McKenzie et al. 2004). 

Table 3.1 shows the attributes used in both these soil classification systems. 

  



Geosphere regulators of arboreal ecosystems in Monsoonal Northern Territory 

Page 117 

Table 3.1 Attributes used in MNT soil classification 
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Great Soil 
Group 

X X  X X X X X  X X    X X  X X 

Australian Soil 
Classification  

X X X X X X X X  X X  X X X X X X X 

 

The ASC system used in this study also emphasises distinguishing features such as 

calcium carbonate, iron (Fe), salinity (indicative of chemical status), clay, texture 

contrast, and mottling status (indicative of physical and hydrological states) (Isbell 

1992, 2002). The relationship between soils in these two classification systems are 

summarised in Table 1 Appendix 3.2. The following broad groups are recognised in 

this study: 

Rudosols and Tenosols 

Orthic Tenosols and Arenic Rudosols are generally associated with weathering 

(eluvial) and transported earthy and siliceous sands (Wood et al. 1985). Because 

these are less well developed, clay levels are low and the mineralogy is dominated by 

silica and calcareous sands. They are distinguished on the basis of depth, although 

this is generally not clear. Lithic Rudosols and Leptic Tenosols often called lithosols 

are associated with saproliths where erosion and eluviation are the dominant 

processes, giving rise to shallow, stony or gravelly soils with little profile 

development. Four subgroups have been identified in MNT (Wood, Fogarty et al. 



Chapter 3: 

Page 118 

1985) namely shallow stony, gravelly, granitic and lateritic, the latter possibly being 

more closely linked to shallow Kandosols.  

Kandosols 

In situ weathering of the regolith as well as erosion and redeposition give rise to a 

range of well to moderately drained earthy Kandosols. These so called “Massive 

Earths” are generally associated with the regolith of igneous metamorphic and 

sedimentary Proterozoic, Cambrian and Cretaceous rock in MNT (Wood, Fogarty et 

al. 1985). They range from surfaces which are deep and with little ironstone gravel 

and massive, to those with high ironstone nodule content (20-50% by volume) 

ranging from red to brown and yellow and grey in colour with increased mottling 

where drainage and aeration have become impeded. 

Chromosols 

These soils, with strong texture contrast between A and B horizon, are not strongly 

acid or sodic at the surface. They have been known to grade into Sodosols and 

Kurosols which have a more acid surface, the latter has been rated as Chromosols. In 

MNT they are linked with “Hard Apedal Yellow Duplex Soils” often associated with 

granite and may be mottled where found on Lower Proterozoic rock and alluvial 

plains. Here they may be acidic or alkaline (Wood, Fogarty et al. 1985). They also 

include friable mottled yellow duplex soils in moist sites where they are more closely 

associated with hydrosols.  

Hydrosols 

These soils are seasonally or permanently wet but exclude Organosols, Podosols and 

Vertosols often found in wet situations. Mineral types are defined by the period of 
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inundation and associated anaerobic conditions giving rise to mottling. This 

condition is also found in some Kandosols subjected to fluctuating water tables 

where they may be classed as Kandosolic hydrosols. They are found in areas affected 

by saltwater intrusion (and cyclic salt deposition) and freshwater leaching from 

rainfall and runoff contributing varying sodic states where they may be classed as 

Sodosols. 

Vertosols and Dermosols 

The water-transported clays, linked to hydrosols, include both Dermosols and 

Vertosols, which are often difficult to distinguish based on structure in hand-augured 

profiles, particularly under arid conditions. They are mainly separated on the basis of 

surface cracking and pH. Vertosols forming deep cracks are further separated on the 

basis of soil reaction, as acid or alkaline. Dermosols are non-cracking red and brown 

clays found on alluvial plains. 

Transition soils and problems with categorisation 

Orthic Tenosols and Arenic Rudosols grade into each other depending on whether 

pedological organisation is considered weak or negligible and are difficult to separate 

without detailed descriptions. Lithic Rudosols and Leptic Tenosols may also grade 

into Kandosols depending on whether B horizon development is considered weak or 

well-developed. As profiles are usually augured to 1.5 m, some of those classified as 

Tenosols may in fact be Kandosols if field textures below 1.5 m exceed heavy sandy 

loam. Chromosols have been related to soils described as Podzolic soils in MNT 

surveys, although most are likely to by lateritic Kandosols and have been grouped 

accordingly. 
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Some soil profiles classified as clays may in fact be classified as Dermosols and not 

Vertosols under the new ASC (Isbell 1996). They both lack texture contrast, 

although they can be distinguished on the basis of colour and surface cracking as 

well as landscape location. 

Hydrosols could include Humic Gleys, Gleyed Podzolic and some alluvial soils 

(Stace et al. 1968) which would include Dermosols, creating some confusion. It also 

needs to be recognised that extending this classification to cultivated landscapes is 

problematic. The feature separating one group from another are often difficult to 

identify from the description, so in this study the most likely option has been selected. 

Three edaphic attributes identified as critical to the rhizosphere of trees in this study 

are clay, organic carbon (OC), and moisture and its associated nutrient attributes. 

3.1.5 Clay development 

Clay content of the regolith and soil is a key soil attribute influencing nutrient and 

moisture dynamics as well as influencing tree stability in cyclones. A variety of clay 

colloids and associated “non clay” (gravel, coarse to fine sand and silt), minerals 

define the texture of pedon groups, bearing in mind that the latter also incorporates 

colloidal clay aggregates. 

Kaolinite development dominates the MNT landscapes. This is a hydrolysis reaction 

requiring a source of hydrogen ions (acid conditions), releasing alkalis and alkaline 

earth elements and losing a sicila and aluminium (Al) tetrahedral layer (Robertson 

and Eggleton 1991) which dissolves, later to recombine elsewhere as kaolinite. The 

resulting clay colloids are made up of octahedral units of two layers of oxygen or 
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hydroxyls with Al, Fe or magnesium (Mg) embedded between a silica sheet of a 

tetrahedral unit of one silicon atom held between two oxygen atoms held tightly by 

strong ionic and covalent bonds. 

At the edge of broken sheets there is isomorphous substitution of ions with higher 

valence by those with lower valence. These give rise to a residual negative change 

important in the CEC. Local concentration of positive charges is also present. These 

give rise to asymmetric charge distribution which can adsorb anions (called the anion 

exchange capacity (AEC)). 

 Other younger clays are also present in lesser amounts. The proportion of clay 

mineral, identified in some MNT soils by Calder and Day (1982) and their CEC 

(from Landon, 1981 and Donahue et al. 1983) are summarised in Table 3.2. Kaolinite 

dominates across the older more weathered MNT landscape, with Montmorillonite 

being more dominant in younger landscapes such as floodplains and deep cracking 

coastal plains. Pedons also have high concentrations of Fe and Al hydroxide 

(Goethite, Heamatite) or sesquioxide residuals left from silica leaching and 

concentration in solution. These chemicals combine to constitute the so called 

“earths” dominating the fine silt and clay fraction, but are also cemented together 

into coarser particles called pseudo sands as well as gravels. The dispersed (parallel) 

and flocculent (perpendicular to angular) arrangements of colloids in clay structures 

influence soil mechanics (Wu 1976) impacting on root failure in storms. 

The proportion of clay, changing with depth, for a range of soil orders represented in 

MNT has been described both by Calder and Day (1982) and McKenzie (2002) and 

will be explored in this study. 
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Table 3.2 Approximate CEC for different clays and iron sesquioxides (from Landon 

1991, Donahue et al. (1983)  

Type Lattice 
Clay % in four MNT soils from 
Calder and Day (1982) 

Approximate cation 
exchange capacity at pH 7 
(cmols(+)kg-1) 

Goethite 

/Heamatite 
 5-10 -3 

Kaolinite  1:1 65-85 3- 15 

Hydrous mica   25- 40 

Montmorillonite 2:1 >5 80- 100 

Vermiculite 2:1 5-15 80- 150 

 

3.1.6 Soil Organic Carbon (SOC) development 

Vegetation cover influences the production of litter (Bray 1964, Lowman 1988, 

Finlayson et al. 1993) and fine roots (Chen et al. 2004, Janos et al. 2008), influencing 

SOC (Chen et al. 2004) and various root exudates. The subsequent decay also 

produces humic and fulvic acid leachates (Beckwith and Butler 1993) containing 

highly reactive hydrogen ions that are powerful weathering agents. These played an 

important role in regolith development during the Tertiary Period. This SOC can 

have high CEC of 150-200 cmols(+)kg
-1 

(Donahue et al. 1983) as well as having 

other important ecological attributes mentioned above. 

3.1.7 Soil moisture attributes 

Root development and associated water loss in evapotranspiration is both affected by, 

and effects, soil water. There is much debate regarding the dynamics of soil moisture 

regimes in sustaining dry season transpiration in savanna woodland communities. 

Some studies suggest that water in the top 1 m above the Ferricrete layer is sufficient 
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for rehydration, leaf flush and flowering in late wet season (Williams et al. 1997).  

Whereas others suggest that roots need to penetrate to greater depth (5-8 m) (Cook et 

al. 1998, O’Grady et al. 1999 Janos et al. 2008), extending below the Ferricrete layer, 

to maintain dry season water use. There is some uncertainty about the role played by 

Ferricrete macropores in such root development (Werner and Murphy, 2001, Chen et 

al. 2003, Janos et al. 2008). Access to ground water was found to play a role in 

maintaining water use by Myers et al. (1997b), but has been dismissed as not 

necessary in other studies (Hutley et al. 2000). 

In dealing with this important regulator of carbon accumulation and tree stability, it 

needs to be recognised that soil water occurs in two phases. The first is the vapour 

phase, where water molecules adhere electrostatically to mineral oxides forming 

hygroscopic water in soil pores. The second is the liquid phase involving cohesion 

between water molecules by surface tension forming films of various thicknesses 

around particles and capillary space, called “capillary water”. Water also occurs as 

“gravitational water” which has only temporary storage and is readily drained. 

The concept “soil water potential” (SWP), important in establishing soil water 

relationships, is defined as the work water can do when moving from the adsorbed 

state (unfree) to a free state and is the sum of “capillary” or matrix potential, together 

with solute or osmotic potential and atmospheric pressure. The total water potential 

available to trees (assessed as weight for weight or depth for depth) (Wu 1976) is 

defined as the proportion of soil water that can be absorbed fast enough to sustain life.  

It is a function of soil texture, particularly clay crystallisation, degree of aggregation, 

chemical reactions between minerals at the clay surface, and OM, Fe oxides (goethite, 

heamatite). The gravitational potential is generally greater than -0.3 bar, although in 
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sandy soil the reference value is closer to -0.1 to -0.2 bar (Donahue et al. 1983) (note 

1bar = 0.1 mPa) or “field capacity” (FC). “Wilting Point” (WP) for sensitive plants is 

-15 bars (1.5 mPa) but could be lower for MNT species. The difference between 

Wilting Point and Field Capacity in such soils generally defines the limits of plant 

available moisture.  Although what these limits are, and what relationship they have 

with nutrient dynamics for MNT trees is not clear and will be examined further in 

this study. 
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3.2 Method 

This study integrates geological, regolith and soil information from various existing 

surveys covering MNT. A map showing the general area and specific study regions 

included in this study is shown in Figure 3.2. 

 

 

 

 

 

 

 

 

 

Figure 3.2 Location of MNT study sites (right) and regions (left) 
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3.2.1 Geosphere landscape analysis 

General Information covering geology, macro and micro landforms and soil have 

been collated from Land Resource Survey data from the NT Department of Natural 

Resources, Environment, the Arts and Sport (NRETAS). These reports cover land 

systems and land units, within selected drainage basins across MNT (see Figure 3.2 

above). These are shown in Table 3.3. 

Table 3.3 Details of LRS sources and locations used in this study 

Major Catchment/drainage basin Land assessors Location 

Land systems description with land unit identified 

Adelaide River and Finnis River Wood, et al. (1985) Darwin region 

Land unit description with land systems identified 

Mary River Napier and Steen (2002) Upper Mary catchment 

Finnis River Fogarty, et al. (1984) 
Elizabeth, Darwin and 
Blackmore river catchments 

Adelaide and Finnis river Fogarty, et al. (1979) Darwin area 

Adelaide River Wells and Harrison (1978) 
Howard springs –Humpty 
doo area 

Adelaide River  Foster and Fogarty (1975) Mt Bundy area 

Daly River Aldrick and Robinson (1972) 
Katherine and Daly basin 
area 

 

Landforms 

Macro landforms 

Macro landform categories, modified from (McDonald et al. 1983, 1998) and 

interpreted directly and indirectly from these survey are presented in Table 3.4.  

Table 3.4 Macro landforms descriptions used in this study  

Code Description 

SH Steep hills 

RR Rolling rises 

UP Undulating plain 

UR Undulating rises 

GR Gentle rises 

GP Gentle plains 

LP Low plateau 

FP Flood plain or alluvial plain 
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Micro landforms – land facets 

Micro landform categories modified and standardised based on information from the 

same sources are shown in Table 3.5. 

Table 3.5 Micro topographic or facet attributes and nomenclature (based on McDonald 

et al. 1983, 1998) and related descriptors used in NT Land Resource Survey 

reports 

Code Description 

Ap 
Tidal and river flats, narrow to broad alluvial flat to undulating plain or lowland, 
with swale and back plain 

D Drainage depression  

Df Drainage floor, broad or narrow  

Dl Drainage line or way, with intermittent river bed, swales and back plain  

F Alluvial flats, flats, very gentle slope 

Foo Foot slope, with seepage zone 

Gul Gully , shallow or deep incised into unconsolidated sediments  

Hcr Hill crest, of linear strike ridges  

Ls Lower slopes, of hill, plateau, pediment 

Lev Recent or young levee, fringing existing or abandoned streams  

Levo Levee of older streams  

Ms Long slopes or midslopes of hill, gently inclined plain and plateau  

R Domed erosional low crests and crests and low rolling hills 

Sus Low land plateau surface (gravely) of rolling very low hills and sand plain  

Us upper slope hills, rises, rocky scarps and slope, crests 

Ut Undulating, upland surfaces, and sand plains 

Vfl Valley , drainage line and floor (incised) 
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Soils 

Soils based on the GSC have been standardised as close as possible to conform to 

soil orders in the ASC based on Table 1 Appendix 3.2. Further refinements are based 

on surface lateritic gravel (prefix l) or sand (prefix s) and calcareous parent material 

(postfix ca). The codes assigned in this study are shown in Table 3.6. 

 

Table 3.6 Pedon codes and descriptions applicable to this study 

Pedon code ASCS order GSC classification 

D Dermosol Red and brown clays  

HC Chromic hydrosol  Yellow hard mottled duplex soil 

HCca Chromic hydrosol with high pH  (ether sodic are calcareous) 

HTG Tenosolic hydrosol, grey  Grey podsolic 

LKB Brown Kandosol, lateritic Lateritic brown earth 

LKBca Brown Kandosol, calcareous   

LKR Red Kandosol, lateritic  Lateritic red earth  

LKRca Red Kandosol. calcareous   

LKRG Gravelly, Red Kandosol  Gravelly red earth 

LKY Yellow Kandosol, lateritic  Lateritic yellow earth 

KY Yellow Kandosol   

MKR Red Kandosol, massive  Massive red earth 

SHC/HTS Sodosolic Chromic Hydrosol,  Sodic or soloth  

SKB Sandy Brown Kandosol Sandy brown earth  

SKR Sandy Red Kandosol   

SKRca Sandy Red Kandosol, 
calcareous  

 

SKY Sandy Yellow Kandosol  Sandy yellow earth  

TO Leptic Tenosols Sandy earth and earthy sands 

TR/RL Leptic Rudosol  Lithosol 
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Translation from GSC to the new classification made it difficult to go much beyond 

“Soil Order” equivalents which, with some refinement, have been called ‘Pedon 

groups’ in this study. 

Soil depth and site drainage 

Soil depth, although generally used to identify the extent of soil forming processes, 

has been used here as an estimated measure of potential barriers or impediments to 

tree root development. Where available, depth rankings in five classes have been 

used or have been estimated from soils/land unit data. Site drainage is subjectively 

ranked based on surface slope or runoff characteristics and soil texture and structure 

influencing hydraulic conductance. Table 3.7 shows the ranking score used for both 

depth and drainage. 

Table 3.7 Rating for pedon depth and drainage  

Ranking class Depth (or root restrictive) Drainage (external and internal) 

1-A Very shallow  Very poor  

2-B Shallow  Poor 

3-C Moderately deep  Moderate 

4-D Deep  Good  

5-E Very deep  Very good 

 

The geophysical data from across land systems were tabulated in Microsoft Excel, 

organised into frequencies using the pivot table facility and converted to a percentage. 

These data were then entered into Lotus 1, 2, 3 spreadsheets and analysed using Non 

Parametric multidimensional scaling (NMS) using the program PC Ord (McCune 

and Mefford, 1999). NMS ordination is well suited to non normal or arbitrary, 
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discontinuous or otherwise questionable scales including assessing the 

dimensionality of count data such as this. This is described in Appendix 1 Box 1.  

The following relationships were assessed: 

Macro landforms in micro-landform or facet space 

Macro landform in pedon group space 

Micro landform (facet) in pedon group space 

Pedon groups in pedon depth space 

Pedon group in landscape and pedon drainage space  

Five ranking classes reflecting degrees of correlation (A-E) were defined to establish 

ordinal relationships between landscapes attributes.  

Soils frequency relationships plotted from the ordination of best fit together with an 

assessment of Kendall’s tau-b Correlation Coefficients (KTBCC) were ranked by 

clay content, derived for related soils in 3.2.2.1 below.  

3.2.2 Pedon group analysis 

Soil depth profile analysis 

Soil data were synthesised from 50 pedon profiles obtained in LRS, and research 

reports. Data from the Melville Island study of Wilson et al. (1994) has also been 

included. Latitudinal sequence (Loc No), data sources and the catchment location are 

shown in Table 3.8. 
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Table 3.8 Soil chemical data sources arranged by decreasing latitude across catchment 

location  

Loc No Source Catchments 

2 Aldrich and Robinson 1970 Daly River  

3a 
Day et al. 1983 

Daly River  

3b Adelaide River  

5 Napier and Steen 2002 Upper Mary River  

6 Wilson and Bowman 1994 Melville Island  

7 Fogarty et al. 1984 
Finnis River (Elizabeth, 

Blackmore and Darwin 

Rivers)  

9a 
Calder and Day 1982 

Adelaide River  

9b Mary River  

 

Pedon numbers, land unit code, site number and soil names used in reports, pedon group 

code and drainage basin code used in this study and pedon from which physical and 

chemical data was extracted are shown in Table 3.9. 
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Table 3.9 Pedons used in analysis with original soils classification  

Pedon Land unit Site no. Name in report 
Pedon 

grp code 

Basin 
code 

Physical and 
chemical soil 

data 

1 3a 3 Mt Bundy Lithosols TR AR * 

2 3b 4 Katherine Blain sandy massive red earths MKRca DB  

3 3b 5 Blain sandy massive red earths Katherine MKRca DB  

4 3b 6 Tippera loamy red massive red earths MKRca DB  

5 3b 7 Blain gravelly red massive earths LKRca DB  

6 9a 3 Stuart Gravelly red earths LKRG DB * 

7 7 50 Pit 7 Sandy red massive earths SKR FR  

8 7 33 Sandy red massive earths SKR FR * 

9 7 148 Pit 4 Sandy red massive earths SKR FR * 

10 7 97 Pit 1 Sandy red massive earths SKR FR  

11 3a 1 Mt Bundy Yellow massive earths MKY AR  

12 7 160 Lateritic yellow massive earth LKY FR * 

13 7 118 Lateritic yellow massive earth LKY FR * 

14 7 Pit 9 Lateritic yellow massive earth LKY FR * 

15 9a 2 Koolpinya Gravelly yellow earth LKY MR  

16 7 49 Hard mottled yellow duplex soil HC FR * 

17 7 54 Pit 6 Hard mottled yellow duplex soil HC FR * 

18 7 132 Hard mottled yellow duplex soil HC FR * 

19 7 138 Pit 4 Hard mottled yellow duplex soil HC FR  

20 9b 4 Murrabibbi Gleyed podzolic* HC AR * 

21 7 52 Pit 8 Mottled grey massive earth HTG FR  

22 3a 2 Soloths HTS AR  

23 7 96 Pit 5 Calc. Hard mottled duplex soil HCca FR  

24 2   LKR DB * 

25 2   SKR DB * 

26 9b 1 Killuppa Sandy red earth* SKR MR * 

27 2   LKR DB * 

28 2   LKR DB * 

29 2   HCca DB  

30 2   HCca DB  

31 5 Mrc133 Redoxic Hydrosol, chromosilic HC MR * 

32 5 C414 Redoxic hydrosol, chromosilic HC MR * 

33 5 C412 Redoxic hydrosol ,chromosilic HC MR * 

34 5 C413 Redoxic hydrosol, chromosilic HC MR * 

35 5 402 Brown Kandosol, SKB MR * 

36 5 409 Brown Kandosol LKB MR * 

37 5 141 Brown Kandosol LKB MR * 

38 5 389 Red Kandosol LKR MR * 

39 5 407 Red Kandosol LKR MR  

40 5 46 Red Kandosol SKR MR * 

41 5 102 Red Kandosol LKR MR * 

42 5 397 Yellow Kandosol SKY MR * 

43 5 187 Yellow Kandosol LKY MR * 

44 5 403 Orthic Tenosols TO MR * 

45 5 400 Orthic Tenosols TO MR * 

46 5 136 Aquic Vertosol/Dermasol D MR * 

47 5 399 Aquic Vertosol/Dermasol D MR * 

48 6   KRS MI  

49 6   KRS MI  

50 6   KRS MI  
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Physical and chemical attributes have been assessed for each pedon of varying depth 

up to 1.5m, above the ferricrete layer where present.  

Calder and Day (1982) savanna woodland/pasture data 

Sites 15, 20, 22 and 26 in Table 3.9, from Calder and Day (1982), are located in 

lower Adelaide and Mary/Wildman river catchments, about 100km south east of 

Darwin on a low undulating plateau comprising sandy and lateritic red and yellow 

Kandosols. The arboreal community here comprises open forests of E.tetrodonta 

some E.miniata and Erythrophloem chlorostachys. These communities were 

converted to the pasture species Stylosanthes humilis. The original tree cover was 

poisoned on half the trial plots replicated three times. This site has been evaluated in 

more detail for physical, chemical and moisture attributes obtained from augured 950 

mm diameter samples taken at eight intervals to a depth of 1.2 m (except where free 

water occurred). 

Bowman et al. (1992) data 

Soil chemical and OC data from Bowman et al. (1992), derived for surface soils (top 

5 cm) from 144 transects across gradients from wet to dry savanna woodland through 

ecotones to monsoon rainforest communities across MNT has also been compiled for 

analysis. 
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3.2.2.1 Physical attribute analysis 

Soil textural attributes have been synthesised from the sources identified in Table 3.9. 

Analysis involved the use of graded sieves which graded soils by proportional weight 

into the following categories: 

Gravel 2-20 mm 

Coarse sand 0.2-2.0 mm 

Fine sand 0.02-0.2 mm 

Silt 0.002-0.02 mm 

Clay <0.002 mm  

Pedon were analysed for median and range of each of these textures with ranked clay 

content determining the ranking of the pedon group spectrum used in analysis and 

graphical presentation. 

Data for clay from all pedon groups was combined for a sequence of depth intervals 

for which three or more replicates were available and the combined depth regression 

model giving best fit to the data was calculated. 

In addition, data derived from Calder and Day (1982) has been analysed in more 

detail to establish statistical relationships between soil textural attributes and bulk 

density. This textural analysis was used to assess pedon hydrological attributes below. 

Table 3.10 summarises the physical attributes of the four MNT soils to be used in 

this study. 
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Table 3.10 Textural composition of four MNT pedons (estimated ASC and original 

GSG classification) and bulk density (Calder and Day, 1982)  

Pedon Group 
Depth 
(cm) 

Gravel 
(%) 

Coarse 
Sand 
(%) 

Fine 
Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Bulk Density 
(g/cc) 

Chromosolic hydrosol (Gleyed 
Podzolic of the Murrabibbi family) 
sandy (SHC) 

0-25  49.1 41.9 3.4 5.7 1.37 

25-48  44.1 38.9 1.9 15.1 1.77 

48 140  23.2 16.8 2.7 57.3 1.71 

Ferric, Petroferic Red and Brown 
Kandosol (Lateritic red massive earth 
of the Stuart family ) LKR 

0-10 42 34.5 19 3.4 1.3 1.57 

10-25 45 20.2 29.2 2.6 3.2 1.70 

25-50 44 21.4 26 1.8 6.9 1.90 

50- 90 71 10.6 12.2 0.7 5.5 1.95 

Bleached –ferric Mesotrophic (yellow 
Kandosol Gravelly yellow massive 
earth of the Koolpinya family) LKY 

0-8 12.2 39.7 37.6 2.9 7.8 1.44 

8-24 12.8 36.7 35.6 2.1 12.9 1.59 

24 60 30.7 23.2 22.8 2.2 21.2 1.62 

Haplic Mesotrophic Red Kandosol- 
(deep sandy red massive earth of the 
Killupa family) (SKR) 

0-5  44.3 46.2 3.7 5.9 1.46 

5-10  41.6 47.3 3.4 7.7 1.46 

30 45  40.9 42.2 1.6 15.3 1.61 

90-105  39.9 40.5 1.3 18.3 1.77 

 

Mean bulk density from this table is estimated to be 1.66 g/cc (sd 0.16 g/cc) which 

overestimates the surface horizons and underestimates deeper horizons in some soils. 

3.2.3 Pedon moisture attributes analysis 

3.2.3.1 Soil moisture storage capacity variability between pedon 
groups 

The difference between WP and FC derived from a composite graph of sesquioxide 

clay soils, reported for Puerto Rico and the Virgin Islands by Donahue et al. (1983) 

using unpublished data from Miller (called Miller data here) has been used to 

establish an estimate of soil moisture storage capacity (SMSC). FC, WP, and 

associated SMSC has also been determined for six pedons across the PGS in Table 

3.9, with clay ranging from 0-60%. 
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Hydrological clay relationships assessed by Calder and Day (1982) for the four soils 

have been used to establish comparative relationships with, and fine tune, the 

Donahue et al. (1983) derived data. 

In this study soil moisture tension and equivalent soil moisture content was 

determined at 5 intervals. This soil was sieved to less than 2mm after wetting up 

under a suction of 5 cm water using the technique of Loveday (1974) to assess 

moisture content at -15 bars or WP, 0.3 and -0.1 bars or FC. 

Pearson’s Correlation Coefficient (PCC) has been used to assess the relationship 

between clay content and soil moisture storage capacity (SMSC) from this data.  

3.2.5.2 Rainfall soil moisture relationships 

Soil moisture storage capacity derived from Calder and Day (loc cit) has been used 

to determine potential saturation moisture storage capacity of soils assessed by 

Hutley et al. (2000) in open forest at Howard Springs. 

The Calder and Day data of daily rainfall, recorded from the nearby Coastal Plains 

Research Centre (CPRC), has been used to establish relationships between rainfall 

event and gravimetric moisture data and depth gradients. 

Soil moisture above “-15 bar” was assessed in the early, mid and late wet season 

using the gravimetric soil moisture method at intervals to 120 cm (in all except two 

cases). Details are presented in Table 3.11. 
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Table 3.11 Details of soil moisture sampling program in tree and un-treed plots 

Soil Arboreal community 
Date of sampling and number 
of samples 

Comment 

Killuppa 
(SKR) 

Open forest 
E.tetrodonta, E.miniata  

7 Jan (8) 8 Mar (8) 27april (8)  

Koolpinyah 
(LKY) 

Open forest 
E.tetrodonta, 
E.chlorostachys  

7 Jan (8) 8 Mar (6) * 28 Apr (8) * Free water at 
70 cm  

Stuart (LKR) Open forest 
E.tetrodonta, E.miniata  

7 Jan (8) 23 Feb (8) 27 April 
(5) l** 

**Only sampled 
to 60 cm 

 

The above WP moisture data have been converted from mm/15 cm to a percentage 

figure and depth regression calculated using a logarithmic model of moisture under 

plots with and without trees. Difference between both was assessed as the moisture 

removed by trees for the three periods has been calculated. The data have been 

plotted against WP and FC. 

Rainfall for the week prior to each soil measurement was derived from the plotted 

data. 
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3.2.4 Pedon chemical attribute analysis 

3.2.4.1 Chemical changes across the pedon group spectrum  

Pedons in Table 3.8 have been pooled into “pedon group” based on estimated ASC 

categories. Soil chemical attributes assessed were; 

Macro nutrients 

Nitrogen total Kheldjal (TKN) and extractable nitrate (Nextr) 

Phosphorus total (PT) and extractable (Pextr) 

Sulphur total (ST) and extractable (Sextr) 

Potassium total (KT) exchangeable (Kexch), and extractable (Kextr) 

Exchangeable 

Calcium (Caexch) 

Magnesium (Mgexch) and 

Sodium (Naexch) 

Micro nutrients (trace elements) 

Copper total (CuT) and extractable (Cuext), 

Zinc total (ZnT) and extractable (Znext) 

Manganese total (MnT) and extractable (Mnext) 

Also extractable 

Iron (Fe) and 

Aluminium (Al) 
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These were synthesised from available sources identified in Table 3.8, bearing in 

mind that these were not present across all data sources. Details of chemical analyses 

used in each source are shown in Appendix 3.2 Table 6. 

Cation exchange capacity 

The capacity for the storage and release of cations (on negative surface charge) or 

“CEC” is related to clay and OC content. This is defined by levels of exchangeable 

base cations (Ca, Mg, K and Na) called sum of CEC (SCEC) or total CEC 

(McKenzie et al. 2004), and where it includes OC called TCEC here. Both TCEC 

and SCEC data was used and where this was not available it was interpreted from the 

sum of base cations. CEC is also related to hydrogen ion concentration or pH, which 

has also been assessed (Table 6 Appendix 3.2). 

Data display 

The fact that soil depth data were not independent or random, and that the data 

frequency distribution is highly skewed, limited valid statistical interpretation 

between groups. The box plot function in SPSS was therefore used to provide a 

visual estimate of median, IQR (25-75 percentile) and outlier values ranked 

subjectively by clay content called the “Pedon Group Spectrum” (PGS) in this study. 

The number of strata used to derive the median and distribution values for each 

pedon group and soil chemical is presented as “S” in Table 4 and 5 Appendix 3.2. 

Not all pedon groups were assessed for each chemical with some surveys preferring 

total over extractable forms. This analysis only allows for a comparison between and 

not within soil assessed. 
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3.2.4.2 Assessment of depth distribution trends within pedon 
groups 

Depth trend models 

Depth trend models (Box 3.2) have been tested for each pedon within these groups 

for which sufficient data (minimum of three) were available and models showing 

best fit (highest R
2 

values ) selected. The number within each group (P) is also shown 

in Table 4 and 5 Appendix 3.2. 

Box 3.2 Models used in evaluating depth trends 

 

 

 

The proportion of general trends in concentration and mean maximum values were 

summarised for each pedon attribute for all pedons combined. The overall trend was 

determined either as “+” (increasing with depth) “–“ (decreasing with depth) or “n” 

(no apparent trend) or “ns” as not significant based on model parameters. Maximum 

recoded values for each solum were noted from the depth trend graph. Correlation 

analysis based on PCC was used to verify depth trend relationships both between 

macro and micro-nutrients and between these and soil energetic attributes of clay, 

CEC, pH and OC. 

  

Cubic model (C) N = ax
3
+bx

2
+cx+d 

Quadratic model (Q) N = bx
2
+cx+d 

Power model (P) N = d (x)
c
 

Where a, b, c, d are function parameters and x = depth 

(d = surface levels when x = 0) 
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Concentration and depletion zones 

The depth of zones of accumulation or depletion have been noted from visual 

inspection of the data for all attributes and for pedons pooled for each attribute. The 

mean and standard deviation estimated. 

Depth defined–moisture and nutrient gradient relationships 

Relationships between nutrient and moisture depth trends have been assessed for 

three assessment periods and three soils assessed by Calder and Day (1982) to assess 

relationships between both. 

3.2.4.3 SWL, MRF and transition community differences in surface 
nutrients across MNT 

Surface soil data (only at 5 cm) was analysed by Bowman (1992) from wet and dry 

Monsoon Rainforest (MRF), Savanna Woodland (SWL) and transitional community 

sites for OC, TKN total P, S and K, Kexch, Ca, Mg and Na as noted in Appendix 3.2 

Table 6. Absolute levels have been recomputed (coefficient of variation converted to 

sd) to enable comparisons to be made. PCC has been used to determine relationships 

between these attributes and both arboreal communities as well as data collected 

from other sites in this study. 

3.2.5 Spatial analysis of surface nutrients 

3.2.5.1 Cross geological region and latitude gradients 

Forestry trial plots surface nutrient analysis 

Spatial analysis has been undertaken using averaged surface (0-10 cm) and 

subsurface (30-40 cm) horizons derived for sites 2, 3 and 5 in Table 3.8 above and 
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combined with averaged surface data derived for sites 1, 4, 8 and 9 shown in Table 

3.12. This data was derived from the Top End Regional Hardwood Project (Reilly et 

al. 2005, Clark et al. 2007) by Karger (2002), and by the author for Exotic Timbers 

Australia (ETAB) at Batchelor for cultivated land (Batchelor farm) and on 

uncultivated land (Discovery farm). 

The sites were randomly selected and soil samples were also collected at random and 

pooled from surface (0-10 cm) and subsurface (20-30 cm) horizons. These were 

analysed by the analytical laboratories of NT Government at the then Department of 

Primary Industries and Fisheries (DPIF) at Berrimah Farm and from Department of 

Primary Industries South Australia (PIRSA) using methods described in Appendix 

3.1 Table 6. 

Table 3.12 Location information, code, and the source of the data for selected MNT 

pedons for surface data only (ETAB Exotic Timers Australia, Batchelor *Top 

End Regional Tropical Hardwood Forestry Project **unpublished data) 

Location Lat Long Owner No Site 
Drainage 
Basin  

Analysis Year Source 

Katherine* 14.45 132.28 Walsh 1 1 Daly PIRSA 2002 Karger 
(2002)* Katherine* 14.58 132.67 Parker 1 1 Daly PIRSA 2002 

Batchelor 
farm 

13.05 131.04 ETA 1 4 
Adelaide 
upper 

PIRSA 2002 
Karger 
(2002)* 

Batchelor 
farm 

13.05 131.04 ETAB 4 4 
Adelaide 
upper 

DPIF 2001 
van der 
Sommen
** 

Batchelor 
farm 

13.05 131.04 ETAB 8 4 
Adelaide 
upper 

DPIBM 2002 
van der 
Sommen
** 

Discovery 
farm 

13.05 131.04 ETAB 9 4 
Adelaide 
upper 

DPIBM 2002 
van der 
Sommen
** 

Humpty Doo 12.06 131.17 Terlaare 1 10 
Adelaide 
lower 

PIRSA 2002 
(Karger 
2002)* 

Palmerston 12.56 131.01 Dumpski 1 10 
Adelaide 
lower 

PIRSA 2002 
(Karger 
2002)* 

Data from both sources were assigned relative (ordinal) latitudinal locations across 

two transects. The first gradient precluded data sites in Table 3.12 and was located 
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along the Mary River and lower Adelaide River Catchment from Cretaceous lowland 

to the north though exhumed Pre-Cambrian mainly sandstone, siltstone greywacke, 

shale and others of the Finnis River and South Alligator Group, to the Edith group 

Volcanics in the upper catchment. The second gradient included data from Table 

3.12 runs parallel to the previous, from Cretaceous lowland of the lower Adelaide 

River drainage basin through the Litchfield Province Early Proterozoic Finnis Group 

and more specifically Late to Middle Proterozoic sandstone, silt stone and dolomites 

at Batchelor in the upper Adelaide River catchment grading into the Cambrian 

limestone of the Daly River catchment. 

Non parametric (KTBCC) analysis has been undertaken to determine the significance 

of cross-latitudinal and lithological spatial trends. 

3.2.6 Regolith analysis 

3.2.6.1 Chemical relationship within regolith stata and their 
relationship to soil 

Chemical attributes have been derived from the analysis of a variety of regolith strata 

across MNT by CSIRO (Robertson et al. 2006) to obtain some indication of the 

relationship between soil and the remainder of the regolith accessible to tree roots. 

The strata assessed in this study are summarised in Table 3.13. 

This data was arrived at by X-ray fluorescence analysis performed by CSIRO on 

fused discs (0.7 g sample and 6.4 g Li borate) using a Philips PW1480 instrument as 

described by Robertson et al. (2006). Detection limits (in ppm) were Si, Al, Mg, Na 

(100); Fe (50); Mn, P, Ca, K, S (10); Zn, Cu (10). Additional analysis at UltraTrace, 

Perth made on a Labtec Essa robotic fused bead system using 0.66 g sample and 7.0 
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g of Li borate flux by Philips PW2404 and Philips Magic-Pro instruments. Detection 

limits (in ppm) are Al, Fe, Mg, Ca, Na, Mn (100); K, P, Cu, Zn (5). 

Table 3.13 Grouping of regolith strata used in chemical analysis  

Strata Description 

Soil  Sand, grey and red, soil, alluvium, colluvium, hard pan soil 

Duricrust Duricrust. +/- mottled 

Ferricrete  Ferricrete  

Gravel  Quartzite, gravel, lag, lateritic, nodular gravel residuum,  

Saprolite  
Saprolite +/- ferruginous +/- mottled, on sandstone, granite, silty 
sediments  

Rock  Rock, Sandstone, siltstone, shale  

 

Data frequency distribution analysis and p-p tests have been undertaken on these data 

which showed that Si, Al and Fe were normally distributed, with the remainder 

showing a highly skewed distribution towards the lower values. These data were 

therefore log transformed. All data has been statistically analysed for ANOVA to 

evaluate relationships between chemicals listed and locations within the regolith with 

particular emphasis on the relationship between soil/sediment and other strata. PCC 

was determined for chemical relationships within the non-soil component (Pedon) of 

the regolith. 

3.2.6.2 Regolith spatial analysis 

The regolith chemical data was accompanied by latitude but not catchment and 

associated geological information. Differences between north and south of latitude 

13
○
 S for pooled data has been calculated using PCC (assuming a linear relationship). 
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3.3 Results 

3.3.1 Physical attributes of pedon groups - textural composition 

Analysis of percentage clay and silt for pedon groups within the PGS is shown as a 

box plot in Figure 3.3. HC, LKB and LRK pedon groups are split according to 

presence or absence of calcareous (ca) parent material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Box plot of median values, 25 and 75 percentiles and outliers of silt and clay 

for the PGS  

 

A low percentage silt and clay in the pedon group identified as LKRG (or gravelly 

and stony lateritic red Kandosol) may also reflect the binding of finer material into 

coarse granular matter. Gravel was assessed in lateritic (LKB, LKY and LKR) 

pedons, where, it constitutes 12-40% to 30-60% at 90 cm + influencing the relative 

contribution of the "non gravel" component, with coarse sand possibly bound up in 

lateritic nodules.  
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 Relative proportions of silt and clay are constant through the solum, both showing a 

similar decline across the pedon group spectrum.  Median values ranged from 35-

45% clay with silt in the 20-30% range, with the middle range of kaolinite clays 

ranging from 20-30% and at the lower end <10%. Values range from 15-25% in the 

top 50 cm and increase to a mean of 35-43% at depths greater than 50 cm, 

particularly for soils at the high clay end of the PGS. 

3.3.2 Geophysical and hydrological landscape relationship 

Pedon groups have been arranged according to estimated clay content (high to low). 

Trends relative to macro landforms and associated KTBCC are shown in Matrix 3.1 

and micro landforms in Matrix 3.2. 

The scree plot test for NMS based on relative Sorensen distance measure of macro 

and micro landforms as well as pedon depth and drainage in pedon group space all 

show a significant departure from random in all dimensions. 
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Matrix 3.1 Results of NMS ranking along one axis of a three dimensional solution of 

macro landforms (see Table 1, appendix 3.2.1) in pedon group space using 

relative Sorensen distance measure and showing Kendall’s tau_b (KTBCC) 

correlation coefficient  

Pedon 
Grp 

Macro landform 
KTBCC 

SH RR UP UR GR GP LP FP 

AV        A 0.58 

D      D  A 0.62 

HC  E C D B D D A 0.27 

SKY    C    A 0.35 

HT   A C E  E A 0.12 

HTG    C A C A C 0.64 

TO F   C A B B A 0.51 

SKR   B C B C A D 0.37 

SHC   A C A   A 0.27 

KY F  F F B E A F 0.33 

LKY    C C  A  0.28 

KR   F C B F A E 0.29 

LKR    A C D A  0.32 

KB A   A E    -0.30 

TR A  F E F E F E -0.21 

Frequency correlation rating:  A-Very high, B-High, C-Moderate, D-Low, E-Very low 
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Matrix 3.2 Micro landforms or facets along axis 2 of two dimensional solution of pedon 

group space based on relative Sorensen distance measure and showing 

Kendall’s tau_b (KTBCC) correlation coefficients 

Pedon 
Grp 

Micro landforms or facets 

KTBCC 
Sus R Ut Levo ms us Ls Foo F lev D Dl df vfl ap 

D            C   A 0.36 

HC  D D  C  D C C  A C C A A 0.52 

SKY   C        C C  C A 0.44 

HT   D  C C  C D D C D C A B 0.59 

SHC       C  C     A  0.30 

SKR         A A    C  0.34 

TO D  C E D  A  C C E E C A E 0.53 

HTG  A   A  A  A  A A A A A 0.50 

KY E A C  C D C A C D C E   E 0.18 

LKY      C  A A       0.13 

LKR   B  D A  A        -0.01 

MKR E B A D C B D C B E C     -0.01 

KB C B A  D   C D       -0.16 

TR D A   D B D C E  E E  E  - 0.52 

Frequency correlation rating:  A-Very high, B-High, C-Moderate, D-Low, E-Very low 

 

Soils across the pedon group spectrum shift in dominance across a spectrum of both 

macro and micro landforms. These range from high to low elevation, slope and relief. 

Most soils have some representation across these landforms. Rudosols and some 

brown Kandosols, and Lithic Tenosols dominate eroded steep hills, crests, rises, 

upper slopes associated undulating facets. Kandosols have been shown to be 

associated to a greater or lesser degree with the full spectrum of deeply weathered 

lowland land facets. They range in depth from deep (where they are red) to more 

shallow where they are grey, yellow and brown. Both non-lateritic and lateritic red, 

yellow and brown Kandosols occur on low plateau landforms with undulating terrain 

including slopes and rises. Some yellow Kandosols associated with undulating rises 
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and upper slopes are possibly brown Kandosols as the true yellow Kandosols are 

more closely associated with lower slopes and alluvial land facets where drainage is 

impeded. Hydrosols, Vertosols and Dermosols, are associated with riverine and 

coastal locations constituting alluvial land facets although. Hydrosols can also be 

found in some cases with depressions in higher landforms. Red and yellow 

Kandosols and coarse textured Orthic Tenosols also have some presence on alluvial 

landforms including levees. Hydrosols and Chromosols are also part of this 

landscape. 

Deeper pedons are also linked to coarser textured sandy Kandosols as well as 

Tenosols with alluvial associations. These dominate northwards and to the east. All 

pedon groups show a positive KTB correlation coefficient ranking with landform 

gradient from high to low elevation for fine and mid textured soils with a negative 

correlation being associated with shallow soils. 

These associations influence both upslope run-on and runoff/drainage conditions 

impacting on both surface and subsurface hydrology and consequently soil moisture 

regimes. 
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Depth and drainage relationships 

Pedon frequency relationships with depth classes are shown in Matrix 3.3. 

Matrix 3.3 Result of NMS ranking along one axis (number sequence) of one dimension 

solution Kendall’s tau_b Correlation Coefficients (KTBCC) 

Pedon 
Grp 

Depth classes (NMS ranked) 
KTBCC 

rank 
2 

Very 
shallow 

1 
Shallow 

3 
Moderately 

Deep 

4 
Deep 

5 
Very deep 

AV D A    -0.83 

D A D    -0.60 

HC A D D D  -0.63 

SHC  A C D  0.00 

HC E B C  E -0.80 

HT  C D A  -0.35 

SKY  A D A  0.22 

TO  C C A  0.00 

SKA D A C A  -0.31 

HTG  A C B  -0.32 

KY  A D C  -0.31 

LKB B A  B E -0.95 

LKY A A C   -0.60 

LKR D A D C E -0.60 

TR A B    -0.60 

Frequency rating: A-very high, B-high, C-moderate, D-low, E-very low 

Apart from intermediate depth, the correlation between pedon group and depth 

ranking is significantly negative for all pedons irrespective of clay, except HT and 

SKY which dominate at intermediate depths. Within the upland land systems, where 

depth is defined by bedrock, Rudosols and Kandosolic Tenosols are very shallow to 

shallow, Kandosols are intermediate in depth and the sandy Orthic and yellow 

Tenosols are deep. 
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Drainage classes are shown numerically and alphabetically in Matrix 3.4. 

Matrix 3.4 Results of NMS ranking (number sequence) along axis 1 of a one 

dimensional solution of pedon group in pedon drainage space using relative 

Sorensen distance ordination measure and KTB correlation coefficients 

 (Frequency rating: A-very high, B-high, C-moderate, D-low, E-very low) 

Pedon grp 
Drainage class, (NMS ranked) KTB 

rank 1 (A) 2 (B) 3 (C) 4 (D) 5 (E) 

AV A C    -0.83 

D A E    -0.82 

HC A B D   -1.00 

HT A    E -0.59 

LKY A B B   -0.63 

SHC A     -0.63 

TO A A B C  -0.60 

SKY  C A   -0.12 

SKR  A B   -0.80 

KY  A B C  -0.60 

KB  A B B  0.10 

LKR  A B   -0.26 

MKR  A  C D -0.20 

TR  C B A B 0.80 

 

Drainage has been ranked as poor for all the alluvial soils and for some upland soils 

such as the grey and yellow Kandosols and some Orthic Tenosols. The remaining 

Kandosols together with Rudosols and Tenosols have good drainage. Pedon groups 

show a negative frequency trend with increasing drainage class, the correlation 

decreasing in significance down the PGS. This trend is reversed at the low end of the 

spectrum within the alluvial land system. 
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The relation summarised in the box plot in Figure 3.4, shows that drainage classes 

are largely related to land facet slope and less so to internal drainage (infiltration) 

(although these are often related).  

 

 

 

 

 

Figure 3.4 Relationship between drainage ranking (alphabetical see Table 3.9) and 

landscape slope for MNT landscapes based on land resource survey data 
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3.3.3 Geochemical attributes of regolith and pedon group 

3.3.3.1 Regolith chemical attributes  

Results of regolith strata X-ray fluorescence analysis, evaluating the relative 

distribution of chemicals between soil and other regolith strata, are presented in 

Table 3.14.  

 
Table 3.14 Results of X-ray fluorescence analysis for grouped regolith strata based on 

data from Robertson et al. (2006) 

Strata 
N 

(sd) 

Pedon chemicals based on X ray Fluorescence analysis (ppm) 

SiO2 P2O5 K2O CaO MgO Na2O MnO Cu Zn Al2O3 Fe2O3 

Soil 
Mean 
n=12 

65.63
a 

0.06
a 

0.69
a 

0.14
a 

0.33
a 

0.06 

a 

0.04
b 

19.17 

a 

25.83 

b 

14.02 

a 

11.81 

b 

 Sd 12.63 0.03 0.52 0.34 0.31 0.05 0.05 24.11 28.19 5.82 8.17 

Duricrust 
Mean 
n=15 

43.27
bc 

0.06
a 

0.54
a 

0.03
a 

0.11
a 

0.05 

a 

0.03
b 

11.33 

a 

12.67 

b 

16.96 

a 

30.03 

a 

 Sd 12.43 0.03 0.57 0.03 0.07 0.09 0.06 3.52 10.33 4.70 13.24 

Ferricrete 
Mean 
n =20 

42.40
bc 

0.17
a 

0.31
a 

0.03
a 

0.10
a 

0.07 

a 

0.15
a 

32.00 

a 

33.50 

a 

14.03 

a 

33.7 

a 

 Sd 13.81 0.22 0.34 0.02 0.05 0.06 0.26 67.01 24.66 4.89 11.56 

Gravel 
Mean 
n=12 

51.18 

c 

0.08
a 

0.30
a 

0.04
a 

0.10
a 

0.09 

a 

0.02
b 

9.17 

a 

13.75 

b 

13.20 

a 

28.88 

a 

 Sd 27.50 0.06 0.27 0.03 0.06 0.18 0.02 1.95 9.32 7.29 19.82 

Saprolite 
Mean 
n=19 

64.22
a 

0.06
a 

1.07
a 

0.07
a 

0.38
a 

0.44 

a 

0.03
b 

30.00 

a 

43.16 

b 

13.81 

a 

13.23 

b 

 Sd 15.89 0.07 1.43 0.14 0.47 1.00 0.06 61.53 48.54 6.47 10.17 

Rock 
Mean 
n=2 

71.16
a 

0.05
a 

0.46
a 

0.01
b 

0.11
a 

0.02 

a 

0.01
b 

10.00 

a 

10.00 

b 

11.52 

a 

11.17 

b 

 Sd 30.24 0.01 0.57 0.00 0.13 0.01 0.00 0.00 0.00 10.68 13.48 

Letters (a, b, c) designate levels that are significantly similar (p<0.01)  sd = standatd deviatiion 
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The result of Correlation analysis for relation between non-soil regolith chemicals is 

shown in Matrix 3.5. 

Matrix 3.5 Results of PCC(r) matrix for relationships between regolith chemicals in the 

MNT (68 dof) (data from Robertson et al. 2006) 

Chemicals Al2O3 Fe2O3 MgO CaO Na2O K2O MnO P2O5 Cu Zn 

SiO2 -.056** -0.89** 0.21 0.14 0.18 0.22 -0.13 -0.35** -0.12 -0.06 

Al2O3  0.13 -0.04 0.00 -0.08 0.08 -0.11 -0.15 0.04 -0.08 

Fe2O3   -0.30* -0.22 -0.25* -0.34** 0.21 0.48** 0.08 0.04 

MgO    0.38** 0.27* 0.41** -0.06 -0.10 0.29* 0.52** 

CaO     0.62** 0.75** -0.05 -0.04 0.03 0.17 

Na2O      0.40** -0.06 -0.04 -0.02 0.38** 

K2O       -0.08 -0.12 -0.05 0.09 

MnO        0.17 0.05 0.02 

P2O5         -0.07 0.15 

Cu          0.56** 

 

As would be expected, silica, which is higher in soil is inversely correlated with the 

sesquioxides Al and Fe but also P, these being significantly higher in the ferricrete 

layer, together with Zn, possibly correlated with Cu and Mn. Zn and Cu are also 

positively correlated with base cations, which are generally negatively correlated 

with Fe, although they show no significant differences in concentration between the 

regolith strata. 
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3.3.3.2 Arboreal community - surface soil nutrient relationships 

Surface soil nutrient levels of naturally evolved arboreal communities 

The mean values of pH, total P, K, S, N and OC and available (assumed to be 

extractable) cations and TCEC for six surface soils in six naturally evolved moist and 

dry arboreal communities assessed by Bowman (1992) are summarised in Table 3.15.  

Table 3.15 Results of mean and sd (derived from coefficient of variation) of surface soil 

chemicals in four naturally evolved MNT arboreal communities (data from 

Bowman 1992) 

Soil chemicals  Wet MRF Wet SWL Dry MRF Dry SWL 

 Mean Sd Mean Sd Mean Sd Mean Sd 

pH 5.30 1.07 5.50 0.77 6.10 0.98 6.0 0 0,96 

PT% 0.03 0.32 0.02 0.14 0.09 0.25 0.04 0.04 

KT% 0.09 0.20 0.10 0.22 0.36 0.71 0.44 1.03 

ST% 0.05 0.07 0.02 0.01 0.06 0.08 0.03 0.02 

SOC% 2.75 1.82 2.24 1.72 2.86 1.83 2.14 1.26 

NT% 0.23 0.25 0.12 0.08 0.28 0.28 0.14 0.10 

Base cations Cmols (+) kg -1 

Na exch 0.19 0.15 0.01 0.01 0.36 2.05 0.12 0.08 

K exch 0.17 0.19 0.10 0.12 0.44 0.53 0.31 0.41 

Ca exch 7.98 12.29 5.00 8.68 16.07 21.38 7.58 8.81 

Mg exch 5.46 7.80 1.86 2.62 3.18 3.69 2.01 2.05 

CEC 13.76 9.95 7.06 10.45 20.05 24.25 10.01 10.61 

 

MRF, relative to SW surface soils have higher values of SOC, CEC, TKN, PT and 

ST and  Na exch (the differences being significant only in the case of wet but not dry 

sites), Caexch and Mgexch. MRF soils had lower values for KT and no significant 

difference in Kexch. For combined data, establishing general relationships across 

communities PCC (for 6 dof) is significant and positive only between SOC and NT 

(r = 0.85, p = 0.03) which is however significantly correlated with ST (r = 0.98, 

p = 0.00), NT and PT. These are positively correlated with both CEC (PT, r = 0.91, 

p = 0.01; NT,  r = 0.92, p = 0.01; ST r = 0.92, p = 0.01) indicative of SOC influences.  
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They are also correlated with Ca (NT r = 0.82, p = 0.04; ST, r = 0.82, p = 0.04 and 

both PT, r = 0.97, p = 0.00 including Pextr r = 0.91, p = 0.01) also correlated with 

Naexch (r = 0.88, p = 0.02) but not Mgexch which together with Kexch are higher in 

SOC rich surface soils. 

3.3.3.3 Inter pedon (PGS) whole solum variation and depth trend   
models 

Median and ranges of chemical attributes are derived for the total solum strata, 

pooled by pedon order descriptors or pedon groups and subjectively ranked by clay 

content PGS. Depth gradients have been modelled for individual pedons with 

sufficient data, using regression analysis to determine the model which best fits the 

data and depth trends assessed from the model (see Table 4 Appendix 3.1 for the 

number of samples used for S and P). Maximum observed values and depth of 

increases and decreases have also been recorded and are summarised in Table 3.16 

below.  

3.3.3.3.1 Total and extractable macro anion and cation nutrient 

Trends for unrelated soils but in the similar soil orders across PGS in total and 

extractable nitrogen are shown in Figure 3.5, phosphorus (P) in Figure 3.6, sulphur 

(S) in Figure 3.7 and potassium (K) in Figure 3.8. 

Nitrate (Nextr) trends have a median range of 0.01 - 0.2 mg kg
-1

, showing a decrease 

across PGS. Total Keldjal nitrogen (TKN or NT), has median range of 0.01 - 0.07% 

(100 - 700 mg kg
-1

), showing a weak decrease across the PGS except for the high TR 

pedon group value. 
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Total phosphorus (PT) ranges from 20 to 200 mg kg
-1

 and extractable phosphorus 

(Pextr) from 1 to 6.5mg kg
-1

, or about 25% of the total. PT and Pextr values are low 

at the very high clay end of the PGS, then increase towards the LKR group of pedons 

and then declines.  

Total sulphur (ST) ranges from 25 to 125 mg kg
-1

 and extractable sulphur (Sextr) 

from 4 to 15 mg kg
-1

. Values are low at very high clay ends of the PGS rising to a 

peak at LKB and then decrease with reduced clay. 

Total potassium (KT) ranges from 0.1-0.6% (1000-6000 mg kg
-1

), decreasing across 

the PGS. Extractable potassium (Kextr), ranges from 12-62mg kg
-1

 and shows a 

reverse trend to KT across the PGS.  

The relationship between total and extractable macro anion and cation nutrients and 

depth are summarised in Table 3.16. Trends indicated that most nutrients increased 

with depth, following either a cubic, quadratic (for three PT profiles) or a power 

function model (one TKN or NT and PT, four ST and three KT profiles) (full 

analysis is shown in Table 1 Appendix 3.3 and Table 2 Appendix 3.3). 
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Figure 3.5 Box plot of median values, 25 and 75 percentiles, and outliers of total 

Kjeldahl (% x1000 to convert to mg kg-1) and extractable (nitrate) 

nitrogen)(mg kg-1) for selected pedons for which data was available in the 

PGS. 

 

 

 

 

 

 

 

Figure 3.6 Box plot of median values, 25 and 75 percentiles, and outliers of total and 

extractable phosphorus, for selected pedons for which data was available in 

the PGS. 
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Figure 3.7 Box plot of median values, 25 and 75 percentiles, and outliers for total and 

extractable sulphur for selected pedons for which data was available in the 

PGS. 

 

 

 

 

 

 

Figure 3.8 Box plot of median values, 25 and 75 percentiles, and outliers of total and 

extractable potassium for selected pedons for which data was available in 

the PGS (Note allowance made for <0 outliers in Y axis.) 
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3.3.3.3.2 Exchangeable base cation macronutrient 

Box plots of exchangeable cations potassium, calcium, magnesium and sodium 

within pedon groups across the PGS are shown in Figure 3.9. 

 

  

 

 

 

 

 

 

 

 

Figure 3.9 Box plot of median values, 25 and 75 percentiles and outliers of 

exchangeable potassium calcium, magnesium, and sodium for selected 

pedons for which data was available in PGS. 

 

Median values and ranges show a decrease for all base cations across the PGS with K 

and Ca having lower values at the very high clay end of the spectrum, increasing 

towards LKB and then declining. Mg and Na have the highest values in the high clay 

 

Ca exch Kexch 

Mgexch Naexch 
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end of the spectrum. Median values for Caexch, ranges from 0.25 to 6.15 cmols(+) 

kg-1, Mgexch from 0.08 to 4.92 cmols(+) kg-1, Kexch from 0.1 to 0.55 cmols(+) kg-

1 and Naexch from 0.01 to 0.05 cmols(+) kg-1 (note the conversion from cmols (+) 

kg-1 to mg kg-1 is 380 for K, 200 for Ca and 120 for Mg).  

The most appropriate depth regression models, trend direction, and maximum values 

for these base cations is summarised in Table 3.16 (full analysis is contained in Table 

3 Appendix 3.3). Most of the data fits a cubic depth trend model with a quadratic 

model providing a better fit for one K and three Mg profiles and a power function 

model for five K and Ca and one Mg profiles. Although both positive and negative 

depth trends were spread across the PGS, Ca and Mg showed more positive trends in 

the high clay end. Na was not assessed because of instrumentation limits.  

3.3.3.3.3 Micro cations, nutrients or trace elements 

Median and range of total and extractable micro nutrients Cu and Zn and Mn have 

been summarised for those pedon groups for which data were available. The most 

appropriate depth regression model, trend direction, and mean maximum values of 

these nutrients for pooled pedons are detailed are summarised in table 3.16 (full 

analyses are presented in Table 5 and 6 Appendix 3.3). 

 Levels of CuT and Cuextr are shown in Figure 3.10.  
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Figure 3.10 Box plot of median values, 25 and 75 percentiles and outliers of total and 

extractable copper for selected pedons in PGS for which data was available. 

 

The PGS trend shows an increase in median values for both CuT ranging from 8 to 

22 mg kg
-1

 and maximum values of 40 mg kg
-1

and extractable ranging from 0.2 to 2 

mg kg
-1

 with maximum values of 4.6 mg kg
-1

. Depth trend for CuT and Cuextr all 

fitted the cubic model except one CuT profile which fitted the power function model. 

Levels of ZnT and Znextr are shown in Figure 3.11. The PGS of median values 

increase for ZnT in the range 15-20 mg kg
-1

 with a maximum of 150 mg kg
-1

 and 

decreased for Znextr in the range from 0.5 to 12.5 mg kg
-1

. The cubic depth trend 

model fitted the data in most cases with power function providing a better fit for one 

ZnT and five Znextr profiles. 
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Figure 3.11 Box plot of median values, 25 and 75 percentiles and outliers of total and 

extractable Zinc values for selected pedons for which data was available in 

the PGS. 

 

Values for MnT and Mnextr are shown in Figure 3.12. 

 

 

 

 

 

Figure 3.12 Box plot of median values, 25 and 75 percentiles and outliers of total and 

extractable Manganese for selected pedons for which data was available 

across the PGS (Note allowance made for <0 outliers in Y axis.)  
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For Mn no clear trend is apparent except for the higher values in lower clay soils and 

in particular those with Ca parent material. 

Fe and Al 

Data on Fe and Al was limited. A box plot is shown in Figure 3.13. 

 

 

 

 

 

Figure 3.13 Box plot of median values, 25 and 75 percentiles and outliers of extractable 

aluminium and iron for MNT selected pedons for which data was available 

across the PGS 

 

Both Fe and Al appear to show a general decrease in upper range but not in median 

values with both falling in the range from 7.5 to 20 mg kg 
-1

 across the PGS. 

Indications from limited data, suggest that Fe decreases with depth, with no clear 

trend for Al although the depth trends could not be quantified. 

3.3.3.3.4 Summary of whole solum of nutrient patterns 

Summaries of macro and micro nutrient depth trends and mean and sd of nutrient 

values for maxima for solum, and the estimated depths of relative peak 

(accumulation) and troughs (depletion) zones are shown in Table 3.16. 

Al 

Fe Al 
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The majority of depth profiles for total and extractable macro anions (N, P, and S) as 

well as Kextr together with Cuextr and Znextr and both Mnextr and MnT show a 

negative depth trend. KT together with all base cations as well ZnT and possibly CuT 

show a positive depth trend. A prominent zone of accumulation occurs at mean 

depths of 10-35 cm, depletion at about 40-80 cm and accumulation again at about 85-

105 cm. 
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Table 3.16 Summary of percentages of pedon groups showing a positive (+), negative (-), nil and non significant depth trends, surface and maximum 

pedon levels and estimated mean depth of horizons of accumulation and depletion for each nutrient irrespective of depth trend. 

Nutrient No 
Proportion of trends 

Mean (sd) nutrient 
content 

Depth mean and sd of horizons of accumulation and depletion values 
(cm) within pedons 

+ 
% 

- 
% 

Nil 
% 

Ns 
% 

Solum Maximum 
Accumulation 

(A1) 
Depletion 

(A2) 
Accumulation 

(B) 

      Mean sd Mean sd Mean sd Mean sd 

N% 26 4 65 27 4 0.05 0.03 10.00  63.57 24.55 95.00 14.14 

Nitrate mg kg-1 16 25 67 6 0 0.05 0.02 10.00  49.17 38.52 81.67 48.44 

TP% 25 40 60 0 0 0.02 0.01 29.00 7.42 53.81 30.94 89.29 26.76 

Pextr mg kg-1 37 26 43 13 16 5.76 2.86 14.6 3.94 46.35 29.56 99.58 35.92 

TS% 22 9 91 0 0 0.01 0.00 17.50 3.54 53.95 23.84 89.06 31.69 

Sextr mg kg-1 43 26 44 9 16 17.11 13.33 15.83 7.22 48.61 23.62 94.90 42.04 

TK% 28 82 18 0 0 3.22 5.47 27.00 13.42 51.11 24.77 101.80 25.69 

Kextr mg kg-1 18 17 83 0 0 47.50 32.84 33.33 20.82 54.69 33.74 98.33 19.68 

Kexch cmols (+) 
kg-1 

28 53 32 7 14 0.24 0.22    29.58  14.05   58.76 38.61 87.72 47.89 

Caexch 
cmols(+) kg-1 

31 46 35 0 15 0.17 1.15 34.17 19.63 51.36 30.22 90.69 39.86 

Mgexch 
cmols(+) kg-1 

34 53 44 3 0 0.85 1.59 33.21 14.75 56.62 28.43 86.68 39.25 

Cu T mg kg-1 8 50 50 0 0 16.75 16.75 26.17 14.22 43.61 24.95 76.04 32.40 

Cuextr mg kg-1 18 22 50 22 6 1.37 1.31 30.00 17.32 62.50 41.68 83.17 48.70 

ZnT mg kg-1 9 95 5 0 0 36.22 44.65 23.50 10.29 77.43 29.41 106.25 28.23 

Znextr mg kg-1 30 30 33 33 4 0.43 0.41 25.00 14.14 55.87 33.95 90.20 44.22 

Mn T mg kg-1 3 0 100 0 0 138.00 1.83    80.00 52.91 85.00 7.07 

Mnextr mg kg-1 15 32 47 20 0 37.67 47.06 33.75 12.50 60.09 48.69 73.86  
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3.3.3.3.5 Pedon energetic attributes (Clay, CEC, pH and OC) 

Clay content influences water movement and nutrient storage. CEC involves a 

dynamic process of hydrogen ion, base and other cations being exchanged or 

displaced on the surface of clays. Hydrogen ion concentration measured as pH is 

indicative of the extent to which base and other cations are displaced from exchange 

sites. OM and the by-product SOC are linked to nutrient release (in decomposition) 

as well as influencing soil pH (organic acids) and contributing to CEC. It also serves 

as a mechanism for carbon storage. These have been called pedon energetic attributes 

which, along with water, regulate nutrient dynamics. 

Table 3.17 shows the depth regression signs for soil energetic attributes influencing 

nutrients and the mean and sd of the maximum recorded values (Details are 

summarised in Appendix 3.3). 

Table 3.17 Soil energetic proportional depth trends and mean and sd of maximum 

value  

 

 

 

 

Clay trends 

Clay % together with other particle gradients across the PGS (and total number of 

strata sampled in each pedon group) has been established in Figure 3.3 above. The 

Soil energetic No 

Proportion of trends 
Mean (sd) 

Solum Maximum + 
% 

- 
% 

Nil
% 

Ns
% 

Mean sd 

Clay (%) 33 75 12 9 0 36.90 16.93 

SCEC 33 50 50 0 0 7.93 5.00 

pH (pF) 49 41 49 0 0 6.32 0.94 

OC (%) 27 0 100   1.61 0.09 
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proportion of significant depth trends and direction as well as mean maximum values 

shown in Table 3.16 is derived from models in Appendix 3.3, Table 7. Half of the 

pedons tested fit cubic model and half a power function model. 

PCC with clay is positive for all base cations although low for K, (0.19, p = 0.01, 160 

dof), but higher for Ca, (0.44, p = 0.00, 162 dof), Mg, (0.61, p = 0.00, 167 dof) and 

Na (0.44, p = 0.00, 164 dof). It is weaker for CuT (0.69, p = 0.03, 10 dof) as well Al 

(0.08, p = 0.00, 106 dof). The correlation is negative although weak for TKN (-0.17, 

p = 0.03, 154 dof), Pextr (-0.25, 0.00, 131 dof), Mnextr (-0.21, 0.03, 105 dof) as well 

as Fe (-0.22, p = 0.02, 112 dof). No other significant nutrient relationships have been 

identified. 

CEC status 

Median values for ammonium acetate derived TCEC and SCEC together with 

number of samples used across the clay defined PGS is shown in Figure 3.14. 

Both median TCEC and SCEC are similar, ranging from 6-8 cmols (+) kg
-1

, although 

SCEC decreases more to a median value of 2 to 2.5 cmols(+) kg
-1

 at the low clay end. 

There are also anomalous values for TR, with TCEC much higher than SCEC. 

Details of models used in Table 3.16 (given in Table 3, Appendix 3.3) indicate that 

of the 33 pedons, depth trends for 25 fitted a cubic or quadratic model the remainder 

a power function. PCC for relationships between clay and CEC are significant and 

positive, but less so for TCEC (0.37, p = 0.02, 37 dof) than SCEC (0.62, p = 0.00, 

162 dof) which as discussed further below is positively correlated with OC.  

Despite the base cation derivation of SCEC it is only positively correlated with Nextr 

(0.60, p = 0.00, 229 dof) suggesting that these clays are largely sodic. A significant 
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positive PCC (p<0.001) exists between TCEC and base cations, (except for K) Ca, 

(r = 0.44, 110 dof), Mg, (r = 0.49, 112 dof), and Na, (r = 0.45, 101 dof), Znextr (r = 

0.32, 131 dof), PT (r = 0.31, 148 dof), ST (r = 0.42, 117 dof) and KT (r = 0.32, 154 

dof). 

 

 

 

 

 

 

Figure 3.14 Box plot of median values, 25 and 75 percentiles and outliers for TCEC and 

SCEC for selected pedons for which data was available across the PGS. 

(note allowance made for <0 outliers in Y axis) 

 

Pedon soil reaction (pH) status 

Hydrogen cation concentration measured as pH for pedon groups across the PGS 

(together with number of samples used) is shown in Figure 3.19. Maximum pedon 

values ranged from very alkaline 9.5 to very acidic 4.2. Median pH ranged from low 

acid to near neutral (6.5) fluctuating across the PGS with more alkaline soils at the 

high clay end. The same pedon group with Ca parent material was 1-1.5 pH units 

higher, emphasizing the importance of base cation presence. This may be Ca but is 

more likely to be Na which displaces other cations in sodic environments. 
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Figure 3.15 Box plot of median values, 25 and 75 percentiles and outliers of pH for 

selected pedons for which data was available across PGS. (note allowance 

made for <0 outliers in Y axis) 

  

Maximum values and depth trends in Table 3.16 derived from regression model 

(Table 4 Appendix 3.3) all fitted either a cubic or quadratic model.  

PCC for pH is significant (p<0.001) and positive with clay (r = 0.37, 153 dof), TCEC 

(r = 0.29, 111 dof), SCEC (r = 0.72, 228 dof) all base cations except for Ca (K, (r = 

0.35, 232 dof), Mg (r = 0.66, 244 dof) and Na (r = 0.55, 231 dof)), supporting the 

link with Na.  

The correlation is significant (p<0.001) and negative ZnT (r = -0.22, 223 dof) and Al 

(r = 0.79, 106 dof), but not highly significant (p = 0.02) for TKN (r = 0.15, 230 dof). 
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SOC trends  

SOC storage plays a role in greenhouse gas reduction while also being linked to 

nutrient release, CEC and pH though organic acid discharge. 

Median values and the range of SOC (%) derived for the pedon spectrum in this 

study, together with the number of samples, are summarised in the box plot in Figure 

3.16.  

No clear trend is observable across the PGS. Median pedon group solum SOC values 

fall in the range of 0.50 to 1.00% with a single pedon (LKRG) exceeding that value 

(2.00% ranging from 1.5-2.5%) and two sandy Kandosol groups falling below that 

range (0.25-0.05%). For the dominant pedon groups, maximum (surface) values 

range from 1.5-2.5% and minimum (at the base of the solum) 0.1-0.75%.  

 

 

 

 

 

 

Figure 3.16 Box plot of median values, 25 and 75 percentiles an outliers of soil organic 

carbon for selected pedons for which data was available across PGS (Note 

allowance made for <0 outliers in Y axis.)  
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The depth trend direction, and mean maximum values are derived for model data in 

Table 2 Appendix 3.3 which indicate that all trends fitted the cubic model. 

The relationship of OC with clay is significant but negative (r = -0.31, p = 0.00, 153 

dof) and has been shown to be significant and positive for TCEC, (r = 0.35, p = 0.00, 

103 dof) reinforcing the strong role played in cation exchange processes. There is no 

correlation with pH, suggesting no impact of soil acidification. OC is however 

positively correlated with anions TKN (r = 0.28 p = 0.00, 227 dof), Nextr (r = 0.82, p 

= 0.00, 37 dof), PT (r = 0.31, p = 0.00, 139 dof), ST (r = 0.23, p = 0.01, 108 dof) and 

Sextr (r = 0.28, p = 0.00, 180 dof) but no others. It is weakly positively correlated 

with base cations particularly Kexch (r = 0.19 p = 0.01, 191 dof), and trace elements 

Mn (r = 0.30, p = 0.00, 125 dof) but more strongly with Fe (r = 0.69, p = 0.00, 169 

dof) and negatively with the more toxic chemical Al (r= -0.37, p=0.00, 106 dof). Cu 

and Zn are both positively correlated with TKN, so there may be a further link with 

OC. It is significant that in contrast to the “total” forms, Pextr and Sextr show no 

correlation with OC. They are, however, positively correlated with Fe (for Pextr r = 

0.44, p = 0.00, 112 dof) and Sextr (r = 0.60, p = 0.00, 112 dof) suggesting Fe form 

stronger ionic bonding (as phosphate and sulphate), rather than with organic 

complexes, which are more available to trees. 

The actual estimated density of OC for the combined data set, reflecting soil carbon 

sequestration, has been estimated for a range of pedon depths using estimates of 

mean bulk density for two horizons classes (0-50 cm and 50 cm +). This is based on 

the relationship to fine sand described above and is shown in Figure 3.17.  
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Figure 3.17 Estimated mean (SD) of soil organic carbon density as a function of pedon 

depth adjusted for bulk density and mean soil horizon estimates using data 

from Calder and Day (1982) for pedons for which data was available 

across PGS. (note allowance made for <0 outliers in Y axis) 

 

The depth regression power function model for pooled OC and depth is expressed in 

Eqn 3.1. 

SOC (%) = 3.55 (D) - 0.47 (R
2
 = 0.54, p = 0.00, 147 dof) Eqn 3.1 

Where OC is organic carbon (%) and D is depth (cm) 

Both bulk density based estimates of SOC density are very similar to the pooled 

relationship, suggesting a single equation can be used. Although this curve provides 

a good fit to the data, there is evidence of a departure in this curvilinear trend around 

50-60 cm, suggesting a zone of carbon accumulation. 

SOC based Fine Sand BD  

SOC based on mean horizon BD  
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A median value of 1.5 kg m
-3

 for a depth of 1 m (1% C) is equivalent to 15 t C ha
-1

 

with 1kg m
-3

 cubic meter being equivalent to 10 t C ha
-1

. With depth, values range 

from 30 t C ha
-1

 near the surface to 10 t C ha
-1

 at depth. 

3.3.3.4 Spatial trends in surface soil and regolith chemicals across 
MNT landscapes 

3.3.3.4.1 Surface soil nutrient spatial gradients 

The results of an analysis relating the mean of surface and subsurface chemical 

attributes and latitude across the Mary River catchment (Transect A) and the Daly 

River, Adelaide River and Finnis River drainage basin complex (Transect B) are 

presented in Table 3.18. 

Table 3.18 Results showing Kendall tau_b Correlation Coefficients (R) and significance 

level between mean surface chemicals and latitude across the Mary River, 

and Adelaide-Finnis-Daly drainage basins (DB) 

Soil 
Chemicals 

Mean of surface and subsurface 

Mary River DB 
(A) 

Adelaide-Finnis-Daly River DB 
(B) 

R (sig) Dof R (sig) Dof 

pH  0.01 19 0.49** 62 

Organic 
carbon 

0.03 19 -0.23 34 

TKN  0.42* 19 0.08 49 

Pextr  0.40* 19 0.13 47 

Sextr -0.04 19 -0.12 46 

Kexch -0.23 18 0.49** 59 

Caexch -0.14 19 0.48** 58 

Mgexch 0.10 19 0.34** 59 

Naexch 0.07 19 0.37** 48 

Cuextr 0.38* 19 -0.24* 53 

Znextr 0.11 19 0.05 53 

Mnextr 0.33 16 0.45** 24 

Correlation significance (2-tailed). ** p<0.01 * p< 0.05 level 
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Mnextr, pH and base cations show a positive correlation with latitude across transect 

B. Znextr shows no trend although extractable Cu with which it is often correlated 

increased in A, but decreased in B, possibly linked to different geological gradients. 

TKN and Pextr show a significant increase in A but no trend in B. This may indicate 

that geological patterns more strongly drive the distribution of these chemicals than 

climatic gradients. 

3.3.3.4.2 Regolith chemical spatial gradients 

A comparison of north and south patterns and spatial trend analysis from south to 

north in regolith chemical states is presented in Table 3.19 (derived from data 

presented by Robertson et al. (2006). 

These data show that with increased latitude there is a significant positive 

relationship with silica and all base cations (except for Na and the trend being very 

weak for Zn (p = 0.07)). A t test however shows only Ca and P levels to be 

significantly higher in the south compared to the north. There is also again a 

significant negative correlation with Fe and Al, supported by the ANOVA, with 

significantly higher values in the north compared to the south. The correlation trend 

is also negative for Cu although this is very weak. The ANOVA for both Cu and Zn 

show no significant difference between north and south. P, Na and Mn in this data set 

show no spatial trend or significant differences between north and south. 
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Table 3.19 Results of Pearson’s Correlation Coefficient (r) of regolith mineral 

composition and latitude (north to south) and t test for differences across 

catchments of MNT (data from Robertson et al. 2006)  

Regolith 
chemical  

Latitude  
 location  

N Mean 
Std. 
Deviation 

N-S t test 
Sig  

Latitudinal 
correlation  
r (sig) 
(82 dof) 

iO2 S 16 65.33 26.70 0.00** 0.04* 

  N 68 50.69 16.00   

Al2O3 S 16 10.17 5.91 0.00** -0.47** 

  N 68 15.72 5.62   

Fe2O3 S 16 17.20 19.92 0.09(*) -0.12(*) 

  N 68 24.31 14.11   

MgO S 16 0.27 0.46 0.26 0.18** 

  N 68 0.18 0.22   

CaO S 16 0.13 0.29 0.09(*) 0.22** 

  N 68 0.05 0.14   

Na2O S 16 0.38 0.90 0.13 0.01 

  N 68 0.14 0.47   

K2O S 16 1.27 1.93 0.00** 0.11(*) 

  N 68 0.49 0.53   

MnO S 16 0.02 0.02 0.24 0.06 

  N 68 0.06 0.15   

P2O5 S 16 0.06 0.03 0.24 0.03 

  N 68 0.10 0.13   

Cu S 16 8.13 2.50 0.19 -0.26(*) 

 N 68 24.41 49.51   

Zn S 16 18.75 13.10 0.26 0.14(*) 

 N 68 28.46 33.19   

**p<0.05; (*) p<0.10 

3.3.4 Pedon hydrological attributes 

3.3.4.1 Pedon group variability in total moisture storage capacity 

Results of available moisture storage capacity estimates for PGS based on estimated 

differences in soil moisture content at FC (0.3 bar tension) and WP (-15 bar tension) 

(note 1 bar = 0.1 MPa) at various clay content levels using data derived from Miller 

in Donahue, Miller et al. (1983), are presented as a box plot in Figure 3.18A. Similar 

data on soil moisture content based on matric potential of -15 bar, -0.1 bar and -0.3 

bar from four soils combining Calder data are presented in Figure 3.18B. 
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The clay to moisture storage capacity conversion estimates show the expected trend 

of decreased moisture capacity across the PGS from a median of 12.5 to 5.0%. 

Although the limited single profile data of Calder and Day shows a similar relative 

trend across the restricted PGS at the FC of 0.3 bars the values for SMC are 4-5 % 

lower. The value is reduced where 0.1 bar is used as the value for FC. This would 

suggest that the conversion model may be give an over estimate of moisture storage.  

 

 

 

 

 

Figure 3.18 Box plot of median values, 25 and 75 percentile and outliers of pedon group 

estimated available moisture storage capacity based on clay content 

relationship using data from Miller (cited by Donahue et al. 1983 (A) and 

data from for MNT pedons for 0.1 and 0.03 bar WP derived by Calder and Day 

1982) 

3.3.4.2 Relation between actual soil moisture content and 
preceding rainfall 

The relationship between actual and estimated SMC at Howard Springs and mean 

monthly Darwin airport rainfall is depicted in Figure 3.19. The relationship between 

weekly rainfall (from nearby Coastal Plains Research Centre), prior to soil 

measurement, and subsequent (accumulative) soil moisture stored in 1.2 m of solum 

A 

B 

B A 
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in four pedon groups assessed under pasture only, by Calder and Day (1982), is 

shown in Figure 3.20.  

Soil moisture increases rapidly with rainfall to FC and is maintained at that level 

until rainfall declines in April, declining linearly to a minimum in September. The 

moisture store in the dry phase is maintained at various levels in different soils as 

shown in Figure 3.20. 

Figure 3.20 reveals a significant relationship between weekly rainfalls prior to soil 

moisture assessment, measured closer to the site, for Kiluppa and Koolpinya. Stuart 

shows a similar response although this is not significant for Mirrabibbi. The more 

rapid response of the Kiluppa soil moisture to rainfall events compared to the 

Koolpinya is consistent with higher drainage and lower moisture storage capacity. 

The lack of a relationship in Stuart is possibly linked to the very low storage capacity 

of these soils. 

 

 

 

 

Figure 3.19 Temporal relationship (January 1996 to December 1997) between Darwin 

airport (DA) rainfall (RF), and Howard Springs soil moisture content both 

measured (from Hutley et al. 2000) and estimated from cumulative 

difference between Darwin rainfall and derived evapotranspiration using 

mean A class pan evaporation (to a maximum of 685mm) (from Bureau of 

Meteorology data see Chapter 2) 
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Figure 3.20 Relationships between mean weekly rainfall and mean soil moisture store 

in 1.2m of solum in four MNT soils (data from Calder and Day 1982) 

 

The soil moisture change in response to monthly Darwin airport rainfall for Howard 

Springs and weekly rainfall for Adelaide River has been tested against the power 

function model; the results of which are shown in Table 3.20. 

The relationship between monthly rainfall measured in Darwin and Howard Springs 

and measured soil moisture is insignificant (r
2 

= 0.18) which may be due to distance 

between rainfall gauge (DA) and soil moisture site (Howard Springs), although the 

parameters are similar to the estimated value suggesting a potentially robust 

relationship.  

The relationship, based on simple water balance estimates is significant for derived 

soil moisture (r
2 

= 0.46). 
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Table 3.20 Model summary and parameter estimates for power function relationships 

between rainfall, measured monthly at Darwin airport, and estimated soil 

moisture % for open forest at Howard Springs (data from Hutley et al. 2000) 

and the preceding weekly rainfall (R mm) and measured pedon soil 

moisture % for three well drained pedon groups with only pasture cover 

both measured at Adelaide River (data from Calder and Day 1982)  

M= a (RF)
 b
 

 

Model Summary 
(4 Dof) 

Parameter 
Estimates 

Dof 
r 2 Sig. a b 

Howard Springs (monthly Rainfall )  

Measured soil moisture % 0.18 0.07 15.8 0.03 16 

Estimated soil moisture % 0.46 0.002 16.17 0.05 16 

Adelaide River (preceeding weekly Rainfall )  

Killuppa (SKR) soil moisture % 0.70 0.04 0.08 1.07 10 

Koolpinyah (LKY) soil moisture % 0.95 0.00 1.94 0.45 10 

Stuart (LKR) soil moisture % 0.42 0.16 0.99 0.49 10 

 

3.3.4.3 Depth trend in soil moisture influenced by soil type, 
precipitation and water use 

Data on soil moisture profile changes under improved pasture grasses with and 

without tree cover from Calder and Day (1982) is shown in Figure 3.21. 

The moisture profiles generally follow the classic moisture infiltration curve 

following a rainfall event. They generally range from above FC near the surface to 

below WP at depth. These profiles suggest that preceding weekly rainfall rather than 

the month of the year is a more sensitive driver of SMC, supporting the low soil 

moisture storage capacity of these soils. The LKR soil appear to more sensitive than 

the SKR soil the profile fluctuating from below WP to above FC rapidly in response 

to rainfall. SKR shows similar moisture profiles early and mid season although for 

both SMC decreases rapidly from above FC near the surface to below WP at depth. 
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Figure 3.21 Relationship between available soil moisture % (at matrix potentials>-15bar) under improved pasture (grass) with and without SWL tree 

cover in wetting phase (7
th

 of January ) fully wet (8
th

 of March ) and drying phase (27
th

 of April) on SKR (Killuppa) LKR ( Stuart) and 

LKY (Koolpinyah) soil and the relationship with field capacity and wilting point (%)(data from Calder and Day (1982))

Koolpinyah (LKY) Open 

forest of  

E. tetrodonta E. miniata and 

Erythrophloem 

chlorostachys 

 

Weekly rainfall prior 

to assessment 

Jan 7
th 

6 mm 

Mar 8
th
 91 mm  

Apr 27
th

 20 mm 

Stuart (LKR) 

Open forest  

E. tetrodonta, 
E.miniata   
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SMC is generally higher under trees and grasses compared to grasses alone in the 

surface 20-30 cm and lower at greater depth, particularly early in the wet season 

(January) soils. This difference is greater in poorly drained LKY soils. The 

difference is less apparent in the other two, better drained, soils, particularly in the 

early and mid-wet season. This suggests that in these soils, the more developed 

grasses alone extract as much water as tree and grass mixes. Moisture uptake appears 

to continue at soil moisture levels lower than what is generally considered to be WP 

for both vegetation types, particularly late in the wet season. In LKY soil, during the 

late wet season when water tables develop, moisture reduction is still much greater 

under trees with grasses than grasses alone. Here moisture availability increases with 

depth, indicative of less extraction. 

There is some evidence of zones of increasing moisture extraction under the tree 

grass mix at 40-70 cm when overall soil moisture is low. This is reversed for grasses, 

suggesting that tree root activity dominates here. 

3.3.4.4 Nutrient - moisture relationships under trees and pastures 

Results of correlation analysis between soil moisture and nutrient levels during the 

early wet season wetting phases for combined (three) soils derived from Calder and 

Day (1982) are summarised in Table 3.21. 
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Table 3.21 Results of PCC for the relationship between high rainfall early wet season 

soil moisture content and selected soil nutrients, pH, CEC and clay content 

for SWL communities (from the data of Calder and Day, 1982) 

Pedon 
chemicals  

Dof 
No trees 

r 

Trees 

r 

TKN 11 0.27 0.71* 

PT 23 -0.09 0.31 

Pextr 9 0.10 -0.86** 

ST 23 0.73** 0.72** 

Sextr 45 -0.37* -0.33* 

Kexch 23 -0.02 0.28 

Caexch 23 0.57** 0.56** 

Mgexch 23 0.33 0.56** 

ZnT 45 -0.53** -0.63** 

Znext 45 -0.40** -0.42** 

CuT 35 -0.31 -0.44** 

Cuexch 45 0.18 -0.02 

pH 26 -0.36 -0.06 

FCEC 30 0.23 0.21 

SUMCAT 
CEC 

22 0.20 -0.34 

Clay 22 0.33 -0.32 

Correlation significance (2-tailed) ** at the 0.01 level *at the 0.05 level 

In sites both with and without trees, moisture levels are positively correlated with ST 

and Caexch and negatively with Sextr, ZnT, Znextr and CuT. Additional positive 

correlations under trees are only evident with total N and Mgexch. Pextr correlations 

with soil moisture were negative. Where correlations are positive this suggests 

moisture plays some role in concentrating these nutrients. These may also be sites of 

additions from concentrated fine root decomposition from the previous season. 

Where negative, this suggests zones of nutrient withdrawal accompanying moisture 

extraction.  
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3.4 Synthesis and Discussion 

3.4.1 Introduction 

The role played by climate on the arboreal carbon cycle generally, and potential 

cyclone impact in particular, described in Chapter 2, needs to be seen in the context 

of the capacity of tree roots to access water and associated nutrients moderated by 

the geosphere complex of landform-regolith/soil and underlying rock. Landforms 

govern solar radiation exposure, the flow of wind affecting water loss and cyclone 

impact, and both concentrate or dissipate precipitated moisture depending on 

landscape location. Nutrient interrelationships in this complex are further influenced 

by soil drainage and depth, clay content and the feedback effect from trees associated 

with the above and below ground carbon cycle. The landform soil matrixes 

developed in this part of the study provides the framework for identifying these 

landscape edaphic relationships. 

3.4.2 The geosphere landscape complex 

Pedon groups, broadly categorised according to the ASC terminology (with some 

parent material modifications) and ranked by clay content have been shown to form 

catenae across geologically controlled macro and associated micro landforms. These 

landforms range from eroded uplands through those subjected to in situ weathering 

(lowland) to those dominated by alluvial deposition along stream lines and on 

floodplains. 

This catenae of pedon groups development, is a product of parent material surface 

runoff processes, internal water drainage (infiltration), groundwater fluctuations and 

persistence, coupled with heat, contributing to pedogenesis over both geological and 
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contemporary timeframes.  Soil formation thus parallels tree evolution in this 

landscape. The resulting pedon group spectrum across these landscapes has been 

shown to vary in drainage and, less clearly, depth (controlled by both clay and rock 

including ferricrete), potentially influencing root development and access to  nutrient 

and moisture, in turn influencing both above ground carbon accumulation and tree 

wind stability. 

3.4.3 Geosphere moisture regime 

The sensitivity of the top 1.2 m of soil to preceding rainfall events has been 

demonstrated for monthly rainfall and disturbed Open Forest at Howard Springs 

(Hutley et al. 2000) and weekly rainfall at a lower Adelaide River site where 

understory has been replaced by pasture (Calder and Day, 1982). Here soil moisture 

storage capacity (SMSC) in the SKR soil was exceeded for the whole wet season 

from January to March, and the LKY soil from late February to early April. The 

LKR soil never exceeded Field Capcity FC (-1/3 bars) beyond which water drains 

freely from the rhizosphere. Permanent Wilting Point in these soils is generally 

considered to be -15bars (or -1.5 mPa), coinciding with leaf water potentials of 1.5 to 

2.0 mPa in evergreen and semi deciduous trees and -0.5 to 1 mPa in deciduous (fully) 

trees (Williams et al. 1997). In all three soils, SMSC in the wet season dropped 

below Wilting Point (WP) when weekly rainfall in April was 20 mm or less, much 

less than weekly evaporation (approx 40-50 mm). For the SHC soil this was 

exceeded for all of the wet season, declining in mid-May. 

The relative soil moisture storage capacity (SMSC) showed a gradation within PGS, 

from a median of 10-12.5% for high clay soils, about 4-6% higher than low clay soil. 

Differences between soils are reflected in the Calder and Day (1982) data. For SKR 



Chapter 3: 

Page 186 

at -0.1 bar, values ranged from 4.1 to 7.6%, for LKY soils from 7.1 to 9.1%, for LKR 

soil from 6.3 to 11.4% and for SHC soils from 7.2 to 10.4% (Note 1 bar=0.01 kPa). 

Analysis of Calder and Day data, based on -0.1 bar FC, shows a significant negative 

quadratic relationship between SMSC and clay content (generally increasing with 

depth). This is consistent with findings from Slater (1954), Day (1977), Cook et al. 

(1998b) and Hutley et al. (2000) suggesting that these estimates are robust. 

Field Capacity has been shown in the data from Miller (in Donahue et al. 1983) to 

increase logarithmically with clay content to a maximum moisture content of 38% 

for 60% clay. Data derived from Calder and Day (1982) however suggests that for an 

equivalent clay level, FC is much lower (18-22%). The equivalent FC SMC also 

varies with pedon groups ranging from 7.5% for KRS to 15% for KYL soils 

compared with 15-18% for the Miller sesquioxide soils. This suggests MNT clays 

have 30% lower SMSC but can dry 50% more before plants are stressed compared to 

those assessed by Miller. Studies by Hutley et al. (2000) at Howard Springs indicate 

that the moisture at saturation (FC) for a 3 m profile can reach 23%, a value much 

higher than the shallower soil data of Calder and Day. This is equivalent to 23% 

mean clay content for the profile based on the relationship derived by Miller and is 

consistent with the extrapolated clay levels reported in this study. 

The moisture content at WP in the Peurto Rico Miller data (increasing linearly with 

clay content) show for 20% Clay WP is 7.5%, compared with 4 to 7.5% in the Calder 

and Day data.  At 60% clay content, WP is 25% compared to 15%. Increasing clay 

content with solum depth in this study as well as in situ regolith clay potentially 

inhibits infiltration. Indications are that the profile within the top 1.2 m can fall 
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below WP even in the wet season following prolonged period (1-2 weeks) of no rain 

suggesting that for MNT soils these values are possibly much lower. 

Drainage fluxes which influence the moisture depth profiles in these soils are highly 

variable (0 to >3 md
-1

). They are influenced by the degree of ferricrete and macro-

pore development (Chen et al. 2005), as well as soil moisture storage capacity which 

is low. The saturated hydraulic conductivity of surface soils in the presence ferricrete 

have been reported to range from high by Chen et al. (2005) at Berry Springs, where 

macropores are reported to be “prominent” to low elsewhere, giving rise to perched 

water tables, as reported by Werner and Murphy, (2001) and Calder and Day (1982), 

suggesting further clarification. 

3.4.4 Nutrient dynamics in the Geosphere 

The macro and micro nutrient influencing tree physiology assessed in this study fall 

into two broad groups — anions and cations — the availability of which are 

regulated by what I have called energetic attributes of clay, soil reaction and organic 

carbon, governing cation and anion storage and exchange processes. 

3.4.4.1 Anions 

Levels of total and extractable surface N essential for photosynthesis (Appendix 1.3 

Table 2) identified in this study are similar to those identified elsewhere (Fox 1978, 

Spain et al. 1993, Probert 1993) and show a decrease across the PGS, and with 

increased solum depth. N has been shown to increase with latitude but the trend is 

not strong. 
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Total S and Sextr show similar decreases with depth and across the PGS, although a 

minority of sites showed a positive depth trend, particularly in less fertile soil. This 

may be due to sulphate ions released by solution and weathering. Both trends are 

reported elsewhere (Probert 1993). No trend is evident with latitude, although 

correlation with Fe (possibly as Fe sulphide and sulphate) may influence availability 

with decreasing latitude (Taylor et al. 1993, Foth and Ellis 1997). 

P shows some anomalous behaviour. It occurs in soil solution, mineral forms, 

including mica and as both part of the clay matrix, and exchange sites. Reactions are 

therefore more complex than can be predicted from equilibrium reactions of ionic 

exchange alone. Total P shows a negative depth trend, suggesting a close relationship 

with SOC. Pextr anions, also involved in photosynthesis, are low, which is typical of 

Australian soils (Probert 1993). Positive depth correlation with kaolinitic clay in this 

study is expected because of the capacity for anion sorption on the positively charged 

lattice edges of these colloid plates. This is negatively correlated with iron, as 

bonding with Fe
3+

, forming ion pairs (Norrish and Rosser 1993, Probert 1993) 

restricts P availability at the surface. This can only be reversed where redox reaction 

to Fe
2
 increases availability (Patrick 1964).  Oxide forms of P and Fe are positively 

correlated in the regolith data being significantly higher, yet unavailable, in ferricrete 

and gravel. 

3.4.4.2 Base cations 

Base cations are generally significantly correlated with each other in both soil and 

regolith. They collectively define the sum of cations CEC which are positively 

correlated with soil pH both across the PGS, with solum depth and with latitude 
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forming part of the clay complex (Foth and Ellis 1997). This spatial relationship 

between base cations is evident in both regolith and pedon group data for transects 

linked to the latitudinal transition for siliceous and calcareous parent material. Here, 

water in calcareous aquifers of increasing alkalinity also periodically inundates the 

regolith, no doubt depositing these base cations. They have also been correlated with 

SOC where they are linked to the carbon/nutrient cycle showing negative depth 

trends. 

Total K levels were found to be very high, possibly due to high uranium ore in this 

landscape which gives rise to this breakdown product. It generally increases with 

depth, consistent with weathering. K values are also much higher in agricultural soils 

(LRS data) than undisturbed native vegetation (Bowman, 1992 data) suggesting that 

cultivation does have a residual influence. Bowman (1992) data also showed that wet 

MRF sites had significantly lower values than dry SWL sites. The inverse correlation 

with soil moisture along the monsoon rainforest gradient in this data set suggests that 

these soluble ions are readily leached from these soils. 

 Kexch, although fixed onto clay colloids, is also easily displaced by larger ions such 

as hydrogen and other cations as Ca and Mg (Foth and Ellis 1997), particularly 

where the charge is weak (as in the case of kaolinite) further explaining the depth 

(and spatial) trends between this and other base cations. K can also become deficient 

where levels of N and P are increased (leading to stunted tree growth), explaining 

lower levels in organic rich monsoon rainforest soils. 
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3.4.4.3 Micro cations or trace elements 

All the trace elements, particularly Cu, Mn, as well as Bo were significantly higher in 

soils used for agriculture than for recently cleared savanna woodland (SWL). They 

together with Zn are present in a range of molecular forms contributing to the total 

pool from which extractable forms have also been assessed. 

Total and Znextr and Cu in both soil and, oxide equivalents in the regolith, are 

significantly correlated with each other but often show different relationships. The 

depth trends for CuT and Cuextr are both positive, often linked to siliceous rock 

weathering (Tiller 1993) and negatively correlated with base cations and with pedon 

depth. In fact regolith Cu oxide showed no significant difference between soil and 

regolith strata and a spatial trend of a decrease with latitude into a more calcareous 

landscape. Soil data on the other hand showed a weak increase in soil Cu across the 

siliceous–calcareous catchment transect. This may be a land use anomaly. Although 

ZnT shows mainly positive depth trends, possibly linked to weathering, extractable 

Zn shows no strong trend either way, consistent with other findings (Tiller 1993). 

There is a significant concentration of oxide forms in the ferricrete layer, where both 

Fe oxyhydroxides, and lower oxides of Mn can also concentrate Zn as well as Cu. 

There is also a strong correlation with Mg and Na oxides indicating some base 

affinities, although this is not evident in soils where negative correlations exist. 

Increases in the presence of soluble Zn silicates, possibly from regolith aquifer water, 

would also suggest cyclic deposition in soil accompanying water table fluctuations. 

Mn oxides are complex non-stoichometric oxides of variable composition typical of 

tropical soils. These originate from the breakdown of ferromanganese rock and are 

therefore Fe related (Leeper 1947, McKenzie 1997), although no significant 
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correlations with Fe were evident in the soil or regolith data in this study. Mn shows 

an increase with depth in clay soils and a decrease in lighter soils, with this 

variability also showing up in other studies (Tiller 1993). The exchangeable divalent 

(Mn
2+

) form is considered the best index of availability and no doubt shows both site 

and depth variability. 

3.4.4.4 Fe and Al cations 

Pedon data shows that extractable Fe and Al decrease in concentration across the 

PGS, with depth and with latitude. 

The roles played by Fe on nutrient dynamics particularly of P mentioned above, as 

well being a micro nutrient are both important to carbon assimilation discussed 

further in Chapter 4. Median values for Fe needed for tree growth are in MNT soils 

are adequate (set at 20 mg/kg). Acidic soils high in OM can however result in Fe 

concentrations reaching toxic levels. A positive depth correlation with SOC may 

suggest that this may be the case leading to (organic) chelate formation which 

increase availability. 

For Al, however even very low levels (1 mg/kg) can be toxic and, although none of 

the pedon group median values exceed this, some horizons do and may limit fine root 

development. 

3.4.4.5 Energetic attributes regulating nutrient dynamics 

A number of edaphic attributes influence the storage, distribution and release of 

anions (given less attention here) and cations, the latter identified by CEC in this 

study. Where this measure is derived from sum of exchangeable cations it is linked to 
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clay, but where total values have been derived it has been linked to clay and SOC 

combined. Soil pH, an indicator of hydrogen ion displacement of cations from 

exchange sites, also serves as an important indicator of soil energetic state. 

Clay  

Although no spatial surface clay gradient analysis was undertaken in this study, the 

regolith data shows significant increases in silica with latitude, consistent with other 

observations in MNT (Williams et al. 1996). This is accompanied by a decrease in 

sesquioxides (Fe and Al) evident in both soil and regolith data from this study. The 

higher clay content in Ca rich parent material is consistent with higher clay in 

calcareous Kandosolic pedons and the apparent correlations between clay and both 

pH and base cations in this study and the study by Bowman et al. (1991). 

pH 

A close relationship exists between pH and base cations both of which positively 

correlated in both depth and with latitude in both soil and regolith data across the 

Finnis-Adelaide-Daly river basins. Here the geology shifts from silica to Ca based 

parent material as well as a more base-enriched aquifer chemistry. This is not 

apparent in the Mary River basin transect where silica dominates throughout. 

Soil Organic Carbon 

The SOC assessed in this study shows no significant trend with latitude and varied 

little between pedon groups. Median and maximum SOC% values across PGS and 

across latitudinal gradients in LRS data show little variability with a median value of 

2% decreasing from about 3% at the surface to <1% at depth or from 30-10 t C ha
-1

. 

This falls within the range established elsewhere (Finlayson et al. 1993, Spain et al. 
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1993) although is lower than those reported by Chen et al. (2005) in SWL at Howard 

Springs. Here the power function depth regression model parameters were 

comparable. 

Depth correlation between SOC and total N, P and S noted above suggests that 

carbon is released into the soil as protein and amino acid. SOC-related Ca profiles 

also result from cell wall decomposition or combustion. Such SOC also contributes 

to the CEC forming part of TCEC in this study. 

3.4.4.6 General depth and spatial patterns in nutrients 

A number of different depth trends in chemical concentration were observed in this 

study. These generally followed either a cubic or quadratic relationship, with most 

trends being negative. There was also strong evidence of depth stratification in a 

number of nutrients. Prominent zones of accumulation occur at mean depths of 10-35 

cm, depletion at about 40-80 cm and accumulation again at about 85-105 cm. Most 

soil descriptions identify the A1 horizon as a zone of SOC accumulation (Spain et al. 

1993), the A2 horizon as a depletion or eluviation zone, and the B horizon a clay 

accumulation or illuviation zone (McKenzie et al. 2004). This may be linked to 

physical impediments to root development including not only ferricrete but also 

stoniness, shallow bedrock, increases in bulk density exacerbated by mechanical 

compaction and high clay content with depth as observed in this study. 

In this study, the sub-surface concentration zone coincides with a rapid decrease in 

SOC. The depletion zone below this coincides with the zone of increase in SOC also 

evident in the data from Chen et al. (2004). The zone of nutrient accumulation at 

depth is also a zone of low SOC, generally located above the ferricrete layer or other 
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root impediments in most documented profiles. This pattern is linked to zones of 

increased moisture depletion in the Calder and Day data. Both increases in SOC and 

moisture reduction are indicators of fine root activity and turn over (Janos et al. 

2008) and are explored further in Chapter 4. 

3.4.4.7 Soil moisture regime affects on nutrition 

Nutrients with the solum of the regolith may be precipitated both by downward 

percolation and upward capillary movement. This has been shown to be responsible 

for Fe precipitation and ferricrete development. 

Some other effects of prolonged water logging on the edaphic environment of trees 

are summarised in Table 3.24. Ca has been reported to accumulate under poor 

drainage conditions (Foth and Ellis 1997) explaining higher levels on wetter high 

clay sites. It is also recognised that Mg is less strongly adsorbed and is readily lost by 

leaching in lighter soils, resulting in more accumulation in wetter sites. This possibly 

explains differences in observed surface accumulations between dry and wet 

communities in the Bowman (1992) study. 

Water logging also generally reduces Mn by increasing solubility, although excessive 

water logging and CO2 accumulation can also lead to MnCO3 precipitation, 

decreasing Mn
2+

 in solution. Water logging of acidic soils high in Mn
2+

 can therefore 

contribute to plant toxicity. There is an equilibrium between Mn and the easily 

reducible Mn forms, ranging in valency from three to four favoured by redox 

conditions (Jackson 1958), which can influence concentrations at the surface or 

depth (Leeper 1947, McKenzie 1977, Taylor et al. 1993). 
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Significantly higher Fe levels are also associated with higher clay and wetter pedon 

groups, supporting this moisture relationship. These chemicals may be deposited and 

concentrated near the surface from high wet season groundwater. As mentioned 

above, under reducing conditions Fe
2+

 displaces base cations from exchange sites 

into soil solution with re oxidation producing Al-clays and acidification; a process 

known as ferrolysis. This process dominates in soils at pH<6.8 typical of MNT 

increasing with a reduction in redox potential and pH leading to laterization. 

Figure 3.22 Some effects of water logging in pedon attributes affecting tree growth 
(Ponnamperuma 1984) 

Thermal change Reduced albedo  

 Decreased thermal diffusivity  

Gaseous change  Gas diffusion decrease  

 Oxygen depletion 

 Nitrogen, carbon dioxide methane hydrogen increase 

Volume change  Swelling of colloidal clay 

Rheological and structural change  Decrease cohesion, structure (aggregation) and strength 

 Exceedance of liquid limit and lowering of shear strength and 
compression 

Biochemical change-anaerobic 
bacteria  

Denitrification, nitrogen fixation and ammonia formation slow 
oxidation of nitrite to nitrate  

Manganese, iron, reduction (greying and greening)  

Sulphate reduction to pyrites and sulphur, and reoxidation 
with acidification 

Methane formation  

Reduced organic matter breakdown releasing carbon 
dioxide, methane and humic material and ammonium  

Ionic change  Reduction of manganese iron and sulphate ions, making 
them more soluble 

Increase in solubility of phosphorus, (ferrous form) and 
silicon and 

Increase in potassium concentration. 

Electrochemical change–reduction  Lowering redox potential. Increase pH in acid soil and 
decrease in alkaline soils, electrical conductance increase 
(ion displacement) followed by decrease  

Ion removal, reduced, increase  

Ionic strength, CEC increase in acid soils and decrease in 
Alkaline soils, absorption and desorption 
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3.4.5 Discussion and concluding comments 

Tree roots opportunistically extract resources at depth where growing conditions are 

favourable. These are either used in situ or stored for when the need arises. The 

physical, hydrological and chemical attributes of the rhizosphere all contribute to 

such root development, resource uptake and photosynthesis, with feedback effects on 

root development, carbon storage and tree stability. 

In the absence of impediments, soil moisture and nutrient flow involved on carbon 

accumulation are involved in a dynamic interaction between weathering of parent 

material, aerial deposition, in situ leaching and deposition by fluctuating surface and 

ground water regimes and soils varying in moisture and nutrient storage capacity. 

Resulting trees contribute to the OC store through surface litter together with 

decaying roots, particularly fine root turnover examined further in Chapter 4. Such 

SOC plays a role both in carbon sequestration, but more importantly in nutrient 

dynamics. SOC and OM supports a range of invertebrate fauna, including termites, 

involved in litter break down and commutation as well as bacteria and fungi involved 

in OM conversion and symbiotic nutrient assimilation. These draw on C energy for 

N and P conversion. 

Soil carbon levels have been shown to range from 53 t C ha
-1

 at the surface to 15 t C 

ha
-1

. Higher surface values have also been reported in arboreal communities assessed 

by Bowman (1992) and Bowman et al. (2004), who found values are lower in 

savanna woodland (SWL) compared to monsoonal rainforest (MRF), consistent with 

increased moisture and biomass turnover and with fire preclusion. Litter production 

near the surface, and fine and coarse root turnover at depth both play a role in 

generating the strong negative OC carbon depth trends. Impediments to this process 
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are both physical, such as strong clay and ferricrete development, chemical, 

including those which are toxic, and hydrological, such as water deficits or excess 

involving seasonal ground water build up within the rhizosphere. These most likely 

hinder access to soil resources for carbon assimilation as well as influence tree root 

stability in cyclones. 

The interaction between soil and moisture influences the anchorage strength of the 

root ball of trees by cohesion forces. This is generally higher in the high bulk density 

silts and clays (Dermosols) and organic rich soils (Organosols) and in soils with high 

frictional forces and shear strength, such as in coarse-textured soils (Tenosols). Shear 

strength of clay rich soils is also affected by the ‘platyness’ of the soil. This is 

characterised by the Mohr-Coulomb law, which states that the friction (shear 

strength) between the shear lines within the soil is a function of cohesion, which 

increases as friction angle decreases with increased fineness of texture. 

The affects of moisture on soil mechanical properties are defined in terms of 

Atterberg limits. These are particularly useful for defining the shearing strength of 

roots moving through soils and their resistance under pressure. Such limits in 

particular reflect the clay mineral constituent of the fine fraction. Kaolinite clays with 

a platy structure, such as those dominating the MNT, have a lower limit compared to 

montmorillonite (with high flocculent structure). The sheets comprising kaolinite are 

easily separated when under stress, predisposing them to distortion and offering little 

resistance to root movement. This has also been found to be more definite in H
+
 

saturated kaolinite clay typical of cyclone-affected MNT, than in Ca saturated clays 

further south. High Atterberg values are also associated with organic rich soils, 

suggesting that apart from the carbon storage and nutrient benefits described in this 
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study, this may also enhance resistance to root failure in the kaolinite rich soils. 

These issues are explored further in the thesis. 
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Chapter 4 Cyclone Ecology and the carbon cycle in 

naturally evolved arboreal ecosystems 

of Monsoonal Northern Territory 

4.1 Introduction 

This part of the study examines the role of genetic and environmental regulators 

influencing carbon accumulation and distribution in naturally evolved arboreal 

species and communities across MNT landscapes and how these influence storm and 

cyclone impacts. 

4.1.1 Tree species evolution and adaptation 

The tree species that have emerged in MNT landscapes include a ‘Gondwanan’ and 

an ‘intrusive’ arboreal element, with distinct evolutionary pathways that have been 

well documented in the Australian literature (Truswell 1986, Truswell et al. 1987, 

Barlow and Hyland 1988, Truswell 1990, Kershaw et al. 1991, Pole 1993, Rozefelds 

1996, Ladiges 1997). 

The ‘Gondwanan’ element includes species with a long history in Australia and has 

two sub elements, ‘Relict’ and ‘Autochthonous’. The former comprises residual taxa 

with affinities to flora on land masses and associated environments with which 

Australia was once connected. The latter comprises taxa which exhibit isolated, 

evolutionary diversification on the Australian plate (Barlow 1981). Pleistocene 

glacial fluctuations in climate have been most significant in shaping contemporary 

ecosystems. 
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 The intrusive element comprises species that have, most likely, more recently 

colonized from tropical landmasses in close proximity to Australia and MNT, 

particularly from the Sundra Arc. These constitute most of the tree flora of monsoon 

rainforest patches (Bowman 1988). 

These emergent communities, mapped by Wilson et al. (1990), comprise a matrix of 

multi-age savanna woodland (SWL) and associated open forest (OF) communities of 

mixed species hardwood species dominated by Eucalyptus and Corymbia genera 

(called “Eucalypts” here). These are interspersed with patches of monsoon rainforest 

(MRF) of mixed hardwood, lightwood and softwood species (with pan tropical 

affinities), possibly in more favourable environments. These communities are 

separated by ecotones of species from both communities. Species in these 

communities and some of their attributes are described in detail in a number of 

popular publications (Brock 1988, Wightman and Andrews 1989) and with more 

detailed records and publications from the NT Herbarium. The more dominant SWL 

and OF species in these communities are listed in Appendix 4.2 Tables 1 and in MRF 

in Table 2. 

The morphology and frequency distribution of species within these communities, and 

their relative abundance across MNT landscapes can be linked to the evolutionary 

genotypic and phenotypic traits adapted to cope with often extremes of climate and 

soil influencing water use and the nutrient cycle accompanying CO2 assimilation and 

redistribution. Stress from fire, floods, droughts and storms, as well as autotrophe 

competition and heterotrophe predation have all played a role in natural selection. 
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The ecological impacts of fire, in particular, have been well documented in MNT 

(Bowman 2000, Russell-Smith et al 2003, Bowman and Prior 2004) and provide 

insights into disturbance impacts. Disturbance of arboreal communities is obviously 

also associated with storms and cyclones (Bowman and Panton 1994) the study of 

which has received less attention (Williams and Douglas 1985, Fox 1980, Cook and 

Goyens 2008). Herbivore impact from grazing mammals (Werner 2005) and termites 

(Fox and Clarke 1972, Andersen and Jacklyn 1993) as well as accompanying 

influences of grass competition (Belsky 1994, Scholes and Archer 1997) are other 

stressors on these communities. The interactions between these influences and their 

implications for the arboreal landscapes of the MNT are addressed in this study. 

Indicator attributes of carbon accumulation and cyclone vulnerability 

Morphological attributes identified as directly linked to tree damage in storms and 

cyclones, are diameter at 1.3m (DBH) (Bowman and Panton 1884, Kanowski et al. 

2008), height (King 1986, Williams and Douglas 1995), slenderness ratio (Dunham 

and Cameron 2000) or taper, being the ratio of height to DBH (the reverse to that of 

Matlack et al. 1993),  canopy cover (Francis 2000), and root morphology (Fraser 

1962). These attributes, together with leaf total area (O’Grady et al 1999), phenology 

— particularly individual leaf area thickness — mass per area, density and median 

life spans and related carbon assimilation rate and chlorophyll content (Prior et al. 

2004), in turn linked to fine root growth (Werner and Murphy, 2001, Eamus et al. 

2002, Janos et al. 2008), all are emergent properties of the complex dynamic 

interaction between hydrological, biochemical and carbon cycles driving 

photosynthesis.  Conversion of assimilates to above- and below-ground carbon 

accumulation, is reflected in height and more specifically diameter increment, and 

resultant cumulative carbon stock.  It is argued that this both influences, and is 
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influenced by, tree resistance and resilience to storm and cyclone disturbance, which 

is the focus of this chapter. 

4.1.2 Spatial patterns in arboreal communities 

In this part of the study, the relationship between the climatic and edaphic 

environment, described in Chapter 2 and Chapter 3, and the composition and 

structures of arboreal communities across latitudinal and topographic gradients of 

MNT are explored. In particular, it integrates findings of catchment-based landscape 

relationships from experienced land resource surveyors (Aldrick and Robinson 1972, 

Foster and Fogarty 1975b, Wells and Harrison 1978, Day et al. 1979, Fogarty et al. 

1979, Fogarty et al. 1984, Lynch and Wilson 1998, Napier and Steen 2002). This 

complements more detailed published landscape ecological information for a range 

of locations within these gradients and catchments, which are drawn on for this study. 

These include studies in hilly terrain of granitic intrusions (Kirkpatrick et al. 1987), 

sandstone high plateaus (Kirkpatrick et al.1988, Bowman and Wilson 1990) and 

wetlands (Bowman and Wilson 1986). Of particular interest to this study are species, 

and associated communities, in spatially separated climatic and edaphic 

environments, with different disturbance regimes and, more particularly, the impact 

of Tropical Cyclone Tracy in 1974. Some of these ecosystems have been identified 

as part of the North Australian Tropical Transect (NATT) project discussed in 

Chapter 1 (Williams et al. 1996, Cook et al. 2002) located both within the Cyclone 

Tracy tract in Darwin, Howard Springs and Humpty Doo (O’Grady et al. 1999, 

Hutley et al. 2000) and outside the tract in Kapalga (Werner and Murphy 2001, Prior 

et al.  2000) and Berry Springs (Prior et al. 2004) where some have also been 

assessed for localised storm damage (Williams and Douglas 1995). 



Cyclone Ecology and the carbon cycle in naturally evolved arboreal ecosystems 

Page 205 

Monsoon rainforest communities — generally unburnt — also show spatial 

variability in composition and structure across the MNT landscape (Bowman et al. 

1991, Prior et al. 2006). These also have been assessed for carbon stock and 

accumulation with some assessed in more detail for cyclone impact (Fox, 1980). 

Comparative analysis between these emergent communities (Bowman 1992, Prior et 

al. 2003, 2004) provides useful information for understanding the drivers and 

regulators of carbon accumulation and their relationship to cyclone disturbance and 

tree vulnerability. 

4.1.3 Morphological and allometric relationships 

Allometric relationships used in this study are based on fundamental physiological 

relationships between weight/volume and associated tree attributes, particularly 

diameter at 1.3m (DBH) as dictated by the need for mechanical strength and water 

flow and storage. Water flow and storage in trees is modulated by constraints which 

maintain dimensional relationships between canopy foliage, branch biomass and 

trunk biomass and supporting diameter or basal area (Attiwill 1965) as well as 

between canopy and root biomass.  These functions are interrelated, if not 

interdependent. 

Allometric relationships, primarily between DBH and above ground biomass (AGB), 

are well documented in Australia (Attiwill 1966, Westman and Rogers 1977, Crow 

1978, Caborn et al. 1979, Stewart et al. 1979, Specht and Specht 1999), including the 

subtropics (Harrington 1979, Satoo and Madgwick 1982, Brown et al. 1989, 

Harrington and Debell 1996, Grigg and Mulligan 1999, Burrows et al. 2000, 

Ostendorf et al. 2004, Montague et al. 2005) and MNT in particular (Finlayson 
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1993a, O’Grady et al. 1999, Eamus et al. 2000b, Werner and Murphy 2001, Williams 

et al. 2005). 

Relationships between DBH and below ground biomass (BGB) have been less well 

documented (Attiwill 1966, Westman and Rogers 1977, Crow 1978, Caborn et al. 

1979, Stewart et al. 1979, Specht and Specht 1999) particularly from northern 

subtropical Australia (Harrington 1979, Satoo and Madgwick 1982, Brown et al. 

1989, Harrington and Debell 1996, Grigg and Mulligan 1999, Burrows et al. 2000, 

Ostendorf et al. 2004, Montague et al. 2005) and MNT (Werner and Murphy 2001, 

Eamus et al. 2002, Chen et al 2004, Janos et al 2008). Studies from MNT drawn on 

here provide limited information on carbon storage, root water and nutrient 

extraction, and resistance to root failure. From such studies, root/shoot ratios 

(Mokany et al 2008), important for predicting carbon distribution as well as tree root 

stability, can also be derived. 

Information on incremental growth (Prior et al. 2005) and tree and stand water use 

(Cook et al. 2002, O’Grady et al. 1999, Kelly et al. 2007) is also useful for assessing 

absolute and relative inter-community dynamics involving carbon assimilation and 

storm impact in this study. Particular attention has been given to the species and 

community data on the relationships between periodical annual increment in 

diameter (PAI DBH) and the relationship with phenology, carbon assimilation and 

chlorophyll content and habitat factors that influencing leaf moisture and nutrient 

status, which are both recognised as important regulators (Prior et al. 2004). 

This information will be drawn on to explore the carbon cycle of various arboreal 

ecosystem in the MNT, and how this affects trees in cyclones. 
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4.2 Method 

General catchment and specific locations in MNT from which landscape ecological 

information, used in this study, has been derived is shown in Figure 4.1. 

 

 

 

 

 

 

 

Figure 4.1 Location of regions within catchments from which broad arboreal landscape 

patterns (on Left) and more detailed ecological relationships (on right) have 

been derived. 
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4.2.1 Synthesis and comparative analysis of arboreal community 
structure, growth rate and carbon accumulation and cyclone 
effects for studies within and across MNT landscapes 

4.2.1.1 Study site details for all communities investigated 

Data has been compiled from published research of SWL, OF and MRF communities 

from a range of sites and along environmental gradients across MNT. Detail of sites, 

from which data has been drawn, are shown in Table 4.1 and also Figure 4.1.
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Table 4.1 Study sites environment and disturbance history (See location in Figure 4.1.)  

Sites Com Lat (S) Long (E) 
Stem 
density 
(Trees ha-1) 

Stand 
Basal area  
(m2 ha-1)  

Rainfall 
(mm) 

Geosphere 
Hydrology  
In wet season 
 WT= water table  

Disturbance  
History 

Source 

1.Kapalga 
 

SWL 12o 24 132 o 22 1002 6-10 1400 Shallow Gravelly Red and Yellow 
Kandasol (0.5m) /ferricrete 

 inundation Grazing, Fire  
with some 
exlusion plots 

Williams and Douglas, 1995 
Werner and Murphy 2001, 
Cook et al.2005, Prior et al. 
2006 

2.Howard 
Springs  

OF 12 o 30 130o 45 520-693 8-10 1600 Deep Massive Red and Yellow 
Kandasol /ferricrete at 1-2m 

1-2m WT 
  

Fire, TCTracy 
 

O’Grady et al. 2000, Chen et 
al. 2004, 2005 

3.Berry Springs 
 
 
 
 
 

 
OF 
 
SWL 
 
OF 

12o 70 130o 99  
3350 
 
2625 
 
2881 

 
16 
 
10 
 
17 

1600  
Deep (>1m) Massive red 
Kandosol/ferricrete at 1m 
Shallow earthy Shallow, Dermosol, 
gravel over rock  
Organosol (organic matter over clay)  

 
1-2m WT 
 
 
 
Inundated 

Grazing  
No fire 10 years 

Prior et al. 2003, 2004 
Janos et al. 2008 
Chen et al. 2002, 2005 
Prior et al. 2003, 2004 
Prior et al. 2003, 2004 

4.Darwin  
d.Berrimah 
(TERS) 
e.Casuarina 
(CDU) 

 
 
OF 

 

12 o 25 

12o 22 

 

130o 53 

130o 45 

 
650 

 
11.5 

1710  
Deep (>1m) sandy red 
Kandosol/ferricrete at depth  

 
1-2 WT  

TC.Tracy, 
no fire  

Eamus et al. 2002 

Humpty Doo OF 12o 30 130o 45 650 11.5 1600 Deep (>1m) sandy red 
Kandosol/ferricrete at depth 

 Burnt frequently,  Williams et al. 2005, Cook et 
al. 2002, Eamus et al 2002 
O’Grady et al. 2000 

6.Mary/Adelaide 
R  
a. 
b. 
c. 
d. 

OF 12 o 40 131o 33  ? 1500  
Sandy Red Kandasol /ferricrete 
Lateritic Red Kandasol/ferricrete 
Latertic Yellow Kandasol/ferricrete 
Sandy chromic hydrosol 

 
 
1-2m WT  
Inundated  

Cultivated Pasture  
and tree  

Calder and Day. 1981 

Katherine SWL/
OF 

14o  27 132 o 16  5 1126 Sandy Red Kandasol   Williams et al. 2005, Cook et 
al. 2002 

Manbulloo SWL/
OF 

14o 28 132 o 10  4.5 930 Sandy Red Kandasol   Williams et al. 2005, Cook et 
al. 2002 
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Stand and species attributes data available from the various studies in Table 4.5 or derived in this study are summarised in Table 4.2. 

Table 4.2 Stand and tree attributes assessed in the ecological investigation across MNT (X) and derived (D) and drawn on in this study (X provided 

data D derived data) 

Attributes Units 
Williams et al. 

(2006) 

Werner and 
Murphy 
(2001) 

O’Grady et 
al. (2000) 

Prior et al. 
(2003/2004) 

Prior 
et al. (2006) 

Williams and 
Douglas 
(1995) 

Bowman et 
al. (1991) 

Bowman 
(1992) 

Fox 
(1980) 

Stand  

 SWL/OF SWL OF 

SW, OF 

Swamp 

MRF 

SWL SWL MRF 
Wet and dry 
SWL and 
MRF 

Dry 

MRF 

Basal area m2 ha-1 X X X  X    D 

Mean DBH cm         X 

Mean taper       X    

Density Tot  

DBH class 

Frequency  

Ba 

No  

X 

 

X 

X 

 

X 

 

X 

 

X 

 

 

X 

 
X 

X 
X 

AGB/ 

Carbon stock 

T ha-1 
TC ha-1 

 
D 

D 

D 

D 
 

D 

D 
  D D 

Species           

Height m X   X    Db D 

DBH cm X   X      

Frequency m2        X  

 No ha-1 D        D 

Taper  D        D 

TAGB Kg D        D 

Tree carbon stock Kg D         

DBH increment Cm yr-1    X X X    

No assessed     6-12     47 

Plot size m2 m2    10 to 20 10    400 

Assessment Year  Various 1985 1998 2001/2 1990/91 1992 1990 1990 1978 
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There is no age data for trees measured. Broad categories used here are “small” (S) 

which included “juvenile” (<1.5m height), and “saplings” (<5cm DBH) and “adults” 

(>5cm DBH) (defined by Prior et al. 2006) separated into “intermediate” (I) (5-20cm 

DBH) and “large” (or adult (L) (>20cm DBH). The small and intermediate classes 

are considered age-related but may also be either suppressed or dominant variant of 

the same age, so size qualifiers are preferred. 

The mid-intermediate diameter range, of 10 and 15cm DBH, was chosen as a 

standard for comparative analysis across parts of the studies. 

Monsoon Rainforest data 

Environmental conditions bearing on the state of Monsoon Rainforests (MRF) 

communities, examined in this study, are summarised in Table 4.3. 

Table 4.3 Location plot numbers soils of Monsoon rainforest communities 

Location No Rainfall Soils Source 

Leanyer- Darwin 
1 1700 Organosol 

Prior et al. 2003, 
2004 

Lee Point-Darwin  1 1700 Sandy Tenosol Fox 1980 

East Point-Darwin  1 1700 Deep Red Kandosol Fox 1980 

Gunn point  1 1700  Fox 1980 

Across MNT sites 433 1700-1500  Bowman et al (1991) 

Wet MRF, Dry MRF    Bowman (1992) 

 

The data from Fox (1980) of cyclone damage is limited by the absence of 

morphological information. Consequently data for related Dry MRF from Bowman 

(1992) has been integrated with his data set. Some comparisons between parameters 

assessed are summarised in Table 4.4. 
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Table 4.4 Dry monsoon rainforest stand and species structural and morphological 

attributes assessed in the Fox (1980) and Bowman (1992) studies 

Information Fox (1980) Bowman (1992) 

Location 3 sites 98 sites 

Statistic  Mean, sd, range Mean and se 

Stem density For 400m-2 For Stand and diameter class 

Height For stand Stand canopy height 

DBH For stand Density by classes 

Basal area Derived from DBH For stand and species 

Number of individuals Number per species Frequency % species 

 

These data sets have been evaluated for compatibility in structure and composition 

based on the following- 

Size class distribution in both the Bowman and Fox data, 

Density estimate for the largest trees only, 

Stand statistics for trees with H >5m (Fox data) and for DBH ranging from 6 to 

100cm using Bowman et al (1992) data. 

Species frequency common to both communities using PCC (see Table 2 Appendix 

4.2). 

Partial data from Bowman (1992), applied to species defined by Fox (1980) used 

density levels of the largest trees, down to about 60 stems ha
-1 

(assumed to have been 

used by Bowman loc cit). 
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4.2.1.2 Savanna woodland and open forest ecology 

4.2.1.2.1 Above-ground tree morphology statistics 

DBH, height and taper 

Data on tree height and DBH and derived taper, and the relationship between these, 

have been modelled and comparisons made for individual and pooled species in: 

Humpty Doo and Katherine (Williams et al. 2006) for species in 2 size classes 

Kapalga (Werner and Murphy (2001) 

DBH, total and foliage biomass and carbon relationships 

General allometric models have been established for relationships between: 

DBH and above ground biomass (AGB) 

Sites at  

Katherine (Eamus et al. 2000) 

Humpty Doo (Eamus et al. (2000) and derived from Williams et al 2006) 

Kapalga (Eamus et al. (2000a) and Werner and Murphy 2001) 

Howard Springs (Eamus et al. (2000a) and O’Grady et al. 2000) 

Species - 

Eucalypt sp O’Grady et al. (2000), Eamus et al. (2000a) 

Melaleuca sp, Finlayson et al. (1993) 

DBH and AGB across species using data derived from Dr. Hutley and Dr Cook (pers. 

comm.). 
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Basal area and AGB of tree components across species based on Linear coefficients, 

from Cook et al. (2005) for Kapalga. 

All biomass data was converted to carbon equivalents by the multiple 0.49 for wood 

and 0.47 for leaves. 

4.2.1.2.2 Below-ground fine and coarse root biomass and carbon stock 

Details of SWL and OF roots studies, undertaken across MNT, have been drawn on 

as shown in Table 4.5. These studies provide absolute and relative estimates of total 

and fine root biomass with depth, as a function of community type and disturbance 

history. 

Table 4.5 Details of root studies undertaken in MNT communities 

(See Table 4.1 for site information.) 

 
Location Year Method Method 

Coarse 
roots 

Fine roots 

Werner and 
Murphy 
(2001) 

Kapalga 
SWL 

1985 1.5 Trench 
exposure  

Weight of 
excavation  

10 trees 
>15cm 

 

Eamus et 
al. (2002) 

Darwin/ 

Humpty Doo 

SWL 

1998 

Once 

2m Trench 
exposure 

Weight of 
excavation 

>1cm  

>5cm 

>1mm 

>10mm 

Chen et al. 
(2004) 

Howard 
Springs OF 

1999/2000 

8 months 

Mesh bags 
50cm deep 
in soil 

Weight of 
extraction 

Nil <2mm 

Janos et al. 
(2008) 

Berry 
Springs OF 

1997/98 

6 months  

Rhizotron -
glass face 
1m deep  

Length and 
weight 
conversion  

Nil <5mm 
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Total root biomass and distribution 

Allometric relationships between DBH, size class and root biomass have been 

established and evaluated based on data from Werner and Murphy (2001) for a 1m 

solum at Kapalga and for a 2m solum in Darwin (Eamus et al. 2002). 

Species variability 

Data on relative root biomass have been compiled for evergreen E. miniata and 

E.tetrodonta, and non eucalypts E. chlorostachys for two sizes and for deciduous 

non-eucalypts T. ferdinandiana and P. careya. 

Fine root distribution, soil depth and season 

Combined absolute and relative distribution for fine root weight per square metre 

have been derived from data compiled by Eamus et al. (2002) (n = 1) in Darwin, 

Chen et al. (2002) (n = 8) in Howard Springs (both < 2mm diam), and Janos et al. 

2008 (n = 6) and at Berry Springs (< 5mm diam) where length was converted to 

weight (10.2 m = 1g). This data has been analysed to assess community differences 

in-: 

Mean cross-seasonal percentage distribution in 

0-25cm and 25-50cm depth range  

0-50cm and 50-100 cm depth range 

Seasonal variation in fine roots distribution with depth in the latter two sites. 
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4.2.1.3 Comparative ecology of savanna woodland, open forest and 
Monsoon rainforest 

4.2.1.3.1 Stand DBH/basal area and biomass relationships by sites and biomass 

carbon accumulation rates 

Comparative analysis of frequency and basal area, across diameter classes, 

cumulative stand density and basal area, have been estimated for wet and dry MRF 

and SWL across MNT, (Bowman (1992), OF affected by TC Tracy and fire at 

Howard Springs (O’Grady et al.2000) and for two SWL generally burnt sites 

assessed by Werner and Williams at Kapalga (Prior et al. 2006). This data has been 

synthesised to establish AGB and BGB for stands, from appropriate allometric 

models which have also been used to determine root to shoot ratio (R/S ratio).  

4.2.1.3.2 Species phenology and community relationships influencing carbon 

assimilation 

Data compiled from Prior et al (2003) (see Box 4.1 and paper for details), with 

phenological description (deciduous, semi-deciduous and evergreen) by Brock 

(1988), shown in Appendix 4.2 Table 1, has been used to establish relationships 

between photosynthesis, foliar traits and community traits. One way ANOVA was 

used to test for significance of differences between means. 

4.2.1.3.3 Carbon accumulation rates by species and community attributes 

Periodic annual increment (PAI) diameter (DBH) related to biomass and carbon 

accumulation has been assessed for SWL, at Kapalga, both burnt in the early dry 

season and from which fire was precluded for the year of assessment (Prior et al. 

2006). Annualised relative positive monthly DBH increment has also been assessed 
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for undisturbed SWL, OF and swamp woodland at Berry Springs and dry monsoon 

rainforest in Darwin (Prior et al. 2004). 

One-way ANOVA has been applied to test for significance in difference in growth 

rates between phenological groups and leaf longevity. PCC analysis was used to 

establish relationships with leaf morphology and photosynthesis attributes as shown 

in Appendix 4.2 Table 3. 

4.2.1.3.4 Water use and total carbon assimilation rate determination 

Data provided by Dr L Hutley and Dr G Cook (pers. comm.) and from O’Grady et al. 

(1999), for SWL have been re-analysed and extended to basal area-water use 

relationship. 

Data for SWL DBH class density from Prior et al. (2006), and O'Grady et al. (2000), 

and for and wet and dry SWL and MRF from Bowman (1992) have been converted 

to estimated monthly and annual water use. Equivalent annual (x12 monthly) gross 

community carbon increments have been assessed using water use efficiency value 

(WUE) of 1.08 derived from Cook et al. (2005) (see Appendix 1.3). 

Site and community effects on stand water use /carbon assimilation rates have been 

derived from water use data sets O’Grady et al. (1999), Cook, et al. (2002), Kelly et 

al. (2007), using DBH class or basal area stand parameters established in section 

4.2.2.3.1 and remodelled to reflect annual carbon increments per hectare by 

conversion to carbon equivalents using the multiplier of 1.08 (g C kg 
-1

) (from Cook 

et al. 2005). 
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One-way ANOVA and Chas been used to test for significance in difference in 

saturated leaf water content and phonological groups. PCC analysis has used to 

establish relationship with leaf longevity, morphology and photosynthesis attributes 

as shown in Appendix 4.2 Table 3. 

4.2.2. Environmental influences on water use and carbon 
assimilation 

4.2.2.1 Geosphere influences on emergent tree species distribution 
and community structure, bearing on carbon storage and 
cyclone vulnerability 

4.2.2.1.1 Geosphere influences from land resource survey (LRS) data 

Data from predominantly savanna woodland (SWL) and open forest (OF) have been 

derived from the same land units identified and mapped across the Adelaide-Finniss-

Daly River and Mary River basin gradients detailed in Chapter 3 and summarized in 

Table 4.6. 

Table 4.6 Details of LRS sources and locations used in this study 

Major 
Catchment/drainage 

basin 
Land assessors Location 

Land systems description with land unit identified 

Adelaide River and Finniss 
River 

Wood, Fogarty and Day (1985) Darwin region  

Land unit description with land systems identified 

Mary River  Napier and Steen (2002) Upper Mary catchment  

Finniss River  Fogarty, Lynch and Wood (1984) 
Elizabeth, Darwin and Blackmore 
river catchments  

Adelaide and Finniss river 
Fogarty, Howe and Dunlop 
(1979)  

Darwin area 

Adelaide River Wells and Harrison (1978) 
Howard springs –Humpty doo 
area  

Adelaide River  Foster and Fogarty (1975) Mt Bundy  area  

Daly River   Aldrick and Robinson  1972 Katherine and Daly basin area  
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Species and community information, assessed for 400 sites, has been compiled and 

combined with geophysical information presented in Chapter 3. These have been 

analysed for statistical relationships using non-parametric multidimensional scaling 

(NMS) and Kendall tau-b Correlation Coefficient (KTBCC) analysis using PC Ord 

described in detail in Appendix Box 1 Appendix 1.1. 

Species presence (absence inferred) 

Information on tree species assessed in this study are summarised in Table 1 

Appendix 4.2. 

The total number of land units with species present have been documented and 

assessed.  Structure has been standardised using a modification of existing 

approaches (Walker and Hopkins 1984, McDonald et al. 1998, Napier and Steen, 

2002), as shown in Table 4.7. 

Table 4.7 Savanna arboreal community structure categories used in this study 

Code Description Code Description 

CF (L)  Dense forest LOF Low open forest   

TOF Tall open forest  VLWL Very low tree to dense shrubland 

MOF Medium to tall Open forest  MOWL Medium very open woodland  

TWL Tall open woodland  LWL Low open woodland  

TOWL Tall very open woodland  LOWL Low very open woodland  

LCF Low closed Forest  MWL Medium woodland  

 

To facilitate statistical analysis, vegetation disordered data have been ordered using 

categorical multistate rating on a scale of 0-1. Descriptive or qualitative relative 

height classes (HI) are rated as in Table 4.8. 
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Table 4.8 Height categories, height measurement range and height index range 

Height classes 
Height range 

(m) 
Height index 

Tall (vt) >20 0.9- 1.0 

Tall –medium (t) 12.01-20.0 0.7- 0.8 

Medium (mh) 6.01-12.0 0.5 -0.6 

Low (l) 3.01-6 0.3 -0.4 

Very low (vl) <3 0.1 -0.2 

 

Descriptions of estimated relative canopy cover classes (CI), based on interpreted 

canopy spacing from standard cover categories, allowing for denser tree canopies, 

have been ranked as shown in Table 4.9. 

Table 4.9 Cover classes, Crown cover and cover index range 

Cover class 
Crown cover 

(%) 
Cover index 

Dense (forest) >70 0.9-1.0 

Open (open forest)  50-79 0.7-0.8 

Very open (woodland 20-49 0.5-0.6 

Sparse (open woodland)  10-19 0.3-0.4 

Very sparse (open woodland  <10 0.1-0.2 

 

A p-p test on HI and CI has been used to verify normality allowing for further 

statistical analysis, with transformation as required. 

Landform and soil effects 

Landform nominal data, related to tree composition and structure, for related land 

units (see Chapter 3), have been assessed as follows - 
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a. Macro landform and species frequency 

Tree species presence/absence data for each macro landform have been summed and 

converted to a percentage using the pivot table facility in Excel. Non-parametric 

multidimensional scaling (NMS) (Box1Appendix1,1) was used to establish 

multidimensional macro-landform relationships ranking in tree species space.  

Descriptions, derived from Brock (1988), of species distributions have been used for 

verification purposes. 

b. Slope effects 

HI and CI have been plotted against land facets and slope, partitioned for low 

(<10%) and high (>10%) relief to provide an indication of the role of landscape 

position on tree and community growth. Pearson’s Correlation Coefficient (PCC) 

have been determined for the relationships between HI and CI and each assessed in 

relationship to low (< 7 %) and high (10-40 %) slope landscape-based units. 

c. Soil effect 

Mean community structure 

Relationships with the pedon group spectrum 

Mean HI and CI has been assessed for each pedon group within the spectrum 

analysed in Chapter 3 and their relative distribution plotted. 

Relationships to depth and drainage 

A 3-D least mean square plot in STATISTICA has been used to assess interactive 

relationships between both HI and CI and ranked soil depth, and drainage analysed 

separately using PCC. 



Chapter 4: 

Page 222 

4.2.2.1.2 Soil nutrient-tree growth relationships 

Bowman (1992) data 

Relationships for MRF have been established between predominant Sba and surface 

soil moisture and pH from data compiled by Bowman (1992) in nine spatial 

segments across northern Australia including MNT. 

Prior et al (2003, 2004) nutrient and growth data 

This data source provides information soil total Kjeldahl Nitrogen (TN) and Total 

phosphorus (PT), foliar N and P and N/P ratio for 24 species in three phenological 

guilds in the four communities (Appendix 4.2 Table 3). The data was analysed to 

establish correlation with foliar nutrients and with soils. 

Prior et al. (2003) data was used to test for significance in differences in foliar 

nutrients between communities and phonological guilds using one-way ANOVA and 

Dunnet’s C test. PCC was used to establish relationship between foliar nutrients with 

leaf longevity. PAI DBH from Prior et al. (2004) data and both assimilation and 

chlorophyll data from and leaf water (Appendix 4.2 Table 3) was used to establish 

correlation with soils and leaf nutrients (based both PCC) with further regression 

analysis used for non-linear relationships. 

4.2.2.1.3 Rainfall/latitude gradients effect 

Data for SWL and OF stand and species morphological attributes pooled mean, 

maximum and minimum tree H, DBH and Sba, taper, TAGB, shown in Table 4.5 and 

4.8, have been assessed to establish relationships with mean annual rainfall and 

latitude. 
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Interaction between genetic and environmental factors on above ground growth 

Monthly growth increments, derived from species analysis from four communities 

compiled by Prior et al. (2003), have been correlated with Bureau of Meteorology 

data from nearby Darwin airport (DA) (see Chapter 2) (no local data available). The 

data used are 

-  monthly rainfall, 

-  differences between cumulative rainfall and evaporation, 

-  monthly atmospheric vapour pressure deficits (AVPD), and 

-  monthly maximum and minimum temperature. 

In addition, peak growth periods have been identified to establish differences in 

seasonal responses. 

4.2.2.1.4 Impacts of storms and cyclones 

Data on species density and absolute and percentage basal area, have been compiled 

for: 

Howard Springs (O’Grady et al. 2000) 

Kapalga (Prior et al. 2006, Williams and Douglas 1995) 

Data on tree storm damage from this last source has also been compiled for 

E.clavigera, E.miniata, E.tetrodonata, E.chlorostachys and T. ferdinandia. This has 

been evaluated against actual mean species DBH, derived from basal area and 

frequency, and also for potential DBH based on comparable species in the Williams 

et al. (1996) dataset. 



Chapter 4: 

Page 224 

Data on species number and post-cyclone condition status, collected for both live and 

dead trees in the Fox (1980) study, have been assessed for species with four or more 

individuals. The following post-cyclone tree states (based on Fox) have been 

identified: 

Trees fallen; 

Trunks broken standing; 

Crown stripped of leaves and small branches, and standing or sometimes leaning; 

Standing with moderate or no damage; 

Regenerated by epicormic and crown shoots; and 

No recovery. 

Count data has been converted to percentages for each species using the pivot table 

facility in Microsoft Excel and re analysed using NMS ordination in PC Ord (see 

methods in Box 1 Appendix 1.1) to objectively establish species ranking in tree post-

cyclone state space using all damage criteria along three axes. Data for percentage of 

post-cyclone tree state were used to derive relative “cyclone tolerance” (resistance, 

resilience) and “cyclone sensitivity” (vulnerability) values. This was determined by 

summing the damage criteria and dividing by the maximum score as follows- 

Cyclone tolerance rating (3 criteria) 

Total standing, 

No or moderate damage, 

Recovered. 
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Cyclone sensitivity rating (5 criteria) 

Total dead, 

Fallen, 

Standing with trunks broken, 

Standing or leaning and 

defoliated or debranched. 

Correlation analysis between NMS ranking (a more subjective rating of species 

tolerance and sensitivity) was used to establish the axis criteria used in NMS ranking. 

Tree damage ranking and ratings were then correlated with normalised 

morphological attributes of species potential height Brock (1988), as well as basal 

area and frequency Bowman (1992), from which mean species DBH was estimated 

to identify critical indicators of cyclone tolerance and sensitivity. 

The contribution of phenology and origin, compiled from data in Brock (1988), to 

post-cyclone tree damage has been assessed using a student t test. 

Proportional damage data was combined with estimated biomass (derived above) to 

determine carbon loss. 

4.3 Results 

Comparative analysis of density and basal area, across DBH classes, and stand totals, 

for wet and dry MRF and SWL, relevant to interpreting tree community or stand 

carbon storage and disturbance dynamics, are shown in Table 1 Appendix 4.3. These 

data are derived from Bowman (1992) across MNT, for OF at Howard Springs and 

Humpty Doo from O’Grady et al (2000) and for two SWL at Kapalga (referred to 
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Werner and Williams) Prior et al (2006). Total densities for SWL/OF range from 

1006-1510 trees ha
-1

 with large adult trees ranging from 90-100 trees ha
-1

 making up 

15-16%. Total density for MRF ranged from 2710-2720 trees ha
-1

 with large adult 

trees ranging from 150 to 310 trees ha
-1

 making up a slightly higher 17 to 25%. 

These statistics will be referred to further later. 

4.3.1 Tree morphology and carbon storage relationships of 
naturally evolved communities 

4.3.1.1 Above-ground morphology, and allometric relationships 

4.3.1.1.1 Tree morphology and allometry 

Table 4.10 summarises median height (H), diameter (DBH) and taper for small 

(juvenile/sapling) and large adult trees for selected species in Humpty Doo within the 

Tropical Cyclone Tracy tract and Katherine, outside the TC tract.  

Table 4.10 Tree height, diameter (DBH), taper for small <7.5cm (S) and intermediate 

and large (I&L) adult eucalypt and non eucalypt species for trees Humpty 

Doo and Katherine (high latitude, outside cyclone tract) (data Williams et al. 

2005) 

Species No 
DBH (cm) Height(m) Taper 

S L S&I L S&I L 

Humpty Doo 

E.tetrodonta* 13 4.1 20.8 5.3 16.1 1.29 0.77 

E.porrecta* 8 7.5 24.9 6.7 13.4 0.89 0.54 

E.miniata* 10 6.8 21.6 6.8 14.7 1.00 0.68 

E.chlorostachys* 13 4.6 14.7 3 9.5 0.65 0.65 

T.ferdinandiana 7 4.6 16.7 3.6 9.4 0.78 0.56 

Mean  5.5 19.7 5.1 12.6 0.92 0.64 

Katherine/ Manbulloo 

E.tetrodonta 8 6 17.4 5.4 13.7 0.90 0.79 

E.miniata 6 5.8 29.8 6.2 13 1.07 0.44 

E.foelshiana 20 4.3 48.1 4.5 14.9 1.05 0.31 

E.tectifica 11 6 41.2 5.8 13.6 0.97 0.33 

Mean   5.5 34.1 5.5 13.8 1.00 0.47 
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A test shows no significant difference (p<0.05) between locations for all tree 

parameters in Table 4.10. DBH for larger trees show higher values of but low 

significance (p = 0.05 equal variance assumed) for Katherine evident in all except for 

E.tetrodonta. Large tree AGB for all except E. tetrodonta similarly appears higher in 

Katherine. For pooled data, the significance is very low (p = 0.07 equal variance 

assumed). This suggests a persistence of most larger and older trees in the cyclone 

free community. There is also a shift in species dominance with latitude from 

E.tetrodonta and E.porrecta dominating E.miniata at Humpty Doo, but not Katherine. 

Here apart from E.miniata, E.foelschiana and E.tectifica predominate. 

Regression analysis of relationships, between height (Hm) and DBH (cm), for pooled 

small and large trees is shown in Eqn 4.1. 

Hp = 4.31 In (DBHp) - 1.35 (r
2
 = 0.81, p = 0.00, 22 dof) Eqn 4.1 

Where: 

Hs is sapling height (m) 

Hp pooled tree height (m) and 

DBHs and DBHp is diameter equivalents (cm) 

Comparative relationships between H and DBH for Kapalga (Werner and Murphy 

2001), outside and west of TC tract, are summarised in Table 4.11. 
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Table 4.11 Relationship between tree height (H (m)) and tree diameter (DBH (cm)) for 

selected Eucalypt species at Kapalga (from Werner and Murphy 2001) and 

estimated height for model 10cm tree  

H=aLn(DBH)-b  

Species b a r2 N 
Height for  
10cm DBH 

taper for 
10cm 

Eucalyptus tetrodonta 7.45 8.31 0.92 10 11.68 1.12 

E. miniata 1.03 5.49 0.94 10 11.61 1.12 

E .papuana 11.28 7.79 0.83 10 6.66 0.67 

The model rate variables and constants for these Kapalga Eucalypt species which, 

although different from Eqn 4.1, predict a height of 8.5m for 10cm DBH, 

intermediate between that predicted for E.miniata and E.tetrodonata  trees and 

E.papuana. 

The relationship between taper (T) and DBH for pooled small and large trees from 

Table 4.10 is presented in Eqn 4.2. 

T = - 0.26 In (DBH) + 1.4 (R
2
 = 0.74, p = 0.00, 18 dof) Eqn 4.2 

Where T is taper and DBH is diameter in cm. 

This indicates taper decreases logarithmically with DBH and therefore age. 

4.3.1.1.2 Tree biomass and associated carbon storage estimates 

Total above ground biomass carbon derived from measured diameter relationships 

for various sites 

The modelled relationship between tree above ground carbon (TAGC) and DBH for 

pooled Eucalyptus sp and Corymbia sp., derived from data from Dr. Hutley and Dr 

Cook (pers com) for Humpty Doo/Katherine, is expressed in Eqn 4.3. The mean of 

models for dominant SWL Eucalypt models, developed for Kapalga by Werner and 
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Murphy (2001) is  shown in Eqn 4.4 and the model from O’Grady et al. (2000) for 

OF at Howard Springs is shown in Eqn 4.5, all adjusted for carbon content (0.49). 

TAGC = 0.034(DBH)
2.36 

(r
2
 = 0.99, p = 0.00, 18 dof) Eqn 4.3 

TAGC = 0.088 (DBH)
2.35

  Eqn 4.4 

TAGC = 0.049(DBH)
2.68

  Eqn 4.5 

Where TAGC is total tree above ground carbon (Kg), and DBH tree diameter (cm) at 1.3m. 

Allometric relationships between these sites and for Katherine, reported by Eamus et 

al. (2000), for the relationship between LnDBH and TAGB for pooled Eucalypts is 

shown in Table 4.12. 

Table 4.12 Mean allometric relationships between ln (DBH) (cm) and  AGB for pooled 

SWL and OF eucalypt species across MNT sites (from Eamus et al. 2000)  

Ln TAGB =  a+bln(DBH) 

Location Model a b r N p 

Howard Springs  1a -2.003 2.622 0.98 36 <0.01 

Humpty Doo 2a -2.630 2.644 0.99 58 <0.01 

Kapalga 3a -0.797 2.082 0.98 40 <0.01 

Katherine 4a -2.214 2.468 0.99 14 <0.01 

 

This is also adjusted for carbon content by the multiplier 0.49. 

The models have been applied to the DBH frequency distribution in Appendix 4.3 

Table 1. Although indicating some consistency between model results for each 

location, models from Table 4.12 tend, if anything, to underestimate Humpty Doo 

and Kapalga, and overestimate Howard Springs values. 
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The results show higher, although similar, DBH class values for both cyclone-

disturbed Humpty Doo and Howard Springs OF sites and that these are higher than 

for both Kapalga and Katherine outside the TC Tracy tract (but in lower rainfall 

zones). Eqn 4.5 provided the best indicator of maximum growth conditions across a 

range of communities. 

Species differences within and between sites 

Table 4.13 shows different allometric parameters for relationships between DBH and 

above ground biomass for E.tetrodonta and E.miniata relative to other Eucalyptus sp 

and melaleuca sp and carbon stock estimates for 10cm diameter trees. Despite some 

evidence of higher values for dominant trees at Kapalga, they are in the same range 

as the other eucalypts but much lower for the same DBH than Melaleuca species. 

This latter may be a model error or suggest higher wood density, which is less likely. 

Table 4.13 Allometric power function relationship between stem diameter at 1.3m 

(DBH) and tree above ground biomass (TAGB) for four Eucalyptus sp found 

in OF at Howard Springs (HS), Kapalga (K) and Kakadu (Kak) and carbon 

weight of standard 10cm tree 

TAB= a (DBH)
b 

Species Site a b r2 N 

Above ground 
Carbon (Kg) 

10cm tree 

Source 

E.tetrodonta 

HS 0.08 2.68 0.96 7 9.21 
O’Grady et al. (2000) 
(HS) 

K 0.21 2.32 0.97 10 10.54 
Werner&Murphy 
(2001)(K) 

E.miniata 

HS 0.08 2.42 0.91 7 5.05 
O’Grady et al. (2000) 
(HS) 

K 0.15 2.39 0.99 10 8.82 
Werner&Murphy 
(2001)(K) 

E.bleeseri HS 0.14 2.50 0.98 7 10.63 
O’Grady et al. (2000) 
(HS) 

E.porrecta HS 0.08 2.51 0.98 7 6.22 
O’Grady et al. (2000) 
(HS) 

M.viridifolia Kak 1.29 2.34 0.99 13 67.77 Finlayson et al. (1993) 

M. cajaputi Kak 0.94 2.26 0.96 12 41.06 Finlayson et al. (1993) 
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Foliar biomass and DBH 

The allometric relationship for leaf biomass and DBH, assessed by O’Grady et al. 

(2000) using a power function model, and values for 10cm trees (eucalypt and non-

eucalypt  species) are shown in Table 4.14. 

Table 4.14 Relationship between leaf biomass Lb and tree DBH for selected OF tree 

species at Humpty Doo (O’Grady et al 2000) and estimates of leaf carbon for 

standard 10cm tree  

Lb = a (DBH)
b
 

Species a b r2 Dof 
Leaf carbon weight 

for 10cm (kg) 

Eucalypts 

E.tetrodonta 0.0010 3.03 0.94 7 0.50 

E.miniata 0.0030 2.22 0.97 7 0.24 

E.porrecta 0.0070 2.21 0.92 7 0.54 

E.bleeseri 0.0100 1.91 0.80 7 0.38 

Non eucalypts 

T.ferdinandiana 0.0007 2.32 0.91 7 0.07 

E.chlorostachys 0.0003 3.71 0.94 7 0.72 

 

Leaves influence carbon as well as wind capture. Higher values exist for 

E.tetrodonta, E.porrecta and particularly E.chlorostachys compared to E.miniata, 

consistent with TAB, and more so for T. ferdinandiana. 

Carbon distribution between species and tree components 

Linear biomass-basal area coefficients for tree species and components, and 

proportion in various tree parts derived from Cook et al. (2005) are summarised for 

Kapalga in Table 4.15. 
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Table 4.15 Linear coefficients relating above ground biomass (Kg) for selected SWL 

tree species at Kapalga to stem basal area (Sba) (at 1.3m) (m
2
) (from Cook et 

al. 2005) and estimated values for 10cm equivalent trees 

Plant 
parts 

E.tetrodonta E.miniata E.porrecta E. bleeseri E.chlorostachys T.ferdinandiana 

 Coeff Prop Coeff Prop Coeff Prop Coeff Prop Coeff Prop Coeff Prop 

Leaves 122 0.04 50 0.02 73 0.03 49 0.01 154 0.06 93 0.04 

Twigs 127 0.04 52 0.02 76 0.03 51 0.01 160 0.07 97 0.04 

Bark 341 0.10 218 0.09 326 0.14 347 0.09 401 0.17 379 0.15 

Wood 2161 0.64 1829 0.74 1289 0.56 2225 0.59 1044 0.43 1233 0.49 

Branches 779 0.23 375 0.15 619 0.27 1163 0.31 814 0.34 935 0.37 

Stems 2502 0.74 2047 0.83 1616 0.70 2573 0.68 1445 0.60 1612 0.63 

Total 6032 1.00 4571 1.00 3999 1.00 1068 1.00 4018 1.00 4349 1.00 

10cm 
AGB (kg) 

47.39  35.92  31.42  8.39  31.57  34.17  

These can be converted to carbon equivalents using a conversion factor of 0.49 for 

wood and 0.47 for foliage. 

Leaves as well as twigs comprise 1-4% of the total biomass carbon in Eucalypts and 

> 4% in non Eucalypts, which also have a lower proportion of biomass in wood. A 

further comparison of regression coefficients, linking AGB and DBH between sites 

for the two dominant Eucalyptus species, is shown in Table 4.16. 

Table 4.16 Linear regression coefficients relating total above ground biomass to stem 

basal area derived from selected allometric relationship for Eucalypt sp at 

Kapalga (K) and Howard Springs (HS)  

Information Source E. tetrodonta r2 E. miniata r2 

Cook et al. (2005) (K) 7240 0.97 5259 0.96 

Werner and Murphy 2001)(K) 9018 0.99 8409 0.99 

O’Grady et al. (2000) (HS) 10776 0.98 5072 0.99 

In all cases the parameters again are higher for E.tetrodonta than E.miniata, the 

former being higher and the latter lower at the Howard Springs open forest (OF) site. 
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4.3.1.2 Below-ground morphology, biomass carbon allometric 
relationships and depth distribution patterns 

Root statistics have a bearing on soil resource exploitation, below-ground carbon 

storage, root anchorage during storms, and post-disturbance lignotuber and root 

sucker recovery. 

Root distribution differences between disturbed and non-disturbed Open Forest 

The mean proportion of fine roots in 25 cm strata (to 100cm) at Berry Springs, the 

comparative distribution between 25 and 50cm here and Howard Springs, and the 

estimated relative root weight per unit length are shown in Table 4.17. 

Table 4.17 Seasonal and depth variation in proportional fine root abundance with 

depth and total fine root weight estimates for OF communities using 

rhizotron at Berry Springs for 1m and 50cm (< 5mm) (estimated from  

mean root length 11.68m = 1.1g) (Janos et al. 2008) and for 50cm at  

Howard Springs (< 2mm) based on bags (root weight provided) (Chen et al. 

2004) 

 
Depth 

cm 
Units Oct Nov Dec Jan Feb Mar Apr May June 

In 100cm 

Berry 
Springs 

0-25 % 18 17  19  20 20 15  

 25-50 % 36 31  28  29 29 31  

 50-75 % 28 26  29  26 28 22  

 75-100 % 19 27  24  25 23 32  

Mean Weight  g m-2 1.71 4.17  5.09  7.41 5.46 1.37  

In top 50cm 

Berry 
Springs 

0-25 % 0.34 0.35  0.40  0.41 0.41 0.33  

 25-50 % 0.66 0.65  0.60  0.59 0.59 0.67  

Howard 
Springs 

0-25 % 55  53  52  53  51 

 25-50 % 45  47  48  47  49 

Mean weight Kg m-2 1.58  1.47  2.50  1.23  1.34 
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Species effects on proportion of coarse and fine root development within soil 

Data on number of roots (#) by size and DBH for 2 evergreen and 2 deciduous 

species summarised in Table 4.18. 

 

Table 4.18 Root numbers for various root and stem DBH classes (Eamus et al 2002) 

DBH class 
Root 

diameter 

E. 
tetrodonta 

# 

E. miniata 

# 

T.ferdinandiana 

# 

P.careya 

# 

5cm 
>1cm 125 78 99 59 

>0.1cm 12517 7837 9880 5867 

10cm 

>5cm 10 11 8 4 

>1cm 329 293 220 140 

>0.01cm 32869 29253 21999 14022 

 

Site/community differences 

An independent  t-test (equal variance not assumed) on all monthly data for Howard 

Springs (Table 4.17) shows no significant difference in the proportion of fine roots 

between 0-25 cm and 25-50cm (p = 0.14). One way ANOVA (for 20 dof) and 

Dunnet’s C post hoc test shows mean fine roots at Berry Springs to be significantly 

higher at 25-50 cm than 0-25cm (p = 0.00) as well as 75-100 cm (p = 0.26) but not 

50-75cm. This suggests that the proportion of fine roots at 25-75cm is higher than 

either above or below this stratum. 

The proportion of fine roots in 0-25cm is significantly lower (p = 0.00, 3 dof) (and 

conversely higher at 25-50cm) at undisturbed Berry Springs than the disturbed 

Howard Springs OF where grass roots appear to dominate. 
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Seasonal differences 

Little variation in relative distribution is evident across the wet season although fine 

root concentration in both sites increase to a peak in February/March, then decreases, 

with the proportion at 0-25cm depth increasing at 25-50cm at Berry Springs with 

deeper fine redistribution accompanying decline into the dry season. These reach 

lowest in the shoulder seasons at Howard Springs, with evidence of only a small 

increase in June indicative of persistence. 

Species differences 

Table 4.18 indicates that the proportion of roots for 5cm trees is not different for the 

two dominant eucalypt and subdominant non- eucalypt species. Eucalypts, 

particularly E. tetrodonta which has more fine roots than E. miniata, also has more 

root area at 10cm DBH than deciduous trees, consistent with foliar and total carbon 

content. 

Depth partitioning of TBGB into absolute and relative fine and coarse roots of the 

two evergreen E. tetrodonata and associated non-eucalypt E. chlorostachys tree 

species in Humpty Doo, are summarised in Table 4.19. 

Table 4.19 Results of relationship between fine and coarse root biomass density and 

proportional relationships with soil depth for SWL E.tetrodonta and 

E.chlorostachys trees in Darwin (data from Eamus et al. 2002) 

Depth 

Cm  

E.chlorostachys E.tetrodonta 

Fine 
Roots 

Kg m-3  

Coarse 
roots 

 Kg m-3 

Fine 
roots/ 
Total % 

Fine 
roots  

Kg m-3 

Coarse 
roots 
Kg m-3  

Fine 
roots/ 

total % 

0-50 0.09 4.72 1.5 0.13 11.67 1.10 

50-100 0.05 0.28 15.1 0.07 1.39 4.79 

100-200 0.03 0.28 9.68 0.05 0.56 8.20 
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Both coarse and fine roots (comprising 2.5% of the total below ground biomass) are 

much higher in the surface 50cm and much higher for E.tetrodonta than E 

chlorostachys for which the proportion of fine to course roots are higher in the 50-

100cm horizon. 

The relative percentages of fine roots in cyclone-disturbed Darwin and undisturbed 

Berry Springs OF communities, for these two species, is shown in Table 4.20. 

Table 4.20 Comparative proportion of coarse and fine roots  in soil strata in OF 

Darwin (Eamus et al. 2002) and Berry Springs community (Janos et al. 2008) 

Depth 
(cm) 

Darwin (cyclone affected) 
Mean roots % (to 2m) 

Berry Springs 
 (cyclone free)  
Mean (sd) %  

of fine roots in 1m 

E. chlorostachys E. tetrodonta E. chlorostachys E. tetrodonta Mixed species  

Coarse roots (>15mm) Fine roots <15mm) Fine roots <5mm  

0-50 77.0-91.8 85.1-87.8 52.3-59.8 34.3-53.4 49 (0.05)  

50-100 4.9-5.7 7.8-8.5 23.4-31.1 28.9-39.2 51 (0.05)  

100-200 4.2-16.8 3.7-7.1 16.6-16.8 18.4-26.5   

Both species in Darwin have almost double fine root biomass in the surface 50 cm 

than the next 50 cm whereas at Berry Springs there are equal proportions in both 

strata. 

The proportion of total fine roots is also higher at 0-50cm for E.chlorostachys and at 

greater depth for co-existing E.tetrodonta. 
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4.3.1.3 Models for below ground carbon estimation 

The relationship between DBH and below ground biomass carbon (BGC) and for 

pooled dominant species E.tetrodonta and E.miniata at Kapalga is shown in Eqn 4.6. 

TBGC = 14.43e
0.062(DBH)

 (r
2 

= 1, 9 dof) Eqn 4.6 

TBGC (Kg) tree below ground biomass 

DBH (cm) Diameter at 1.3m 

The relationship for pooled species in a Darwin OF community assessed by Eamus et 

al. (2002) for trees >10cm DBH is shown Eqn 4.7. 

TBGC = 35.29 ln (DBH) - 158.05 (r
2
 = 0.81, 9 dof) Eqn 4.7 

TBGC (Kg) tree below ground biomass 

DBH (cm) Diameter at 1.3m 

Estimated root biomass carbon for models applied to DBH class mean values using 

Eqn 4.6 gives much higher than from Eqn 4.7 which is therefore treated with caution. 

The root/shoot (R/S) ratio was derived for each DBH class by dividing results of Eqn 

4.6 with site-specific estimates of equivalent AGC derived from Table 4.12, gave 

adult intermediate and large tree values for Howard Springs/Humpty Doo of 1.01-

1.09 and 0.21-0.23 averaging (0.44) and for Kapalga/Katherine 1.09-1.27 and 0.45-

0.54, averaging 0.62 respectively. 

The relationship between DBH and root/shoot ratio influencing biomechanics of 

trees is expressed for Humpty Doo in Eqn 4.8, Howard Springs in Eqn 4.9, Kapalga 

in Eqn 4.10 and Katherine in Eqn 4.11. 
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R/S = 8.20 (DBH)
-0.97 

(r
2 

= 0.80, p = 0.00, 10 dof) Eqn 4.8 

R/S = 10.23 (DBH)
-1.04 

(r
2 

= 0.90, p = 0.00, 10 dof) Eqn 4.9 

R/S = 13.30 (DBH)
-1.02 

(r
2 

= 0.92, p = 0.00, 10 dof) Eqn 4.10 

R/S = -0.001 (DBH)
2 

-0.076 (DBH) +1.76 (r
2 

= 0.79, p = 0.00, 10 dof) Eqn 4.11 

Where R/S is the ratio of below to above ground biomass, DBH is diameter at 1.3m  

 

All data, except for Katherine, fit a power function decline curve as DBH increases. 

The quadratic model for Katherine suggests that as trees become larger, the 

decreasing ratio is followed by an increase, either due to a decrease in above-ground 

biomass or an increase in root development. 

4.3.2 Comparative growth rates between species and communities 
and impacts on carbon accumulation 

4.3.2.1 Relationship between foliar attributes, carbon assimilation 
arboreal communities and phenological guilds 

Results of One way ANOVA and Dunett’s C post-HOC test on log-transformed data 

of leaf and carbon assimilation/photosynthesis attributes across communities and 

phenological groups defined by Brock (1988) is shown in Table 4.21. 

Significant differences are only evident between DMRF (higher) and each of the 

other communities for Amass and between SWL and other communities for Chlmass 

(lower). 

For phenological groups, evergreens had significantly lower leaf area and higher leaf 

thickness, Aarea and Chlarea than deciduous and semi deciduous species. Leaf 

longevity showed strong positive PCC for relationships with leaf thickness (r = 0.48, 



Cyclone Ecology and the carbon cycle in naturally evolved arboreal ecosystems 

Page 239 

p = 0.02), weakly correlated with Chlarea (r = 0.41 p = 0.05). The relationship was 

weak with LMA (r = 0.41, p = 0.05), also weakly correlated with Chlarea (r = 0.43 p 

= 0.04). 

Thickness, inversely showed significant negative correlation with Amass (r = -0.79, 

p = 0.00) and Chlmass (r = -0.73 p = 0.00) and a weaker positive correlation with 

Chlarea (r = 0.43, p = 0.04). 

Table 4.21 Results of mean sd and one way ANOVA and Dunett’s C post-hoc test of 

differences in Tree Leaf morphological and photosynthetic attributes in 

relationship to community /habitats (from Prior et al. 2003) and phenological 

guilds (from Brock 1988) 

 N  
Leaf area 

(cm2) 

Leaf 

Thick 

(mm) 

Leaf 
Mass per 

area 

g m-2 

Density 

Kg m-3 

Aarea 

µmol 

m-2s-1 

Amass 

nmol 

g-1s-1 

Chl 

area 

mmol 

m-2 

Chl 

mass 

mmol 
kg-1 

Community/habitat 

Dry Monsoon 
rainforest 

6 Mean 40.83a 0.26a 82.67a 314.50a 13.92a 175.83a 0.46a 5.95a 

  sd 17.03 0.10 35.94 36.94 3.20 40.94 0.05 1.62 

Swamp woodland 3 Mean 42.00a 0.34a 150.33a 356.33a 12.30a 89.33b 0.59a 4.39a 

  sd 11.14 0.12 65.16 106.85 3.38 40.46 0.09 1.46 

Open forest 7 Mean 117.14a 0.30a 99.43a 408.71a 10.61a 92.43b 0.49a 4.36a 

  sd 93.05 0.07 48.35 60.13 0.58 24.47 0.06 1.21 

Savanna 
woodland 

7 Mean 82.00a 0.35a 123.86a 418.86a 11.36a 90.86b 0.46a 3.41b 

  sd 45.81 0.13 49.57 74.75 2.12 34.91 0.12 0.96 

Phenological guild 

Deciduous 9 Mean 114.44a 0.25a 86.00a 374.56a 10.73a 123.00a 0.44a 5.16a 

  sd 86.05 0.06 43.95 58.68 1.43 38.55 0.09 1.42 

Semi deciduous 9 Mean 58.89a 0.31a 114.67a 383.56a 11.69a 116.33a 0.45a 4.34a 

  sd 25.83 0.08 25.88 86.12 2.49 64.17 0.05 1.58 

Evergreen 5 Mean 41.00b 0.42b 140.80a 385.20a 14.48b 90.40a 0.57b 3.56a 

  sd 25.48 0.12 77.90 101.55 2.72 38.53 0.08 1.43 

Letters designate post hoc Dunnet’s C significant differences at p< 0.05 
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4.3.2.2 Periodic annual DBH increment for species 

Periodic annual increment (PAI) diameter (DBH) related to biomass and carbon 

accumulation has been assessed for selected community groups. 

Savanna Woodland and Open Forest 

Table 4.22 shows mean relative PAI DBH data for Berry Springs (May 2000-2002) 

for undisturbed SWL and OF and for juvenile, sapling and adult phases of selected 

species in SWL sites at Kapalga burnt in the early dry season and from which fire 

was precluded for the year of assessment (Prior et al. 2006). 

At Berry Springs, where age classes are not defined, mean PAI DBH for OF species 

was 0.28 (0.07) cm yr 
-1

 with maximum value of 0.38 cm yr
-1

 and SWL, 0.35 (0.13) 

cm yr
-1

 with maximum value of 0.56 m yr
-1

.
  
The latter serves as an indicator of 

maximum growth rate potential. 

The Kapalga data shows lowest values for juveniles (0.17 cm yr
-1

) but with very high 

sd (0.19) indicating species variability. Sapling stages values (0.19 (0.07) cm yr
-1

) 

are highest, particularly compared to Adults (0.14 (0.07) cm yr
-1

) with the exception 

of E.tetrodonta for which adult values were higher (0.18 cm yr
-1

) similar to Berry 

Springs. Growth for this species at Kapalga was comparable to E. porrecta but lower 

than E. miniata (0.20 cm yr
-1

). The non-eucalypt subdominant combined stages have 

lower growth rates (0.13 cm yr
-1

) in fire-disturbed Kapalga SWL than undisturbed 

OF and SWL at Berry Springs (0.25 (0.17) cm yr
-1

) suggesting a potential species 

shift where fire is precluded. 
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Table 4.22 Recorded PAI DBH (cm yr-1) for 4.22uvenile (J) sapling (S) and adult (A) 

SWL (S) and OF (O) tree species across sites not affected by TC Tracy at 

Kapalga (Prior et al. 2006) and Berry Springs (Prior et al. 2004)  

 

Berry Springs OF 
undisturbed 

Kapalga (fire excluded) 

Prior, et al.(2004) for 
2001- 2002 assessed 
from bar graph 

PAI DBH (cm yr-1 ) 

Leaf 
longevity 

Months 

PAI DBH 

(cm yr-1 ) 

Prior, et al. (2006) for 
(1991-1995) 

 

Cook et 
al. (2005) 

 

Species  all J S A all 

E. miniata (S)   0.30 0.31 0.24 0.24 

E.tetrodonta (S) 8.2  0.03 0.12 0.18 0.17 

E. tetrodonta (O) 8.2 0.20     

E. porrecta (S)   0.03 0.25 0.20 0.20 

C. foelschiana  (S) 9.8 0.05     

E. chlorostachys (S) 9.5  0.13 0.15 0.04 0.12 

E. chlorostachys (O) 9.5 0.35     

T. ferdinandiana (S) 4.8 0.30 0.04 0.20 0.10 0.14 

T. ferdinandiana (O) 5.2 0.10     

X. paradoxis (S) 10.5 0.25 0.46 0.24 0.12  

X. paradoxis (O) 10.5      

M. viridiflora (S) 9.8 0.05     

S. suborbiculare(O)  9.5 0.25     

B. obovata (O) 11.0 0.25     

S. eucalyptioides (S) 11.3 0.09     

P. careya (O) 7.0 0.35     

P. careya (S) 8.5 0.20     

B. megaphyllus (0) 7.0 0.25     

C  fraseri (S) 3.3 0.70     

 

Monsoon rainforest 

Data from Prior et al. (2004) for some species in MRF at Leanyer in Darwin, and 

swamp communities at Berry Springs for 2000/2001 and 2001/2002, are shown in 

Table 4.23. These mean values for MRF (0.89(0.49) cm yr
-1

) and for the tree swamp 

species (0.68(0.74) cm yr
-1

) showing a high sd and consequently species variability. 

These mean values are almost double that of SWL and OF species, including those 
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with MRF affinities, suggesting that site factors more than fire preclusion per se are 

playing a dominant role. 

One way ANOVA and post-hoc test shows no significant differences in growth rates 

between phenological groups identified in Appendix 4.2 Table 3 across Table 4.22 

and 4.23.  Also no significant PCC was evident with leaf longevity. 

Table 4.23 Recorded leaf ages and PAI DBH (cm yr
-1

) for a range of MRF Darwin and 

swamp saplings and adults at Berry Springs from 2000/2002 (Prior et al 

2004) 

Species 
Leaf life span 

Months 

PAI DBH 

Assessed form bar graph 

Monsoon rainforest (Darwin) 

M. leucadendron 8.2 1.30 

F. racemosa 6.0 1.60 

F. scobina 4.8 0.55 

T. microcarpa  7.0 0.95 

W. pubescence  6.8 0.30 

M. nesophylius 5.0 0.65 

Swamp communities (Berry Springs)* 

A. auriculiformis* 10 1.5 

L. lactifluus 8.7 0.05 

M. viridiflora  10.2 0.50 

SWL and OF species did show a very weak logarithmic relationship between leaf 

longevity and PAI DBH expressed in Eqn 4.12. 

PAI DBH = 0.23 ln (L) + 0.71 (r
2
 = 0.26, p = 0.06, 12 dof)  Eqn 4.12 

Where PAI DBH I diameter increment cm yr 
-1 

And L is leaf longevity in months  

There was no relationship for combined MRF and swamp species. PCC also showed 

no significant correlation between PAI DBH with leaf area or LMA, although there 

was negative correlation with leaf thickness (r = -0.47, p = 0.02) which increases 
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with longevity. A positive correlation also existed with Aarea (r = 0.56, p = 0.01) and 

A mass (r = 0.76, p = 0.00) as well chlmass (r = 0.59, p = 0.00) (but not Chlarea) also 

decreasing with longevity. This reinforced the trend in Eqn 4.12 of higher growth 

rates in deciduous than evergreen species within SWL/OF communities. 

4.3.2.3 Arboreal community water use and associated carbon 
assimilation 

Inter-community comparison of stand water use and carbon accumulation rates 

Model summary and parameter estimates for annual water use (m
3
 yr

-1
) in relation to 

DBH for dominant OF eucalypts at Howard Springs (O’Grady, et al. 1999) based on 

power (Eqn 4.13) and linear (Eqn 4.14) function. The same data has been extended to 

a linear model stand basal area (m
2
 ha

-1
) by Cook et al. (2002) (original annualised) 

in Eqn 4.15). A similar relationship based on wet season water use for six MNT 

arboreal communities, modified from Kelly et al. (2007) is shown Eqn 4.16, together 

with a power function model in Eqn.4.17. 

O’Grady, et al. (1999) 

Qdbh1 = 0.051 (DBH)
1.62

 (r
2
 = 0.71, 12 dof,  p = 0.00) Eqn 4.13 

Qdbh2 = 0.571 (DBH) - 3.536 (r
2
 = 0.78, 11 dof,  p = 0.00) Eqn 4.14 

Cook et al. (2002) (From original model annualised) 

Qba = 264*Sba  Eqn 4.15 

Kelly et al. (2007) Wet season  

Qba1 = 141.8 (Sba) +1265  (r
2
 = 0.92, 5 dof,  p = 0.00) Eqn 4.16 

Qba2 = 532.5 (Sba)
0.71

 (r
2
 = 0.95, 5 dof,  p = 0.00) Eqn 4.17 
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Where: 

Qdbh is water use (m
3
 yr

-1
)  based on DBH 

Qba is water use (m
3
 yr

-1
 ) based on stand basal area 

DBH is diameter at 1.3m, Sba is stand basal area (m
2
 ha

-1
) 

 

The linear model for OF eucalypt water use provides a better fit to the data than the  

power function model used by O’Grady et al. 1999, enabling an approximate linear 

relationship between stand water use and basal area (assuming DBH
2
) by Cook et al. 

(2002) (Eqn 4.14). The power function model for the same relationship across a 

range of communities provides a better fit than the linear model used by Kelly et al. 

(2007). 

Q has been converted to annual carbon assimilation per tree by multiplying by 1.08 

(g/tree) and per stand by multiplying by 0.00108 (in t C ha
-1

). 

Foliar Moisture relationship 

No significant differences were found in saturated leaf moisture store and 

phenological guilds. PCC for leaf water content showed no significant relationship 

with longevity, but there was a significant and positive correlation with Amass (r = 

0.49, p = 0.02) and Chlmass (r = 0.45, p = 0.03), suggesting leaf moisture storage 

regulation of photosynthesis. 

Savanna woodland species water use and carbon assimilation 

Table 4.24 shows mean and standard deviation (sd) of DBH, water use per month 

and water use per day per unit basal area for four eucalypt and two non-eucalypt 
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species from the original Hutley and Cook (pers comm.) dataset using ANOVA on 

logarithmically transformed data. 

Even though one way ANOVA and post hoc test showed DBH and leaf cover are not 

significantly different between species (possibly due to sample size) the two 

dominant eucalypts have higher values than the subdominant eucalypts and the two 

non eucalypt species.  This also pertains for water use and carbon assimilation, 

suggesting that dominance is also an important factor in carbon assimilation. 

Table 4.24 Results of mean and sd of DBH (cm), leaf area (m
2
 ) and  water use (Q) and 

carbon assimilation per tree per year for six SWL/OF tree species for 

Humpty Doo-Katherine (data provided by Dr L.Hutley, CDU and Dr G. Cook, 

CSIRO Darwin) using Eqn 4.13 

Species Statistics 
DBH 
(cm) 

Canopy 
Leaf area 

(m2) 

Water use 
(Q) m3 yr-1) 

Carbon 
assimilation 

(C) g. yr-1) 

E.tetrodonta Mean 15.70 23.65 6.81 7.36 

 Sd 7.28 23.05 6.21 6.70 

 N 38.00 22.00 39.00 38.00 

 Sig dif ab ab a a 

E.miniata Mean 17.39 26.29 8.64 9.33 

 Sd 6.58 22.69 5.96 6.44 

 N 32.00 23.00 32.00 32.00 

 Similar ab ab a a 

E.porrecta Mean 13.67 21.99 3.89 4.20 

 Sd 6.23 21.66 3.29 3.55 

 N 3.00 3.00 3.00 3.00 

 Sig diff a a a a 

T.ferdinandiana Mean 10.80 5.25 3.29 3.55 

 Sd 6.88 21.83 6.08 6.57 

 N 2.00 2.00 2.00 2.00 

 Sig dif ac ac a a 

E.chlorostachys Mean 14.48 24.04 5.23 5.65 

 Sd 4.06 18.23 4.02 4.34 

 N 4.00 4.00 4.00 4.00 

 Sig dif a a a a 

Different letter codes designate significantly different values based on (Dunnet’s C test) at 

p<0.05 
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Even though one way ANOVA, using Dunnett’s C significance test, showed DBH 

and leaf cover are significantly higher in both E.tetrodonta and E.miniata these are 

not significantly different to the other species. These also showed no significant 

difference in annual water use or carbon assimilation rates, suggesting that data can 

be pooled for these species. 

Comparative mean tree water use by location and carbon assimilation rates, for 

combined species, for Howard Springs compared to Darwin and Katherine is shown 

in Table 4.25. 

Table 4.25 Diameter, leaf area, water use (Q) and carbon assimilation per tree per year 

for six SWL/OF evergreen tree species for Humpty Doo-Katherine (data 

provided by Dr L.Hutley, CDU and Dr G. Cook, CSIRO Darwin) using Eqn 

4.13 

Species Statistics 
DBH 

(cm) 

Canopy 
Leaf area 

(m2) 

Water use 

(Q) m3 yr-1) 

Carbon 

assimilation 

(C) gms. yr-1) 

E. tetrodonata Mean 15.70 23.65 6.81 7.36 

 sd 7.28 23.05 6.21 6.70 

 N 38 22 39 38 

 Sig dif ab ab a a 

E .miniata Mean 17.39 26.29 8.64 9.33 

 sd 6.58 22.69 5.96 6.44 

 N 32 23 32 32 

 Similar ab ab a a 

E. porrecta Mean 13.67 21.99 3.89 4.20 

 sd 6.23 21.66 3.29 3.55 

 N 3 3 3 3 

 Sig diff a a a a 

T. ferdinandiana Mean 10.80 5.25 3.29 3.55 

 sd 6.88 21.83 6.08 6.57 

 N 2 2 2 2 

 Sig dif ac ac a a 

E. chlorostachys Mean 14.48 24.04 5.23 5.65 

 sd 4.06 18.23 4.02 4.34 

 N 4. 4 4 4 

 Sig dif a a a a 

Different letter codes designate significantly different values based on Dunnet’s C post hoc 

test at p<0.05 
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Comparative mean tree water use by location and carbon assimilation rates, for 

combined species, for Howard Springs compared to Darwin and Katherine is shown 

in Table 4.26. 

Table 4.26 Diameter and water use (Q) per month and per basal area (m
2
) and ANOVA 

of Dunett’s C significance test for difference (ln transformed data) for 

Darwin Howard Springs and Katherine for pooled SWL species  

(Data provided by Dr L.Hutley (CDU) and Dr G Cook (CSIRO Darwin)) 

Place N 
DBH cm 

Water use 

per tree 

Q1 

(m3yr-1) 

Water use 

per stem basal area 

Q2 

(m3 m2 day-1) 

Mean sd Mean sd Mean sd 

Darwin 17 19.42 7.69a 8.76 6.69a 8.63 1.94a 

Howard 
Springs 

54 15.33 6.20a 7.17 5.84a 11.43 4.62ab 

Katherine  17 16.51 7.58a 7.17 6.32a 8.27 2.67ac 

Values with different letter codes are significantly different (Dunnett's C test) at p<0.05 

*Formula for estimating monthly water used modified for from O’Grady et al (1999) Eqn 

4.13 

 

There is no significant difference apparent between mean DBH and monthly water 

use per tree between the three locations. Mean monthly water use and associated 

carbon assimilation per basal area (m
2
) for Howard Springs, derived here, was 

similar to Darwin but significantly higher than Katherine. Monthly water use for 

various stands and locations, derived from age class and tree density information in 

Table 1 Appendix 4.3 and using models shown, is presented in Table 4.27. Also 

shown is the equivalent carbon sequestration rate derived from converting monthly to 

annual water use, assuming this remains unchanged throughout the year. 
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Table 4.27 Above ground carbon assimilation for wet and dry savanna woodland, 

monsoon rainforest and open forest at Howard Springs & savanna 

woodland at Kapalga 

Model used 
PAI 
DBH 

PAI AG carbon (T C ha-1 yr-1 ) 

WMRF DMRF WSWL DSWL 
Howard 
springs 

Kapalga 

(Prior et al 2006) 

  Bowman 1992 
O'Grady et al. 

2000 
Werner 

data 
Williams 

data 

O’Grady et al. 
2000 

0.17-0.2 3.73 2.01 1.59 1.4 1.26 1 0.83 

0.5 11.8 5.96 4.71 4.14 3.76 2.68 2.47 

Werner and 
Murphy 2001 

0.5 8.45 3.79 2.76 2.18 2.28 1.63 1.42 

O’Grady et al. 
1999  

wu 7.42 4.03 3.17 2.77 2.56 1.83 1.68 

Kelly et al. 
2007 

wu 7.50 4.61 3.77 3.60 3.24 2.80 2.49 

Cook et al. 
2002 

wu 10.15 5.11 3.86 3.61 3.11 2.53 2.14 

O’Grady et al. 2000 317.53 125.91 129.91 112.31 59.88 55.03 43.34 

Werner and Murphy 
2001 

162.56 71.14 64.35 58.03 38.55 33.66 27.64 

Basal area (m2 ha-1) 37.23 18.76 14.16 13.26 11.41 9.29 7.87 

Tree density 2725 2720 1450 1510 694 1003 270 

DSWL: dry savanna woodland; WSWL: wet savanna woodland; OF: open forest; 

DMRF: dry monsoon rainforest; WMRF: wet Monsoon Rainforest   

 

The table uses mean and assumed mean maximum PAI DBH increment applied to 

modified AGB–DBH model of O’Grady et al. (2000) and Werner and Murphy 

(2001), modified water use/DBH models from O’Grady et al. (1999) and water 

use/basal area models from Cook et al. (2002), and Kelly et al. (2007) adjusted for 

water use efficiency (1.08 from Cook et al. (2005). 

Carbon accumulation rates, based on derived mean PAI DBH statistics for SWL and 

OF trees, give much lower values than for carbon assimilation. The mean maximum 
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value of 0.5 cm yr
-1

 applied across all communities gives accumulation values 

consistent with assimilation based on water use. 

The relationship between stand basal area and model estimates of maximum and 

minimum stand carbon stock is shown in Eqn 4.18 and 4.19, and periodic annual 

carbon stock increment in Eqn 4.20 and 4.21. Both PAI in biomass carbon 

accumulation and water use, based assimilation estimates, follow a similar trend with 

increased stand basal area, which was lowest for SWL at Kapalga and highest for wet 

MRF. 

These linear relationships show highly significant increases with stand basal area in 

both upper and lower boundaries of carbon stock and accumulation rates. 

Total above-ground carbon (TAGC) 

O’Grady et al. (2000) 

TAGC = 9.22 (Sba) - 27.4 (r
2
 = 0.97, 5 dof) Eqn 4.18 

Werner and Murphy (2001) 

TOGC = 4.56 (Sba) - 7.89 (r
2 

= 0.98, 5 dof) Eqn 4.19 

PAI of carbon (PAIC) 

Minimum O’Grady et al. (2000) 

PAIC = 0.10 (Sba) - 0.12 (r
2 

= 1.00, 5 dof) Eqn 4.20 

Maximum (Cook et al. 2002) 

PAIC = 0.27 (Sba) (r
2 

= 1.00, 5 dof) Eqn 4.21 
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The below-ground carbon stock can be estimated from models in Section 4.3.1.3 

ranging from as low as 22-55% (average 38%) for adults wet MRF to dry SWL and 

100% for small juveniles and saplings. 

4.3.3 Environmental effects on tree form, biomass, water use and 
carbon accumulation 

4.3.3.1 Environmental gradient effects on water use and carbon 
sequestration 

Rainfall and other climatic variables influencing water loss potentially influence 

available soil moisture, and associated soil nutrients and links to landforms have 

been identified as playing an important role in carbon sequestration. 

Savanna woodland and open forest: latitude and rainfall gradients 

A power function regression analysis of the spatial relationship between DBH, taper 

and stand basal area and rainfall for SWL and OF communities is presented in Table 

4.28. 

Table 4.28 Regression analysis (power parameter b) between rainfall and diameter, 

taper and stand basal area for SWL and OF species (Table 4.5 and 4.8) 

Y = a (RF)
b
 

Dependent variables (Y) r2 Dof F Sig Parameter b 

DBH 0.28 16 6.09 0.02 - 4.18 

Taper 0.45 8 6.48 0.03 0.95 

Stand basal area  0.47 23 20.45 0.00 1.77 

 

Power function decrease in DBH with rainfall, consistent with differences between 

Howard Springs and Katherine, also explains increase in taper but not increase in 

Sba. This must be linked to increase in stand density. Actual stand density, height 
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and AGB showed no relationship to rainfall although the latter did show a weak 

cubic relationship (r
2 

= 0.59, p = 0.05, 9 dof). This suggests that maximum 

biomass/carbon stock occurs around 1400mm annual rainfall, located intermediate 

between excessive moisture northwards and moisture deficits to the south. 

Monsoon rainforest edaphic gradients 

The relationship between tree and stand attributes for monsoon rainforest across an 

environmental gradient from the data of Bowman et al. (1991) is shown in Table 

4.29. PCC for relationships between stand basal area (Sba), tree density (D), mean 

DBH (MDBH) and height (Hpr) and taper and both surface soil pH and moisture are 

shown in Table 4.29. 

Table 4.29 Relationship between tree and stand parameters, soil pH and moisture for 

MRF stands along a gradient of soil pH and moisture (Bowman et al. 1991)  

Segment 
Surface 

pH 

Surface 
moisture 

(%) 

Mean 
Stand 

basal area 
m2 ha-1 

Dominant 
Tree 

density 

(no ha-1) 

Mean 
tree DBH 

(cm) 

Mean 
tree 

Height 

(m) 

Mean 
stand 

Taper 

1 7.5  9 40 30.19 7.5 0.25 

2 7.2  11 70 25.23 10 0.40 

3 7 28 14 60 30.74 8 0.26 

4 6.5 17 19.5 59.5 36.43 11 0.30 

5 5.5 17 19 52 38.47 15 0.39 

6 5.5 15 24 51.5 43.44 19 0.44 

7 5.2 55 30 52 48.34 23 0.48 

8 5.2 47 33 68 44.33 23 0.52 

9 5 68 37 55 52.19 25 0.48 

PCC for relationships between stand basal area (Sba), tree density (D), mean DBH 

and height (Hpr) and taper and both against surface soil pH and moisture are shown 

in Table 4.30. 
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Table 4.30 PCC (r) for the relationship between MRF stand basal area (Sba), density 

(D), mean diameter (mDBH), predominant height (Hpr), and taper 

(Hpr/mDBH) attributes, and soil surface pH and moisture (data from 

Bowman et al. 1991) 

Arboreal variables 
pH (9dof) 

r 

Moisture (7dof) 

r 

Sba (m2 ha-1) -0.92** 0.84* 

D (Trees ha-1) 0.15 0.13 

mDBH (cm) -0.94** 0.75(p=0.051) 

Hpr (m) -0.95** 0.74 (p=0.056) 

Taper -0.83** 0.54 (p=0.13) 

Significance ** p<0.001 * P<0.05 

Stand density (of predominant trees) is not correlated with pH or soil moisture. There 

are apparent correlations between Sba, Hpr, mDBH and taper, with pH increasing 

with decreasing rainfall. This is reflected in the weak (except for Sba) positive 

correlation with soil moisture, which may be a function of rainfall, ground water, or 

drainage linked to topography. 

4.3.3.2 Tree species and community responses to topography 

The results of NMS ranking of macro landform in multidimensional tree species 

space is shown in Matrix 4.1 overlef, together with landform descriptions from 

Brock (1988). 

It would appear that most dominant SWL tree species in this data set (in bold) show 

strong positive KTBCC (R) with the landform gradient from hills to alluvial plains. 

The remaining species show a weak trend which gradually reverses in response to the 

catchment gradient. 
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The relationship between slope % and both height index (HI) and cover index (CI) 

for low and high slope landscapes is shown in the bar graph in Figure 4.2 with results 

of correlation analysis shown in Table 4.31. 

There also appears to be a significant correlation between slope and tree height index. 

Correlation with tree cover index is significant and positive for low relief and 

negative for high relief landscapes. Height and cover indices are significantly 

correlated with each other, for both landscapes of low relief (R = 0.28, p = 0.00, 263 

dof) and high relief (R = 0.61, p = 0.00, 47 dof). Thus the cover result could extend 

to height. 
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Matrix 4.1 Relative frequency ranking of seven lowland MNT macro landforms in 

species space using NMS based on relative Sorensen distance measure along 

axis 1 of a two dimensional solution together with Kendall tau_b 

Correlation Coefficient (KTB) values of landscape gradient 

Landscape associations identified by Brock (1988) have been used as a 

comparison.  

Tree species 
Macro landforms 

R Brock landscape association 
LP SH GR GP UR UP FP 

Eucalyptus (E) Corymbia (C) sp 

E. tetrodonta* A C B C B  E 0.78 Sandstone, lowland landforms  

E. miniata* A C B E C E D 0.81 Wide range of landforms  

E. confertiflora A E D D C   0.68 Plains and flats 

E. porrecta* D A E     0.49 Slopes and undulating county  

C. disjuncta  A   E   0.35  

C. bleeseri* B C A D C E  0.66 Sandstone and  lowland landform 

E. clavigera* C D A D C C  0.58 Plains, gentle slopes, rises  

E. tintinans  D   A   0.09  

C. latifolia*   C D A  A 0.31 Mainly low slope and flats 

E. alba 
(and varaustralasiaca) 

E B   A B A 0.32 
Hills and ridges , with varaustilasica 
–floodplain 

C. foelscheana* C D C D A E C 0.66 Plains, gentle slopes, low hills   

E. tectifica* D C C D A E C 0.55 Slopes and stony ridges  

E. microtheca   A   C A 0.30 Alluvial flats  

E. camaldulensis      A D 0.03 Alluvial plains 

E. apodophylla     A  A 0.39 Alluvial plains  

C. grandifolia     D C A 0.00 Alluvial plains 

E. patellaris C      A 0.40 Flats and low slopes  

C. bella C D B C D D A 0.45 Alluvial Flats  

E. polycarpa D  B D D C A 0.45 Alluvial flats  

E. bigalerita  C   E B B 0.20 Alluvial flats and slopes 

OTHER species 

Acacia mimula A  A     0.22 Sandstone plateau  landforms  

Alstonia actinophylla A  A   A  0.40 Dunes and beach cliffs, lowland 

Acacia auriculiformis   A   C A 0.21 Dune, sandstone and lowlands  

Barringtonia  acutangula D  A C D  A 0.59 Alluvial plains  

Tristania lactifolia   A    A 0.35  

Ficus virens   A   E D 0.46 Low land and streamlines 

Pandanus spiralis C  A   A D 0.24 Alluvial plains  

Terminalia grandiflora D B C A A D D 0.64 Wide spread  

Grevilea pteridifolia     A   0.25 Alluvial plains, lowland flats  

Melaleuca sp B  B  D D A 0.20 
Widespread along stream and 
swamps  

Gyrocarpus americanus C      A 0.26 Dunes, beach cliffs, sandstone  

Terminalia ferdinandiana D D D  E E E 0.64 Wide variety of landforms  

Xanthostemon paradoxus  C   E E  0.18 Low land and streamlines 
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Association: A very strong; B strong; C weak; D very weak; E only occasional.  

See appendix for Macro landform code. 

Tree species 
Macro landforms 

R Brock landscape association 
LP SH GR GP UR UP FP 

Eucalyptus (E) Corymbia (C) sp 

E. tetrodonta* A C B C B  E 0.78 Sandstone, lowland landforms 

E. miniata* A C B E C E D 0.81 Wide range of landforms 

E. confertiflora A E D D C   0.68 Plains and flats 

E. porrecta* D A E     0.49 Slopes and undulating county 

C. disjuncta  A   E   0.35  

C. bleeseri* B C A D C E  0.66 Sandstone and  lowland landform 

E. clavigera* C D A D C C  0.58 Plains, gentle slopes, rises 

E. tintinans  D   A   0.09  

C. latifolia*   C D A  A 0.31 Mainly low slope and flats 

E. alba 

(and varaustralasiaca) 
E B   A B A 0.32 

Hills and ridges , with varaustilasica –
floodplain 

C. foelscheana* C D C D A E C 0.66 Plains, gentle slopes, low hills 

E. tectifica* D C C D A E C 0.55 Slopes and stony ridges 

E. microtheca   A   C A 0.30 Alluvial flats 

E. camaldulensis      A D 0.03 Alluvial plains 

E. apodophylla     A  A 0.39 Alluvial plains 

C. grandifolia     D C A 0.00 Alluvial plains 

E. patellaris C      A 0.40 Flats and low slopes 

C. bella C D B C D D A 0.45 Alluvial Flats 

E. polycarpa D  B D D C A 0.45 Alluvial flats 

E. bigalerita  C   E B B 0.20 Alluvial flats and slopes 

OTHER species 

Acacia mimula A  A     0.22 Sandstone plateau  landforms 

Alstonia actinophylla A  A   A  0.40 Dunes and beach cliffs, lowland 

Acacia auriculiformis   A   C A 0.21 Dune, sandstone and lowlands 

Barringtonia  acutangula D  A C D  A 0.59 Alluvial plains 

Tristania lactifolia   A    A 0.35  

Ficus virens   A   E D 0.46 Low land and streamlines 

Pandanus spiralis C  A   A D 0.24 Alluvial plains 

Terminalia grandiflora D B C A A D D 0.64 Wide spread 

Grevilea pteridifolia     A   0.25 Alluvial plains, lowland flats 

Melaleuca sp B  B  D D A 0.20 
Widespread along stream and 
swamps 

Gyrocarpus americanus C      A 0.26 Dunes, beach cliffs, sandstone 

Terminalia ferdinandiana D D D  E E E 0.64 Wide variety of landforms 

Xanthostemon 
paradoxus 

 C   E E  0.18 Low land and streamlines 
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Association: A very strong; B strong; C weak; D very weak; E only occasional. 

See appendix for Macro landform code. 

 

 

 

 

 

Figure 4.2 Relationship between land unit slope and tree height and cover indices 

landscapes with low slopes (A) and high slopes (B) across MNT 

 

Scree plots show a significant departure from random for one or more dimensions 

suggesting a significant contribution to species distribution. Comparisons between 

NMS ranking and the Brock (1988) information suggests that the analysis has been 

robust. 

Table 4.31 Kendall tau_b Correlations Coefficients (R) significance test for the 

relationship between tree height and cover index for low and high slope 

land units 

Slope 0.5-7% 10-40 % 

Tree height index (R) -0.002 -0.26 

Significance (N) p=0.97 (263dof) p=0.07 (47dof) 

Tree cover index (R)  0.18** -0.29* 

Significance (N) p= 0.00 (263dof) p=0.04 (47dof ) 

Correlation significance (2-tailed) ** < 0.01 level * < 0.05 level 
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4.3.3.3 Tree community responses to edaphic factors 

4.3.3.3.1 Species distribution and growth relative to pedon groups 

Results for pedon groups NMS ordination (axis 2) is presented on Matrix 4.2. The 

NMS ranking of pedon groups in tree species relative frequency space, particularly 

when Eucalyptus and Corymbia sp are treated separately, show a strong relationship 

to the pedon group spectrum (PGS) established in Chapter 3. The dominant species 

show a moderately strong correlation, becoming progressively weaker and then 

negative, for both Eucalypt and non-Eucalypt species. 
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Matrix 4.2 Results of NMS relative ranking along axis 2 of a two axis solution selected 

pedon group frequency in tree species space based on relative Sorensen 

distance measure  and associated kendall tau_b Correlation Coefficient (R) 

across the (reverse increasing clay) Pedon group Spectrum  

Tree species 

Pedon groups 

 
R 

S
K

Y
 

S
K

R
 

S
K

B
 

R
L

/T
R

 

L
K

R
G

 

T
O

 

H
T

G
 

H
C

 

H
K

 

C
Y

 

H
T

S
 

T
K

 

A
V

 

D
 

Eucalyptus and Corymbia Species 

Eucalyptus tetrodonta A A B B E D  E  E     0.66 

E. miniata A B C B E D         0.57 

Corymbia foelschiana D A B B E D D D D      0.41 

C. disjucta D D A    D  D      0.21 

E. tintinnans  D A A  D  D       0.28 

C. bleeseri B B B A E A E   D     0.41 

E. phoenecia  D  A E B E        0.26 

E. porrecta D B  A           0.30 

E. tectifica E B B A  D  D  E  E   0.29 

C. dunlopiana   B A           0.24 

C. latifolia   B A D B D B B A   D D -0.08 

C. bella D   D E A B B   E D E  0.17 

E. microtheca      A B     E E E -0.28 

E. patellaris       A        -0.01 

C. grandiflora    E   A A D   E   -0.13 

E. alba    B D B A A  A D D D D -0.19 

E. camaldulensis    D    A     D  -0.11 

E. apodophylla        D A      -0.18 

Non Eucalyptus/Corymbia species 

Acacia mimula   C    D        0.27 

Erythrophloem chlorostachys A A B D  B E E E   E   0.25 

Terminalia ferdinandiana A A B D  A  D       0.38 

Sysygiumsp  A    A  A       0.08 

Xanthostemon paradoxus D A C  D          0.37 

Alstonia actinophylla  D  A           0.21 

Terminalia grandiflora E E C A E  E      D E 0.28 

Melaleuca sp E D  E E A D A D      0.03 

Gyrocarpusamericanus  D   D A         0.28 

Ficus sp      A         0.06 

Pandanus spiralis  D  D  D B A   D  D  -0.17 

T.lactiflua        A   D E   -0.28 

Association; A very strong: B strong: C weak:  D very weak:  E only occasional 

Eucalyptus (E) and Corymbia(C) sp 

See Method for soil code 
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4.3.3.3.2 Height and cover relationships with pedon group spectru 

The results of predominant community HI and CI ranking along a pedon group 

spectrum is presented in Figure 4.3. A gradual fluctuating increase from hydrosols to 

Tenosols is indicative of drainage regulation. Organosols generally linked to MRF, 

not examined in Chapter 3, are also high, evident of the important role played by 

organic carbon in tree growth. 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Mean Tree height index (A) and tree cover index (B) ranked across the 

pedon group spectrum showing some additional pedons including 

Organosols (xO) and identifying those with calcium (ca) parent material 
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4.3.3.3.3 Pedon depth and drainage effects on height and cover indices 

A distance-weighted mean-square relationship between HI and CI in relation to the 

interactive effects of pedon depth and drainage for slopes <10% is shown in Figure 

4.4. 

 

Figure 4.4 Relationship between rated HI (A) and CI (B) of MNT arboreal vegetation 

as a function of landscape drainage and pedon depth for slopes (1-10%) 
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Figure 4.4 shows a general increase in both indices, with the combined increase in 

both depth and drainage. The results of correlation analysis between height and cover 

indices and depth and drainage ranking are presented on Table 4.32. 

Table 4.32 Kendall tau_b Correlation for HI and CI in relation to pedon depth and 

drainage 

Tree variables and sample N Drainage ranking(1-5) Pedon depth ranking (1-5) 

THI 0.11*** 0.16*** 

N 390 390 

TCI 0.13*** 0.18*** 

N 390 390 

The correlation coefficients (assuming a linear relationship) although low, are 

significant, indicating a positive relationship between relative height and cover, and 

pedon depth and drainage shown in Figure 4.4. 

4.3.3.3.4 Nutrient effects on carbon assimilation and DBH PAI 

Foliar and soil nutrient data from Prior et al 2003, 2004 for tree species in four 

habitats are summarised in Appendix 4.2 Table 3. Soil N is also positively correlated 

with both foliar N (R = 0.60, p = 0.00, 24 dof) and P (R = 0.76, p = 0.00, 24 dof) 

linking surface soil nutrition to carbon assimilation. A significant correlation also 

existed with foliar water and both N (r = 0.43, p = 0.40) and P (r = 0.52, p = 0.01). 

One-way ANOVA showed no significant difference between SWL, OF and swamp, 

but a significant difference with MRF. There was also no significant difference 

between phenological groups and N and P in surface soils but  there was  for foliage 

with deciduous trees showing significantly higher levels for N and P (p = 0.02) than 

evergreen. Noth showed no differences with semi deciduous trees. A significant 
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negative PCC exists between leaf longevity and both soil NT (0.61, p = 0.00) and PT 

(0.64, p = 0.00), but only for foliar N (r = 0.57 p = 0.00). 

Assimilation and chlorophyll mass, but not area, respectively also showed significant 

positive PCC with soil N (r = 0.59, p = 0.00 and r = 0.54, p = 0.00) and P (r = 0.62, p 

= 0.00 and r = 0.53, p = 0.00) and more so with foliar N (r = 0.86, p = 0.00 and r = 

0.82, p = 0.00) and P (r = 0.88, p = 0.00 and r = 0.83, p = 0.00). 

PCC for PAI DBH was more highly significant and positive for foliar N (r = 0.48, p 

= 0.01) and P (r = 0.54, p = 0.00) than soil N (r = 0.47, p = 0.03) and P (r = 0.47, p = 

0.02). 

4.3.3.4 Species and community response to climatic factors 

4.3.3.4.1 Seasonal growth responses to moisture 

The general relationship between moisture availability and community structure has 

been mentioned. The potential role of seasonal moisture on periodic monthly DBH  

increment is shown in Figure 4.5 for five pooled SWL and OF species at Berry 

Springs (not affected by TC Tracy) and combined swamp species at Berry Springs 

and MRF in Darwin (cyclone- affected) for the period 2001-2002 based on data from 

Prior et al.2004. 

Six monthly rainfall for the first wet season was 1337mm and the second wet season 

1179mm. Both combined communities show a similar strong seasonal growth cycles 

although with some variability between seasons, particularly for the more rain 

sensitive SWL/OF. Groundwater-regulated MRF/Swamp species have significantly 

higher PAI values as shown previously, peaking later (March 2001) than in SWL/OF 
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communities (which peak in February 2001). Little growth occurs from May to 

September, after which growth resumes to similar peaks in the following January. 

This suggests that the wetter season and high water tables may have delayed growth 

response to March. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Seasonal variability in mean DBH increment for four pooled species in 

savanna woodland/open forest and monsoon rainforest and swamp 

communities 

 

Species variability and monthly increment, leaf flush and atmospheric moisture for 4 

habitats 

Table 4.33 overleaf illustrates PCC and significance levels for the relationship 

between DBH monthly increment of the ten species in the Prior et al. (2004) data set 

for OF, SWL and also swamp communities and cyclone-affected MRF; against 

monthly Atmospheric Vapour Pressure Deficits (AVPD), rainfall, rainfall less 

accumulative evaporation (monthly water balance), and maximum and minimum 

temperature (derived from Bureau of Meteorology data). Also shown is the period of 

sustained peak leaf flush and relationships to peak monthly DBH increment. 
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Table 4.33 Pearson Correlation Coefficient for relationship between species, monthly DBH increment and leaf flush in undisturbed OF SWL and 

Swamp communities at Berry Springs and cyclone disturbed MRF in Darwin and weather for the period October 2000 to May 2002 
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Syzygium suborbiculare SD OF 18   0.56* 0.50* 0.33 0.53* 0.16 May-Nov Jan ,Mar,  Oct-Dec, Apr-Jun 
Flush  preceeds and coincides 
withpeak 

Eucalyptus tetrodonata E OF 18  -0.73* 0.78** 0.61* 0.52* -0.06 Apr-Oct Feb  May-Jan Flush preceeds peak 

Corymbia foelschiana SD SWL 18 -0.21 0.17 -0.04 0.06 -0.18 
June, 
Apr 

Jan, Sep July-Oct Peak during flush after low 

Xanthostemon paradoxis SD SWL 18 -0.54* 0.48* 0.43* 0.61* 0.23 Jun-Sep Jan  Sept -Dec Peak during flush after low 

Melaleuca viridiflora E SWL 18 -0.39 0.44 0.60* 0.50* 0.14 May-Sep Mar/ Apr, Oct-Jun Peak during flush after low 

Acacia auriculiformis E Swamp 18 -0.67** 0.61** 0.60* 0.66* -0.18 Aug Dec/ Jan Jul-Oct ;Feb- May ;  
Flush and low preceeds and 
follows peak  

Melaleuca viridiflora E Swamp 18 -0.15 0.31 0.43 0.21 -0.03 Jul-Aug Jan, May  Apr-Jul  Peak during flush followed by low 

Ficus racemosa SD MRF 15 -0.31 0.27 0.66** 0.27 -0.09 Jun-Oct Mar /Apr Oct-Jan Flush after  low followed by peak 

Melaleuca leucodendron E MRF 14 -0.10 -0.06 0.10 0.15 -0.43 Nov (low) Jan, Mar Aug-May Peaks and low during flush  

Terminalia macrocarpa D MRF 15 -0.69** 0.61* 0.63* 0.70** 0.09 June-Oct Dec, April    Dec, Mar-Jul 
Peaks during flush periods followed 
by low 

+Forest and Woodland (dry) # Monsoon rainforest and swamp (wet). 

 E evergreen, SD semideciduous; D deciduous 

Correlation significance (2-tailed test) ** p<0.01 level, * p<0.05 level (*), p< 0.1 level 

DBH and leaf flush data from Prior et al. 2004. Weather data from Bureau of Meteorology, Chapter 2 
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No diameter increment data were correlated with mean maximum temperature, 

although for seven species across communities it was with minimum monthly 

temperature, possibly correlated with monthly rainfall. 

A highly significant (p = 0.00) positive correlation exists between PMI DBH and 

rainfall across communities. This is also negative for AVPD for five species. Two 

additional species show a positive correlation with accumulative monthly rainfall 

less monthly pan evaporation (RF – Ea). 

The evergreen E. tetrodonta shows the highest correlation with rainfall and with RF-

Ea (positive) as well as AVPD (negative). The species shows a growth peak in 

February with little growth apparent in April to October, and a leaf flush May to 

January out of phase with all other species. Of the species showing a growth peak in 

December, A. auriculiformis also shows a peak extending to January, with a leaf 

flush in February-May and with no growth only in August during a flush from May–

October. T. macrocarpa  growth peaks December and April both coinciding with a 

leaf flush showing strongly correlated with all three moisture indicators, No growth 

occurs June to October.  X. paradoxica growth peaks January following a leaf flush 

with no growth in April and June. S. suborbiculare also show a peak in January 

followed by a flush in March and preceding a flush with no growth in May-

November. Both these species show a significant correlation with RF and 

accumulative moisture (positive) and AVPD (negative). 

Of the other species showing a January peak, M. viridiflora also shows a peak in 

April in SWL, with no growth in May to September followed by a leaf flush. In 

swamps it shows a later peak in May followed by no growth in late Dry Season July 
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to Augustm followed by a flush from October to June. Of the three remaining species 

showing a peak growth in March-April, M. leucodendron shows the lowest growth in 

November followed by a peak in January and another in March coinciding with a 

leaf flush. F. racemosa growth is lowest in June – October followed by a leaf flush, 

leading to another peak growth in March /April. For C. foelschiana growth is lowest 

in April, following a flush in January, and also June followed by a flush followed by 

a peak in September. These three species show no correlation with AVPD or RF with 

only the latter species showing a growth correlation with accumulative (RF – Ea). 

The differing responses to seasonal moisture regimes reflected in both monthly 

growth and leaf flush suggest different adaptive mechanism to the environment of 

both excess and deficit moisture stress, either using or building up reserves (reflected 

in flushing/growth responses). 

4.3.3.4.2 Storm and cyclone disturbance effects in community structure 

Age class structures of communities provide useful indicators of disturbance affects 

contributing to both destruction, evident in loss of larger trees, and recruitment 

evident in increased frequency of smaller trees. 

Size class frequency distribution of MRF and SWL communities 

The relative (percentage) DBH frequency of pooled tree species, in classes down to 

5cm, for wet and dry MRF and SWL as derived from the data of Bowman (1992) is 

shown in Figure 4.6 and for Kapalga and Howard Springs, in Figure 4.7. 

The distribution in both cases fitted a power function decline towards the larger size 

classes. The exponent and associated statistics for SWL and MRF across MNT is 
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shown in Table 4.34, and SWL at Kapalga SWL and for three dominant OF tree 

species in Howard Springs is summarised in Table 4.35. 

Table 4.34 Power function exponent for the decay curve of the size class frequency 

distribution in wet and dry MRF and SWL outside the TC Tracy tract  

(data from Bowman 1992) 

 Power function Exponent r2 F Sig Dof 

Wet MRF -0.98 0.69 24.91 0.00 11 

Dry MRF -0.13 0.79 41.45 0.00 11 

Wet SWL -1.08 0.76 33.89 0.00 11 

Dry SWL -1.20 0.78 39.58 0.00 11 

 

Table 4.35 Power function exponent (and significance) for the negative skewed 

frequency distribution of combined trees in Kapalga (Prior et al. 2006) (K), 

not cyclone-affected, and both individual and combined dominant species at 

Howard Springs (O’Grady et al. 2000) (HS) affected by TC Tracy  

Sites and species Power function exponent r2 F Sig Dof 

Werner (K) -1.58 0.89 46.5 0.00 6 

Williams (K) -1.61 0.69 13.5 0.10 6 

Total (HS) -2.05 0.88 44.8 0.00 6 

 

Relative tree frequency is higher in the smaller size class in SWL and dry MRF than 

wet MRF in Figure 4.6, suggesting more post-disturbance recruitment. The presence 

of trees in the 50cm DBH class suggests that these communities are located outside 

the TC tract and shows no evidence of post-TC Tracy recruitment. 
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Figure 4.6 Percentage tree frequency for diameter class in wet and dry MRF and SWL 

communities (data from Bowman, 1992) 

 

 

 

 

 

 

 

Figure 4.7 Percentage tree frequency for diameter class in SWL communities at 

Kapalga (from Prior et al 2006) and OF at Howard Springs (from O’Grady et 

al. 2000) 
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At Kapalga, SWL tree frequency in the <7.5cm size class was 700 trees ha-1 and 

Howard Springs 140 trees ha-1. Relative tree frequency in the smallest 2.5cm classes 

is much higher at Kapalga (55%) than Howard Springs (11%), this being reversed in 

the 7.5cm DBH (6.6 - 8.4cm) where relative frequency increased to a peak 32% 

compared to 12% at Kapalga. This is indicative of a high recruitment phase 

following disturbance linked to TC Tracy 22 years previously. The estimated mean 

annual increment of 0.30 - 0.36cm year -1 is consistent with the higher PAI values 

for dominant species and with reduced post-cyclone competition. 

The negative power exponent for Kapalga was lower than Howard Springs indicating 

lower relative frequency in lower size class and greater attenuating into larger size 

classes. The predominant mean DBH of the largest trees was 50.8cm (n = 9) in the 

Werner data set and 45cm (n = 10) for Williams dataset. Mean maximum DBH for 

dominant trees at Howard Springs is 34.7cm (n = 11) for E.tetrodonta, 33.4cm (n = 

14) for E.miniata, and 34.5cm (n = 8) for E.chlorostachys. This pattern is consistent 

with higher storm damage of larger trees. 

Species basal area and frequency site relationships affected by TC Tracy and local 

storm damage 

Relative species frequency/basal area are indicative of opportunistic responses to 

disturbance, as well as the potential effect of such extreme wind events. 

Cyclone and storm damage effects 

The composite Table 4.36 shows species density and absolute and percentage basal 

area for species common to both cyclone-affected Howard Springs (O’Grady et al. 

2000), and cyclone-unaffected Kapalga from Prior et al. (2006) and Williams and 

Douglas (1995), the latter also showing storm damage. 
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PCC for the relationship between Eucalypt species basal area and frequency is not 

significant for Howard Springs but is for Kapalga, but only for the Williams data set  

assessed by Prior et al. (loc cit) (r = 0.97, p = 0.01, 5 dof). The Williams and Douglas 

(1995) dataset which includes non-eucalypt species also shows a significant 

correlation (r = 0.94, p = 0.00, 11 dof). These suggest that recruitment frequency 

rather than size may be the major driver of stand basal area. 

Of the co-dominants, E. miniata has higher species frequency and basal area than 

E.tetrodonta at Howard Springs and only one out of the three sites at Kapalga, 

suggesting no strong site disturbance. C. clavigera, T. ferdindaniana and E. 

chlorostachys on the other hand have higher frequencies at the cyclone-affected 

Howard Springs than Kapalga sites, suggesting a disturbance induced response. 

Subsequent storm damage for Eucalypts (9.3-33%) ignoring E. clavigera for which 

only 3 trees were present) compared to nil for T. ferdindaniana (for 61 trees) and 

2.6% for E.chlorostachys (for 77) suggesting significantly higher tolerance in these 

non eucalypts. 

A moderately significant negative logarithmic relationship is evident between tree 

damage and relative frequency for Eucalypts alone (r
2 

= 0.93, p = 0.036, 3 dof). A 

significant positive PCC is also evident between proportional tree damage (ground 

level stem failure) and mean DBH across all species (derived from the ratio of tree 

basal area by frequency) (r = 0.89, p = 0.02, 6 dof). A similar relationship also exists 

with mean maximum DBH of related species in the Williams et al. (2005) data set  

(r = 0.99, p = 0.00, 5 dof) in (Table 4.4), supporting a genetic link to damage 

vulnerability. 
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Table 4.36 Species density and basal area by age for cyclone-affected OF at Howard 

Springs non cyclone-affected SWL at Kapalga subsequently storm-damaged               

Species Attributes 

Howard Springs 
TC Tracy-affected 

Kakadu (no cyclone effect) 

O'Grady et al. 2000 Prior et al (2006) 
Williams and Douglas 
(1995) pre- and post-

storm in 1992 

Mean Se 
Werner 

1982 
Williams 

1991 

Pre 
storm 

attributes 

Post 
storm 

damage 
% and 
(total 

number ) 

 Tot  ba 
ha-1 

9.92  8.23 9.63 8.34  

E.miniata No  ha-1 218.00 26.60 42.00 124.00 32.00 11.3 (12) 

 ba ha-1 3.84 0.50 2.58 3.86 1.48  

  ba  % 38.70  31.30 40.00 18.00  

E.tetrodonta No  ha-1 175.80 17.90 102.00 56.00 133 9.3(34) 

   0.44 2.19 2.44 3.89  

 ba % 29.73  26.60 25.00 47.00  

C.clavigera  No  ha-1 54.50 6.60 0.00 0.00 1.00 33.3(1) 

 ba ha-1 0.91 0.25 0.00 0.00 0.04  

 ba % 9.17  0.00 0.00 0.00  

E.porrecta No  ha-1 53.60 11.70 54.00 38.00 45.00 17.2(23) 

 ba ha-1 0.70 0.23 0.98 1.02 1.79  

 ba % 7.07  11.90 10.59 21.00  

E.chlorostachys No  ha-1 68.80 10.20 10.00 24.00 5.06 2.6(2) 

 ba ha-1 1.16  0.29 0.37 0.81 0.64  

 ba % 11.79  5.50 9.30 8.00  

T.ferdinandiana No  ha-1 131.20  18.80 8.00 14.00 20.00 0.0(0) 

 ba ha-1 0.36 0.07 0.06 0.18 0.02  

 ba % 3.62  0.01 2.00 0.00  

Note; density (No) -trees ha
-1 

basal area (ba) m
2 
ha

-1
 

The influence of cyclone tree damage from TC Tracy 

Data for dry MRF species identified by Fox (1980) and assessed by Bowman (1992) 

have been compiled in Table 2 Appendix 4.2. Table 4.37 compares stand attributes 

of dry MRF assessed by Fox (1980) and Bowman (1992) justifying the merger of 

these data sets. 
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Table 4.37 Comparative analysis of mean stand density, height, basal area DBH and 

taper for monsoon rain forest (derived from Fox 1980, Bowman 1992)  

Tree variables Fox (1983) (Ht>5m) 
Bowman 1992 data 

(ht>1.5m) 

DBH range (Bowman )   1-4cm 6-100cm 

Mean density (stem ha-1) 710 (360- 1010) 1840 888 

Mean Height (m) 10.6 (5- 30) Nd Nd 

Mean basal area (m2 ha-1) 
13.40 (6.79-19.06) 

(est) 
0.94 17.1 

Mean DBH  (cm) 15.5 (4- 64) 2.22 11.91 

Mean taper (est) 0.68 (0.47-1.25)   

PCC for the relationship between total number of individuals per species recorded by 

Fox and both species frequency (r = 0.43, p = 0.03, 26 dof) and basal area (r = 0.44,  

p = 0.02, 27 dof) support the close relationship between the datasets.  

Bearing in mind the limitations of the integrated dataset, correlation analysis shows 

that potential height (derived from species data) in these communities is significantly 

positively correlated with species basal area (r = 0.55, p = 0.00, 22 dof) suggesting 

that this was a reliable estimate of the actual height. There is also a significant 

negative correlation between species frequency and potential height (r = -0.49, p = 

0.04, 22 dof) suggesting that the taller species (as in the case of DBH above) are 

present in smallest numbers, consistent with size class frequency distribution 

reported above. 

Cyclone damage and carbon release analysis 

Table 4.38 overleaf shows MRF species attributes from Bowman (1992) with 

potential height classes from Brock and damage after TC Tracy from Fox (1980), 

including tolerance and sensitivity rating, based on NMS ranking along three axes. 
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A scree plot test for Non Parametric Multidimensional Scaling (NMS) of tree species 

in multidimensional post-cyclone tree state space, using relative Sorensen distance 

measure, shows a significant departure from random in all dimensions. This suggests 

that the damage criteria used provides a robust basis for species vulnerability ranking, 

particularly along axes showing minimal departure from linearity. 
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Table 4.38 Monsoon rainforest species origin, phenology and post-cyclone Tracy state including tolerance and sensitivity rating and NMS ranking 

along three axes (data from Fox 1980) Origin A Australia and New Guinea Regional (including A) 

Tree species Family Origin * 
Phenology 

** 

Potential 
height 

(m) 

Standing 
and 

leaning 
prop. 

Standing 
prop 

Leaning 
prop 

Fallen 
prop 

Stand 
and 

broken 

Defoliated 
prop 

Recovered 
prop 

Dead 
prop 

Tolerance 
index 

Sensitivity 
index 

NMS scaling and 
Axis 

1 2 3 

A. auriculiformis Mimosaceae R E 25 0.37 0.27 0.10 0.63 0.25 0.10 0.13 0.87 0.23 1.00 4 1 23 

 

A. actinophylla Apocynaceae A E 20 1.00 1.00 0.00 0.00 1.00 0.00 0.00 0.00 0.46 0.56 9 25 1 

A. toxicaria Moraceae A D 20 0.73 0.36 0.36 0.27 0.36 0.36 0.92 0.09 0.76 0.76 12 7 13 

B. ceiba var Bombaceae R D 10 0.69 0.46 0.23 0.31 0.46 0.23 0.69 0.00 0.64 0.71 19 8 10 

B. stipitata Euphorbiaceae R E 5 0.66 0.33 0.33 0.33 0.33 0.33 0.66 0.33 0.61 0.83 6 5 9 

B. tomentose Euphorbiaceae R SD 5 1.00 1.00 0.00 0.00 1.00 0.00 1.00 0.00 0.92 0.56 5 2 2 

C. verrauxii Euphorbiaceae  D 25 0.67 0.00 0.67 0.33 0.00 0.67 1.00 0.00 0.77 0.83 20 24 26 

C. australianum Bursariaceae A D 5 0.50 0.00 0.50 0.50 0.00 0.50 0.67 0.33 0.54 0.93 11 26 22 

C. schultzii Euphorbiaceae R E 5 0.81 0.38 0.43 0.19 0.38 0.43 1.00 0.00 0.83 0.73 17 10 16 

C.anacardiodes Sapindaceae A E 10 0.67 0.11 0.56 0.33 0.11 0.56 0.99 0.00 0.76 0.80 15 28 25 

D.ferrea D.compacta Ebenaceae A E 5 0.75 0.25 0.50 0.25 0.25 0.50 0.50 0.00 0.58 0.76 25 11 19 

D. calycantha Ebenaceae R E 10 0.70 0.40 0.30 0.30 0.40 0.30 0.00 0.00 0.32 0.72 22 18 21 

D. lasiogyna Euphorbiacea A SD 5 0.75 0.27 0.48 0.26 0.27 0.48 0.67 0.06 0.66 0.78 18 15 18 

D.oppositifolium Meliaceae A E 15 1.00 0.67 0.33 0.00 0.67 0.33 1.00 0.00 0.92 0.65 10 3 8 

E. chlorostachys Caesalpiniacea A SD 20 0.80 0.40 0.40 0.20 0.40 0.40 0.80 0.00 0.74 0.72 21 9 14 

E. latifolius Santalaceae R E 5 0.40 0.20 0.20 0.60 0.20 0.20 0.80 0.00 0.55 0.78 28 27 28 

G. falcatum Sapindaceae A E 10 1.00 0.50 0.33 0.00 0.50 0.33 1.00 0.00 1.00 0.65 8 4 3 

L. glutinosa Lauraceae A D 25 0.71 0.04 0.14 0.29 0.04 0.14 0.36 0.04 0.74 0.69 27 6 4 

M. nesophilus Euphorbiaceae A E 5 0.81 0.19 0.52 0.29 0.19 0.52 0.76 0.00 0.77 0.78 2 13 17 

M. elengi Sapotaceae A E 5 0.92 0.02 0.58 0.08 0.02 0.58 0.42 0.08 0.70 0.76 16 19 6 

P. nitidissima Annonaceae  D 15 0.93 0.16 0.57 0.07 0.16 0.57 0.86 0.00 0.92 0.73 23 21 7 

P.(australis) holtziana Annonaceae A D 10 0.65 0.18 0.46 0.35 0.18 0.46 0.63 0.02 0.60 0.79 3 14 24 

P. pinnata Fabiaceae R D 10 0.65 0.33 0.28 0.25 0.33 0.28 0.92 0.00 0.74 0.70 24 12 15 

S. quadrifida Sterculiaceae A SD 20 0.81 0.50 0.31 0.19 0.50 0.31 0.81 0.00 0.75 0.69 13 17 12 

S. lucida Loganiaceae A D 10 0.81 0.25 0.50 0.19 0.25 0.50 0.50 0.00 0.63 0.75 14 16 5 

V.acuminate Verbenaceae A SD 20 0.40 0.25 0.25 0.60 0.00 1.00 1.00 0.20 0.65 0.85 1 20 11 

W. pubescens Apocynaceae A SD 10 1.00 0.00 1.00 0.00 0.08 0.75 0.64 0.00 0.76 0.83 7 23 20 

X. parviflorum Rutaceae  SD 10 0.83 0.08 0.75 0.17 0.25 0.25 0.60 0.00 0.66 0.81 26 22 27 
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KTBCC analysis undertaken on the NMS ranked species along three axes and 

subjective ratings based on attributes is significant only for axis 3 for tolerance (e.g. 

standing , recovery) (R= -0.40, p = 0.04, 28 dof) and particularly sensitivity (stem 

and root failure, branch damage and defoliation) (R = 0.66, p = 0.00, 28 dof) 

providing the best indicator of relative species response to cyclones. 

A p-p plot test for normality shows that for untransformed data, total trees standing 

and standing broken, standing defoliated and disbranched and fallen were normally 

distributed. On the other hand “no damage” and “dead” variables were normally 

distributed when data were log-transformed. 

PCC for the relationship between NMS ranks along axis 3, and tolerance and 

sensitivity rating for normalised post cyclone tree states and KTBCC with NMS 

ranking, is shown in Table 4.39. 

Table 4.39 Pearson Correlation Coefficient (r) for tolerance and sensitivity rating and 

Kendall tau_b (KTB) Correlation Coefficient (R) and for NMS ranking 

along axis 3 against post-cyclone states for monsoon rainforest trees (data 

from Fox 1980) 

 Post cyclone states 

Rating and 
Ranking system 

used 
Standing 

Ln No 
damage 

Recovered Fallen 
Standing 
broken 

Standing 
defoliated 

Ln 
Dead 

Tolerance rating (r) 0.59** 0.67* 0.79** -0.59** 0.10 0.23 -0.84** 

Sensitivity rating (r) -0.69** -0.56 -0.09 0.71** -0.74** 0.41* 0.72** 

NMS ranking axis 3 
R 

-0.68** -0.30 0.17 0.85** -0.41** 0.28 Na 

Dof 28 9 28 28 28 28 8 

Correlation significance (2 tailed) ** at 0.01 level * at the 0.05 level (2-tailed). 

The tolerance rating shows significant positive correlation with trees standing, non 

damage and recovered, and negative correlation with fallen and dead.  There is no 
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correlation with standing broken or defoliated. Sensitivity rating was negatively 

correlated with trees standing and standing broken and positively correlated with 

trees fallen, defoliated and dead. NMS ranking (along axis 3) therefore serves as a 

useful objective method for evaluating relative species sensitivity to a given cyclone. 

Genetic influences 

There was no clear pattern with family affiliation. Most families represented by more 

than one species were evident on both the high and low end of the ranking scale. 

Three species with legume affiliations (Fabaceae, Ceasalpineacea and Mimosaceae) 

consistently ranked in the low part of axis 3. 

An independent student t test to compare all damage forms, between species with 

only Australian affinity and those more widespread outside Australia, and between 

evergreen and combined deciduous and semi-deciduous phenological groups, 

showed no significant difference. 

Morphological influences 

PCC for relationships between morphological attributes from the Bowman data and 

proportional damage from the Fox is shown in Table 4.40. 

  



Chapter 4: 

Page 278 

 

Table 4.40 Pearson Correlation Coefficient and significance for relationships between 

species morphological attributes, and between these and post cyclone states 

(26 dof)  

Species attributes 

Morphology Post Cyclone states 

Species 
mean basal 

area 
r 

Potential 
Height 

 
r 

Standing 
 
 
r 

Fallen 
 
 
r 

Standing 
broken 

 
r 

Standing 
defoliated 

 
r 

Potential height   0.11 -0.16 0.09 -0.02 

Mean species DBH 0.68** 0.52** 0.31 -0.53** -0.21 -0.08 

Species basal area  0.37(*) 0.32 -0.31 0.14 0.05 

Frequency 0.43* -0.26 -0.02 0.32 -0.21 -0.00 

Correlation significance 2-tailed);* *p<0.01 level; *p <0.05 level; (*) p=0.05-0.055 level  

Mean species DBH is significantly positively correlated with potential height but not 

species frequency. 

As expected, trees fallen are also negatively correlated with standing (both broken 

and defoliated) (r = 0.52, p = 0.00, 33 dof) so inverse relationships could be expected. 

Although no correlation exists between assessed trees fallen and potential height, a 

significant negative correlation does exist with derived mean DBH, suggesting that 

larger trees have lower root failure. The proportion of tree standing and broken (Sbr) 

follow a cubic function relationship with DBH (cm) (Eqn 4.24). 

Sbr = 0.62 (DBH)
3
 -0.01 (DBH)

2
+ 0.004 -2.E -05 (r

2 
=0.48, p =0.00, F =6.77, 22 dof) Eqn 4.24 

Sbr is proportion of trees standing and broken; DBH is diameter at 1.3m 

This suggests that a larger number of trees in both the smaller and larger DBH class 

were standing but broken reaching a minimum in the intermediate size classes,  the 

reverse to trees fallen. The cubic relationship between trees fallen and species 

frequency is shown in Eqn 4.25. 
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F = -0.0897(f)
 3
+ 0.0213(f)

 2
 + 0.0003 -2.E -05 (r

2 
=0.38, p =0.01, 22 dof) Eqn 4.25 

F is proportion of trees fallen and  f is frequency of occurrence  

Maximum tree fall appears to be associated with intermediate species frequency 

(correlated with species basal area), decreasing for both low and high species 

frequencies. 

Carbon released by Cyclone Tracy 

Based on the good correlation between the Fox (1980) and Bowman (1992) data, a 

simple computation has been undertaken based on stand parameters provided for 

sapling and adults (not juvenile size classes). Using mean tree height of 10.6m, mean 

stem DBH of 15.5cm and estimated taper 0.68 together with mean tree density of 

710 trees ha
-1

, a mean stand stem volume of 97 m
3
 ha

-1
 has been estimated. This 

value has been converted to biomass equivalent using a mean wood density of 0.6 

g/cc (Boland et al. 1992) which is reasonable for rainforest species as discussed 

above. An approximate total stand above ground biomass (AGB) value of 93.48t ha
-1 

(or 45t C ha
-1

) has been derived using the wood-bark estimated proportion of 0.62 of 

total tree biomass derived for E. chlorostachys from data in Cook et al. (2005). Using 

the R/S ratio value of 0.4, the total stand carbon stock for DMRF stands, influenced 

by TC Tracy, is 63t C ha
-1

. This is in the same order of magnitude derived for dry 

MRF previously, when allowing for higher tree density (890-1240 trees ha
-1

). 

Using the Fox (1980) data combined with the stand carbon biomass estimated above, 

it would appear that 11.75 tonnes of Carbon per hectare (tCha
-1

) of trees fell. Of the 

remaining 75% left standing, 40% were defoliated, representing a loss of about 6% 

(being the estimated proportion of canopy) this being 0.80 t C ha
-1

. Of the trees left 
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standing, 30% lost the upper part of the tree including foliage, branches and upper 

trunk.  This is estimated to be 70% in total or 6.93 tones C ha
-1

 giving a total above-

ground carbon loss of 19.5t C ha
-1

. Below-ground carbon would have been partly 

exposed by uprooting of the fallen trees which, assuming this applied to all trees 

fallen, represents an additional load of about 5 t C ha 
-1

. Decomposition would lead 

to an eventual loss of this carbon to the atmosphere particularly where burnt, with 

some being incorporated into the soil. 

4.4 Synthesis and Discussion 

4.4.1 Introduction 

This part of the meta study has analysed and re-analysed, integrated and compared 

structural and compositional attributes of Savanna Woodland (SWL), Open Forest 

(OF) and monsoon rainforest (MRF) and some swamp communities, both disturbed 

and undisturbed by fire and wind, across environmental gradients of MNT 

landscapes. It has also assessed a range of indicators of above- and below-ground 

carbon accumulation in both communities and dominant tree species bearing on 

cyclone vulnerability and impacts. 

4.4.2 Community carbon structure, environment relationships and 
disturbance 

Carbon stock 

The estimated above-ground carbon stock in this study ranged from 31 tCha
-1 

for 

lower rainfall SWL to 29 tCha
-1

 for wet MRF with intermediate values of 30 up to 60 

tCha
-1

 for moist OF.  These estimates are similar to those reported by O’Grady et al. 
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(2000), confirming the reliability of the analysis. Dry MRF losses from TC Tracy 

were estimated to be 19.5 tCha 
-1

. 

Predominant height and cover 

Predominant tree height, and associated community cover of SWL and OF, are 

useful scalars of carbon stock. These increased across a landform-related edaphic 

gradient of decreasing clay and nutrient content, with some evidence of optimum 

conditions in the middle of the clay content spectrum. Pedon depth and soil/landform 

drainage played a more critical role in limiting carbon accumulation. 

Taper 

Taper was found to decrease logarithmically with DBH and therefore with age and 

vigour, which for MRF increased with available surface soil moisture and decreased 

with soil pH and base cations. 

Community basal area 

Stand basal area (Sba), also indicative of carbon stock, showed similar increases 

from 5- 6.73 m
-2

ha
-1

 for lower rainfall dry SWL to 37 m
-2

ha
1
 for wet MRF, 

decreasing with surface soil moisture to 10 m
-2

ha
1
. Open Forest, in the middle of this 

range, was 12 m
2
ha

-1
 where disturbed by TC Tracy and fire, to 17.5 m

2
 ha

-1
 where 

undisturbed. This range is comparable to both fire-affected and precluded plots at 

Munmarlary (Russell-Smith et al. 2003). 

Community density 

Tree community density, correlated with Sba, together with DBH class 

demographics established in this study, reflecting disturbance history, is comparable 
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to those at Munmarlary. Tree density in disturbed OF was 690 trees ha
-1

 and 

undisturbed was 3,350 trees ha
-1

. 

The proportion of adults in dry and burnt SWL is 42% (187 ha
-1

), making up 86% of 

the total carbon biomass, compared to 17-25% (150 to 310) trees ha
-1

 in unburnt 

MRF where contribution to total carbon stock is also lower. 

The negative DBH size class power function distribution had relatively higher 

exponents in cyclone and fire-disturbed OF than undisturbed communities, 

suggesting a reduction of larger trees. The predominant mean DBH of trees outside 

the TC Tracy tact was 50.8cm (n=9) and inside 34.2cm (n=33). 

 DBH Frequency perturbations, in the otherwise curvilinear DBH demographic curve 

linked to smaller adults, coincide with DBH increment estimates of age linked to TC 

Tracy disturbance, the influence of which has been proposed elsewhere (Wilson and 

Bowman 1997, Eamus et al. 2000, O’Grady et al. 2000). The tree recruitment 

ecology accompanying such disturbance events has been identified for fire, 

influencing foecundity, ovule development and seedfall (Setterfield 1997) as well as 

the creation of microsites for germination and establishment (Setterfield 2003). The 

role of cyclone disturbance, alone or followed by fire, although sharing some 

commonality with fire alone, differs in other respects. Late season fires, which share 

timing with early cyclones and consequent impact on adults, reduce seed supply from 

fire-sensitive capsules. This does not occur with cyclones. Although such fires may 

also potentially contribute to receptive micro-edaphic and climatic environments, 

excessive exposure (heat, seed herbivores) may be lethal for germination, which may 

not be the case for cyclones. 



Cyclone Ecology and the carbon cycle in naturally evolved arboreal ecosystems 

Page 283 

 

In this study the density of juveniles and saplings increased in open forest 

undisturbed by fire and cyclones, this may be due to more available seeds (Setterfield 

1997) and enhanced seeding survival where litter fall is high and soil is sheltered 

(Setterfield 2003). The frequency of non-Eucalypt species was also higher, consistent 

with rainforest invasion findings elsewhere (Fensham 1990, Russell-Smith et al. 

2003). C4 Grasses were significantly reduced. 

4.4.3 Emergent tree species morphology, environmental 
regulators and disturbance effects 

The study has identified differences in species above- and below-ground morphology 

and phenology and both seasonal and annual carbon accumulation.  These 

differences influence responses to storms and cyclones across landforms, pedon 

group (clay-defined) and atmospheric gradients in MNT. 

A shift in eucalypt and non-eucalypt SWL/OF species frequency has been identified 

across topographic and edaphic environmental gradients in this study similar to that 

reported for MRF by Bowman (1991). For two co-dominant evergreen SWL/OF 

species, E. tetrodonta and E. miniata, along this gradient all above- and below-

ground direct and indirect indicators of carbon accumulation were greater in higher 

parts of the rainfall gradients (Humpty Doo, Howard Springs), where the former 

species dominated, than the lower part of the range (Katherine, Kapalga) where the 

latter species dominated, supporting the sensitivity of these species to changing 

environments. 

LMA or Amass had higher values in MRF than other communities and Chlmass 

lower values in SWL than others. 
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Contrary to the findings from Niinemets (1999), both this and the Prior et al (2003) 

analysis confirm a strong negative correlation between leaf thickness (correlated with 

leaf longevity) and Amass which also applied to Chlmass, although not evident for 

leaf area or Aarea. Leaf density in this study, except for Chlarea, showed no 

correlation with other phenological and photosynthesis attributes as suggested, with 

moderate probability, by Prior et al. (2003) and found by others (Niinemets 1999). 

The leaf longevity data however showed a negative correlation with Amass, as 

reported elsewhere (Reich et al. 1992, Reich et al. 1999) as it did with maximum 

instantaneous assimilation rate (Reich et al. 1997) and also with LMA (Reich et al 

1999). Longevity was positively correlation with leaf thickness (but also Chlarea) 

lending some support to the hypothesis that both are negatively related to Amass. 

The strong negative correlation between LMA and Amass shown in other studies 

(Reich et al 1992, 1999, Niinemets 1999) including those of Prior et al. (2003) (who 

identified a weaker relationship in with Aarea) further supports leaf thickness 

relationships in this study. These results therefore indicate significantly higher 

carbon accumulation rate for thinner-leaved deciduous trees than thicker longer-lived 

semi-deciduous and, even less so, for evergreen trees.   Evergreen Myrtaceous 

species had larger LMA, thicker leaves and longer life span and showed smaller 

Amass and Chlmass (Prior et al. 2003) linked to slower carbon accumulation rates. 

These species are generally considered to have evolved these adaptations to ensure 

greater stem survival after fire (Bowman and Minchen 1987) although this may also 

be a response to periodic moisture and nutrient stress. 
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4.4.4 Growth and Carbon accumulation rates and environmental 
indicators 

A significant positive PCC has been identified with species frequency (r = 0.86, p = 

0.03), basal area (r = 0.90, p = 0.01) and basal area percent (r = 0.90, p = 0.01) all 

indicators of relative adaptability to carbon accumulation. This however varied with 

the growing environment and disturbance history of associated communities. 

Growth and carbon accumulation rates of species 

PAI DBH values presented here for SWL and OF of 0.17-20 cm yr
-1

, were similar to 

those reported by Prior et al (2006) for South and Central American and African 

SWL although lower than reported values of 0.39cm yr
-1

 Mucha (1979) or 0.48 cm 

yr
-1

 by Chen (2000). The values were higher for E.miniata than E.tetrodonta at 

Kapalga for all life forms and in particular juveniles stage. The values for 

MRF/Swamp species 0.68-0.89 cm yr
-1

 were also lower than for swamp A. 

auriculiforms of 1.5 cm yr
-1

 recorded by Cole (1994). The resulting carbon 

accumulation rates estimates are therefore likely to be conservative varying with 

species age/size classes and seasons evident from this study. 

Species LMA, shown to be negatively correlated for annual above-ground production 

of forest per unit canopy mass (Reich et al. 1997), showed similar relationships with 

PAI DBH by Prior et al. (2004) although this was not evident in this analysis. 

This study did show a negative correlation with leaf thickness, which Prior et al. 

(2004) also found significant. A significant positive correlation between PAI DBH 

and both Aarea and Amass and Chl mass, consistent with other studies (Reich et al. 

1997) and Prior et al. (2004) was also evident, particularly during the wet season. 
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This supports the relationship between some leaf morphological attributes and PAI 

DBH. Although no correlation was found with leaf longevity, a weak logarithmic 

decrease was found within the SWL/OF, although not evident for MRF-Swamp 

complex data. 

Applying the DBH-AGB model to the PAI DBH to fire disturbed SWL tree species 

in Kapalga gave carbon accumulation rates ranging from 0.5 to 0.8 t C ha
-1

 yr
-1

 lower 

than the 1.5-5.7 t C ha
-1

yr
-1

 derived by Cook et al. (2005), using a 50-75% higher 

DBH-Basal area linear coefficient. These higher values are consistent with unburnt 

OF at Berry Springs of 1.6 t C ha
-1

 yr
-1

, and similar to those derived by Cernusal et al. 

(2006) for related savanna communities. 

Water use and carbon assimilation relationships 

Annualised water use by arboreal communities, based on both stand basal area and 

DBH / density statistics, was shown to increase from 112.45m
3
ha

-1 
for dry SWL, to 

591m
3
ha

-1 
for wet MRF with values in the middle of this range reported for SWL 

trees by Hutley et al. (2000). 

Various DBH-water use models, based on similar water use efficiency in tree species, 

and an assumption of adequate upper pedon available soil moisture (Cook et al 1998), 

and higher dry than wet season vapour pressure deficit, but a decline in leaf area 

index and stomatal conductance (Fordyce et al. 1997, Eamus and Cole 1997, Prior et 

al. 1997a and 1997b), collectively are considered to have contributed to a constant, 

and similar, year-round rate of water use (O’Grady et al. 1999, Hutley et al. 2000) 

and carbon assimilation rate, particularly between the dominant Eucalypts.  Despite 

this similarity, the study has identified higher water use, particularly in dry seasons 
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of low rainfall years, in mature E.tetrodonta than E miniata species.  The latter 

species has been shown to have greater adult stem moisture storage (Werner and 

Murphy 2001) and a lower decrease in hydraulic conductance into the dry season in 

saplings (Prior and Eamus 2000), consistent with a higher PAI DBH reported above. 

This suggests that water use efficiency in E. miniata explains higher carbon stock 

and accumulation rates, particular in drier environments. 

These models have generated total community carbon assimilation rates ranging 

from 1.84-2.22t C ha
-1

 yr
-1

 for SWL/OF to 3.30-3.85 t C ha
-1

 yr
-1

 for MRF. These 

estimates are similar to those derived by Beringer et al. (2007) and are in the middle 

to upper part of the range established by Cook et al. (2005). 

As noted by Prior et al (2004), although stem growth is confined to the wet season, 

rapid photosynthesis occurs in evergreen and semi-deciduous species in the dry 

season (Prior et al. 1977a, Eamus et al 1999). Prior et al (2004) proposes that lower 

photosynthetic resource allocation to dry season DBH increment is consistent with 

metabolite redistribution to below-ground carbon storage, accompanying more 

extensive root development (Eamus et al. 2002), important for water and nutrient 

uptake. This may apply to SWL and OF species but is questionable for MRF and 

Swamp species. 

4.4.5 Root behaviour influencing resource extraction, carbon, and 
tree stability  

It is generally recognised that primary and secondary tree root development 

influencing resistance to root failure is a trade-off between root plate or root ball 

development (associated with metabolite redistribution) coupled with moisture 
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nutrient extraction both internally and from their environment, against the energy 

cost involved in doing so (Fitter 1987). 

The consequent root/shoot ratio (R/S) values for SWL trees at Kapalga and 

Katherine SWL (2.29 to 0.34.) were higher than for OF at Howard Springs and 

Humpty Doo (1.96 to 0.18) decreasing with DBH and age. These mean values found 

here were higher than those reported by Mockany et al. (2006) because of distortions 

in lower size classes. The influence of site/moisture variability is consistent with R/S 

decrease with increased rainfall (Mockany et al. 2006) but also DBH both increasing 

in offshore cyclone-exposed areas of MNT. 

As reported by Eamus et al. (2002), and shown in this study, semi-deciduous and 

deciduous species had shallower roots than evergreens. Although evergreen trees 

were reported to show no significant difference in root characteristics (fractal 

patterns) in the top 1m, the cross-sectional area of proximal and vertical roots were 

reported to be larger (Eamus et al. 2002). A power function relationship between root 

biomass and DBH was found to have higher exponents for evergreen than deciduous 

species. 

Fine roots and moisture uptake and carbon accumulation 

Data compiled in this study revealed more fine roots in the top 50cm, and in 

particular 25cm (where coarse roots also predominate) in the disturbed OF with grass 

understory than in undisturbed OF, where grass was absent where density occurred at 

25-75cm throughout the wet season and with 50% higher biomass. This was 

consistent with findings by Werner and Murphy (2001) for drier Kapalga SWL, 

suggesting that moisture-stressed environments due to lower rainfall or higher tree 
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density may concentrate fine roots at greater depth. A peak fine root production 

occurred in February/March in the top 25 cm of soil the disturbed OF (Chen et al. 

2004) associated with both lower tree density and grasses, followed by a decline to a 

constant level at 50cm from April persisting the Dry Season. In grass-free, denser OF, 

a dry season decline to 2m has been reported (Janos et al. 2006), consistent with 

decrease and even negative PAI DBH (and associated above-ground carbon 

accumulation trends) reported by Prior et al. (2004) for the same community. This 

suggests that tree density-induced moisture competition may foster deeper root 

development. With lower tree density and dry season grass dieback, moisture and 

root activity (and associated carbon assimilation), is maintained at shallower soil 

depths. 

Moisture-related carbon accumulation responses 

The findings here indicating no relationship between leaf water and phenology are 

not supported by Prior et al. (2003) whose data does support the nil relationship with 

PAI DBH. The correlation with both assimilation and chlorophyll mass, not assessed 

in the Prior et al. work was significantly positive. 

Seasonal DBH increment, although differing between species, shows positive 

correlation with monthly rainfall and negatively with AVPD or with net 

accumulative moisture between rainfall and evapotranspiration. Fine root density has 

also been reported by Janos et al.(2008) to be significantly correlated with total 

rainfall between successive fortnights, for the same fortnight, and for the previous 

three fortnights, supporting the link between above- and below-ground moisture-

driven seasonal carbon accumulation. 
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Others, particularly some swamp and MRF species, show no correlation with 

atmospheric moisture regimes. Higher PAI DBH values for these and swamp species 

appear to be related to adaptation to fluctuating ground water regimes, and possible 

water logging. 

Nutrient response 

There appears, for SWL and OF, to be an inverse relationship between tree 

cover/predominant height indicators of carbon stock and the clay-related indicator of 

soil nutrients across the pedon group spectrum established in this study. Surface soil 

nutrients have been identified to be considerably lower in these communities than in 

MRF, although these have also shown base cation fertility and associated carbon 

stock gradient expressed in height and basal area by Bowman, (1992). This may have 

been stimulated by available surface soil moisture. This relationship was not 

apparent for soil N and P concentration. 

The observation of low probability of a positive correlation between foliar N and P 

and phenology suggested by Prior et al. (2003) data is not supported by other studies 

(Bussotti et al. 2000) and by the significant negative correlation between these and 

with leaf longevity, ranging from high in deciduous to low in evergreen trees. Most 

deciduous species found in MRF and swamp communities, for which relative growth 

rates are affected by nutrient availability (Haunte et al. 1995), have  higher N and P, 

and PAI DBH, than those in SWL/ OF communities dominated by evergreen species 

particularly from the Myrtaceae family. These also have smaller foliar N and P and 

associated Amass Chlmass than non-Myrtaceous species (Prior et al. 2003). A 

significant positive correlation between foliar N and P, found by Prior et al. (2003) to 

be  stronger than elsewhere (Wright et al. 2001), is also positively correlated with 
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surface soil N and P levels and with saturated leaf moisture content across species in 

these communities. 

Deep root development may sustain dry season water but not the flow of nutrients, 

which decrease with depth, and are more likely to limit photosynthesis and growth at 

this time. 

Depth and drainage response 

For SWL and OF communities, a positive relationship was identified between carbon 

stock and both pedon depth and site drainage, emphasising limitations imposed by 

root development. The lower basal area and tree density identified at Kapalga, where 

ferricrete was reported at 0.5 m compared to Howard Springs where the depth was 

1.5-2m, supports this. The delayed and lower mid-wet season DBH PAI for 

Melaleuca spp. sapling and young adults, in clay rich swamp landscapes, and less 

predictable growth and leaf flush peak and troughs, also appears to partially reflect 

the impact of poor drainage on carbon accumulation. 

4.4.6 Competition effects 

Some variability in age/size of dominant tree species in the data used appears to 

reflect root inter specific competition effects for moisture (and nutrients), evident in 

lower PAI DBH of smaller size classes at Kapalga where disturbance contributed to 

higher transpiration and carbon assimilation rates in younger trees (Eamus et al. 

2001). Values were higher than for similar dominant species in undisturbed, dense 

OF at Berry Springs, where better-adapted, non-eucalypt species appeared to have 

higher values. Dry season DBH PAI decline in this community is likely to have been 
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exacerbated by tree density-induced soil moisture reduction, particularly evident in 

the stressed younger trees identified by Prior and Eamus (2000). 

The significantly lower proportion of fine roots in the top and bottom 25% of the 1m 

deep solum at Berry Springs, compared to Howard Springs, is indicative of grass 

understory domination. Higher water and associated nutrient use by grasses in 

disturbed communities may have deprived wet season trees, influencing carbon 

assimilation and photosynthetic conversion. The relatively higher monthly DBH 

increment and above-ground carbon accumulation, as well as DBH and height 

responses to rainfall gradients for the more moisture-sensitive, dominant SWL 

species E. tetrodonta may be also indicative of sensitivity to such grass competition. 

Such competition is a product of cyclone disturbance, although the role this plays in 

subsequent storms is not clear. 

4.4.7 Cyclone and storm impacts 

Where monsoonal rainforests were affected by TC Tracy, a rank ordering of 

tolerance indicates no significant differences in damage between phenological groups, 

although some families of evergreen species (e.g. legume-related pioneer species) 

may have displayed a lower tolerance. Species in this community also showed no 

relationship between growth rates and leaf longevity. 

In this community, diameter, logarithmically related to height, is a scalar of carbon 

stock and adaptability, and also served as a sensitive indicator of tolerance to root 

failure. Conversely trees standing, but with stem failure, increased with both height 

and diameter. More precisely the relationship follows a cubic model with higher stem 

failure in juvenile DBH classes decreasing in sapling and increasing again in adult 
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classes. Although no relationship with cyclone or storm damage and taper was 

established in this study, other studies (Matlack et al. 1993) have found a correlation. 

DBH relationships in fact suggest increased standing tree stem damage with 

decreasing taper, possibly due to reduced flexing. 

A similar relationship between height/DBH and stem breakage was identified for 

storm stem-damaged SWL species at Kapalga, being greater in deeper-rooting thick-

leaved evergreen eucalypts than shallow-rooted thin-leaved deciduous and semi-

deciduous non-eucalypt species. This appears to be a very approximate inverse 

relationship to growth rate decline with increased leaf longevity or persistence. 

Damage was also greater in more moisture-sensitive, slower growing E. tetrodonta 

than E. miniata for which higher stem moisture content influencing flexing (coupled 

with higher growth rates) may have played a role in reducing stem breakage. 

  



Chapter 4: 

Page 294 

 



 

 

Chapter 5 

Tree growth and carbon accumulation in single 
species and age cultivated arboreal 

ecosystems in Monsoonal Northern Territory 





Tree growth and carbon accumulation in single species and age cultivated arboreal ecosystems 

Page 295 

Chapter 5 Tree growth and carbon accumulation in 

single species and age cultivated 

arboreal ecosystems in Monsoonal 

Northern Territory 

5.1 Introduction 

5.1.1 Anthropogenic arboreal ecosystems as subjects for research 

This chapter deals with the mono-specific, single age, density-controlled and non-

cyclone or fire-disturbed plantation and orchard communities. These have displaced 

naturally evolved arboreal ecosystems (assessed in Chapter 4) across significant 

areas of MNT landscapes. Some of the species in these managed communities have 

evolved in landscapes elsewhere within (native) and outside (exotic) Australia with a 

small number (endemic) having their origins in MNT landscapes. This part of study 

examines the absolute and relative growth of these managed species and 

communities in order to provide further insights into genetic, environmental and, in 

addition, cultural regulators of carbon accumulation, and the influences these may 

have on cyclone vulnerability, particularly relative to displaced communities 

identified in Chapter 4. 

In particular these regulated communities provide insights into carbon sequestration 

potential (Melillo et al. 1996, Keith et al. 2009) of both natural as well as urban 

landscapes explored further in Chapter 6. 

Research approach 

Landscape ecological information applicable to cultivated trees is limited for MNT 

although the basic ecological processes examined in Chapter 4 are considered to be 
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applicable. Information derived from studies in silviculture, particularly of Sweitonia 

macrophylla (Mayhew and Newton 1998), genetics (Cunningham 1966, Wood 1990, 

Bell et al. 1994), site adaptability (Rangoswami 1939, Ellis et al. 1975), insect pest 

tolerance (Farrow et al. 1994, Floyd et al. 1994), competition effects (Anderson and 

Batini 1984, Applegate 1991, Anon 1996), as well as information from similar 

arboreal communities in related environments elsewhere (Eyre 1987) is of particular 

relevance. 

This study has examined the limited data covering diameter at 1.3m (DBH) and 

height growth of juvenile to saplings species of Australian native and exotic origins 

in plantations of known age and density predominantly in the “Top End Regional 

Tropical Hardwood Trial Forestry Project” (TERTHFP) (Reilly et al. 2005, Clark et 

al. 2007). Plantings of Australian native trees at Berry Springs 50 km south of 

Darwin (Dr Jeremy Russell-Smith (JRS) unpublished data pers comm) and an 

agroforestry investment project involving one native and two exotic species at 

Batchelor, 100 km south of Darwin established by Exotic Timbers Australia (ETAB) 

(F van der Sommen unpublished) have also been assessed. 

The study also examined data for adult plantation phases of provenances of the two 

of faster growing species identified in the TERTHFP trial, Kaya senegalensis (South 

African Mahogany) at Gunn Point, and Tectona grandis (Teak) at Humpty Doo 

(Nadolny 1991, Robertson and Reilly 2005, Robertson 2005). Further comparative 

information on T.grandis has been derived for unpublished yield tables for Trinidad 

plantations (Millar unpublished), considered to be relevant to MNT. 
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Finally, data derived from three exotic orchard species in Darwin and North 

Queensland assessed by Lu (2002) has provided information on tree water use and 

carbon assimilation under more intensive cultivation conditions, particularly 

irrigation. This is particularly relevant to the role trees play in urban parks and 

gardens (in Chapter 6). 

Apart from information on species growth, these trials provide relevant data on 

responses to edaphic and collectively climatic gradients between Darwin and 

Katherine evaluated in previous parts of this study, as well the influences of cultural 

factors, such as irrigation and weed control effects relevant to the ecology of these 

communities and those assessed in Chapter 6. 

5.2 Method 

5.2.1 Sapling plantation stand structure, tree morphology and 
growth rate variability between species and environments 
in TERTHFP, JRS and ETAB trials 

Young juvenile (<3 yrs) or old juvenile (>3 yrs) plantations group broadly into “erect” 

with a columnar single-stemmed habit (ET) and “spreading” single stemmed, often 

low branching or multi-stemmed (ST) habits. Exotic and native species have been 

assessed for both species morphology and allometry, age and associated stand 

attributes bearing on carbon accumulation and tree stability. 
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5.2.1.1 Plantation species evaluation 

TERTHFP species assessment 

A trial of mainly ET trees established from 1998-2002 on 15 sites between Darwin 

and Katherine in three replicated block trials of 50 tree plots at 2 by 3 m spacing 

using random block design (TERTHFP) has been further evaluated. They were 

assessed five times for height (H) only for juveniles and for both H and DBH as 

saplings, with the frequency and time of measurement varying between sites. The 

details of the trials including year planted and assessed, location, land unit, annual 

rainfall and species for older juveniles and saplings are shown in Table 5.1 and for 

younger juveniles in Table 5.2. Species, and their code used in the TERTHFP trial 

are shown in Table 5.3. Initial stocking rates per plot were 1,600 trees per ha from 

which survival density has been derived from statistics in the TERTHFP report. 

These were further assessed as follows - 

1. Community or stand attributes 

Community survival density (per ha) has been calculated and, together with derived 

mean DBH, this has been analysed for basal area (per ha). Correlations have been 

established between both. 

2. Absolute and comparative growth and changes in morphology of TERTHFP 

species 

Differences in H, DBH, taper, mean annual increment (MAI), H and DBH, using one 

way ANOVA have been assessed for 9 older juvenile/sapling species (Table 5.1) and 

for 21 young juvenile species (Table 5.2) with four or more individuals. 



Tree growth and carbon accumulation in single species and age cultivated arboreal ecosystems 

Page 299 

Based on ANOVA, using GENSTAT by Clark et al. (2006), LSD values for H and 

DBH have been evaluated to establish differences between six dominant old juvenile 

species within sites; 

Regression analysis has been used to establish relationships between H, DBH and 

age for both individual and pooled species across all sites. 
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Table 5.1 TERTHFP Old juvenile trial details including land owner, planting and assessment time site and species information 

See Appendix 3 (2) see table 3.9 (3) see Table 3.8. 
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Chapter 7 H
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Chapter 8 d Chapter 9 1     1 1     1 1    1  1 1 1 
Humpty Doo 2001 35 131 17 12.60 1713 3b KB sus 4   1 1 1 1 1 1 1 1 1 1 1 1 1 1 1    
Batchelor 2003 32 131.04 13 05 1319 2c LKR ss 5   1 1                 
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Table 5.3 Young and old juvenile species in pooled TERTHFP trial 

Species Origin Code Species Chapter 10  Code 

Sapling trees Juvenile trees 

Kaya senegalensis   Kaya senegalensis  E Eken 

Tectona grandis   Tectona grandis  E Tgrand 

Eucalyptus pellita  Eucalyptus pellita N Epell 

Castenospermum australis 
 Castenospermum 

australis 
N Caust 

Cedrela odorata E Codor Acacia auriculiformis Nl Aauric 

Sweitonia macrophylla E Smac A.peregrine N Aper 

Sweitonia humilis  E Shum 
Eucalyptus 
camaldulensis 

N Ecam 

Terminalia bellirica E Tbel 
Blepharocarya 
involucrigera  

N Binlov 

 Toona ciliate N Tcil 

Sysygium forte N Sfort 

S.armstrongii N Sarm 

Sysygium nervosum N Snerv 

Flindersia austral N Faust 

Flindersia brayleana  N Fbray 

S.album Nl Salb 

E.chlorostachys Nl Echlor 

M.azadarachta N Mazad 

Maranthes corymbosa Nl Mcorym 

Casuarina 
Cunninghamiana 

N Ccunn 

Terminalia macrocarpa N Tmicr 

 

Growth curve development 

Growth statistics have been analysed using regression analysis to develop a 

generalised growth model which can serve as proxies for biomass and carbon rate 

accumulation. This growth model has been used to derive MAI (DBH/total age) and 

periodic annual increment (PAI) (DBH age (n+1) - DBH age n) and extrapolated to 

maturity. 
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Exotic Timbers Australia Batchelor (ETAB) trial 

Juvenile species in the ETAB agroforestry plantation fall into two morphological 

groups - 

1. Erect trees Sweitonia macrophylla (Smac) 

2. Spreading trees Azadarachta indica (Aind) (Neem) and the hemiparasite 

Santalanum album (Salb) (Indian Sandalwood) 

All three species were planted in blocks comprising plots of each species. Spatial 

arrangements of trees within block plot plantings are shown in Table 5.4. All trees 

were irrigated daily with inline drippers, through which they were also supplied with 

organic based complete fertiliser. Trees were mulched and weeds controlled with 

slashing and herbicide (glyphosate). 

Table 5.4 Young juvenile tree species, spacing and number per plot plantation details at 

Batchelor Farm (ETAB) 

Species Code Spacing #/plot 

Sweitonia 
macrophylla 

Smac Alternating at 2.5 m within double rows 2m apart 22 

Azadarchta indica 
(Neem) 

Aind 4x4 m within blocks 16 

Santalanum album Salb 

Spaced at 3m in single rows between SM (3 m) and 
AI 4 m but alternating within row with primary host 
Pigeon pea (one side) and secondary host (red bead 
tree (other side) at 1.5m 

22 

 

Species growing in ten randomly located blocks of three adjacent single species plots 

across the plantation were assessed at 30-32 months for tree height and DBH for S. 

macrophylla, and diameter at 30cm for S.album. MAI H, DBH (and D) and taper 

were derived. These data were used to compare relative growth of “erect” habit trees 
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with “spreading” habit trees under different landscape positions, as well as 

establishing relative growth with other juvenile species in this study. The 

performance of these species was also gauged against surface soil nutrients, and for 

the spreading species against foliar nutrients detailed further below. 

Jeremy Russell-Smith (JRS) trial 

This trial of nine juvenile native Australian tree species was established in the period 

1992-1993. This was located on lateritic sandy clay soil (LKR) on a site which was 

an old pineapple farm. Spacing was in the same range as the TERTHFP trial (3 m x 

2-3 m). Trees were irrigated throughout the year about three times per week and 

fertilised with NPK fertilizer on a regular basis. Details of species in this trial are 

presented in Table 5.5. 

The trial had been assessed in 1996 when trees were four to five yrs old. Six species 

with three or more individuals assessed for H and DBH have been further analysed 

for taper MAI, H and DBH. The data have been used for comparative analysis with 

TERTHFP species to detect differences in species origin and cultural practices using 

an independent sample two tailed t test. 

Table 5.5 Native Australian species planted and assessed by Dr Jeremy Russell-Smith 

(unpublished data) 

Species Code No 

Blepharocarya 
involucrigera 

Binvol 3 

Dalbergia cochinsensis Dcoch 3 

Flindersia brayleyana Fbray 5 

Pterocarpus macrocarpus Pmac 3 

Syzygium forte Sfort 3 

Syzygium nervosum Snerv 2 

Toona australis Taust 2 
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5.2.1.2. Environmental factors influencing sapling and juvenile tree 
growth 

Spatial effects 

H, DBH and MAI H has been plotted for all pooled irrigated and non-irrigated 

TERTHFP trees against latitude to assess response to environmental factors along 

this gradient (see chapter 2 and 3) and PCC was used to test this relationship. 

Rainfall effect 

Correlation analysis has also been used to establish relationships between species’ 

morphological attributes and BOM precipitation data for the nearest recording site 

(see Chapter 2), for both irrigated and non-irrigated TERTHFP trees. 

Landscape effects 

A box plot has been used to examine the relationship between plantations’ MAI 

height, DBH and taper for combined TERTHFP species and landscape variables 

using land unit information provided by NRETA. The following relationships have 

been assessed from land unit descriptions: 

Land facet 

Pedon groups 

Site drainage  

Soil nutrient effects 

Relations between mean (and sd) of tree H and DBH, taper and MAI height and MAI 

DBH and surface and subsurface nutrients have been assessed for five dominant 

TERTHFP species across five locations analysed by Karger (2002) as shown in 
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Table 5.6. In the ETAB trial, six multiple species plots comprising S.macrophylla, 

A.indica and S.album were also assessed. Soil nutrients were sampled at 0-10 cm and 

25-35 cm and analysed using the method described in Appendix 3.2.2 Table 2. The 

chemicals analysed are shown in Table 5.6. 

Table 5.6 Erect sapling species assessed in plots in 5 locations for which surface soil 

data was collected 

Location Ksen Tgrand Epel Shum Smac Codor 

Dumpski X  X X   

Parker X X  X X X 

TerLaare   X    

Walsh X X  X X X 

ETA X X X    

 

Table 5.7 Soil data used in growth responses analysis 

Chemicals 

All SET 

Species on 
both sites 

ETAB SET and 
SST species only 

PH X X 

TKN ND X 

Nitrate  ND ND 

Phosphorus extractable  X X 

Sulphur extractable  X X 

Potassium extractable  ND ND 

Potassium exchangeable  X X 

Calcium exchangeable X X 

Magnesium exchangeable  X X 

Sodium exchangeable  X X 

Zinc extractable X X 

Copper extractable X X 

Iron extractable  X X 

Manganese extractable X X 

Boron extractable  X ND 

Aluminium extractable  X ND 
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A two tailed t test was conducted to assess regional differences in tree growth and 

soil nutrient relationships between these two groups. PCC have been assessed for 

relationships between site nutrients and mean tree height and DBH increment. 

Foliar analysis on ETAB spreading species 

Foliar analyses were undertaken on two “spreading” species in ETAB trial one, 

A.indica with normal adaptations to nutrient assimilation from the soil, and the other 

S.album, a hemi-parasite reliant in part on nutrition from a host plant and partially 

from soil. Three trees were selected at random from within blocks at eleven sites. 

Ten leaves were collected at random each from growing tips, young current year 

growth and old current year growth below the tip, (30 in total) placed in separate 

sealed plastic bags and immediately forwarded for analysis by the Analytical 

laboratory of the NT Government (then Department of Primary Industry, Fisheries). 

Nitrogen 

Foliar analysis involved sulphuric acid/hydrogen peroxide digestion followed by a 

flow injection analysis procedure utilising ammonia diffusion across a Teflon 

membrane into a pH indicator. The change in pH is determined by a spectro-

photometric detector and is proportional to the N in the sample. 

Other Nutrients 

P, K, Ca, Mg, Na, S, Cu, Zn, Fe, Mn, Mo, B, Al 

Nitric acid digestion followed by ICP measurement. 
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Foliar nutrient concentration differences between species were assessed using an 

independent sample two-tailed t test. Correlations were established between foliar 

nutrients within each species and H and DBH, H and DBH MAI and taper. 

Management effect 

The influence of various management strategies on tree growth has been assessed 

using data from combined juvenile erect tree species trials. 

The TERTHFP trials were grouped into three categories as follows- 

T1) Planting (1999-2002) across farms covering species in Table 5.3 but with low 

inputs of fertiliser in various forms (not identified) at establishment: T1a - No 

irrigation; T1b - Irrigated, inconsistently, weekly during the establishment. 

T2) Plantings as above but with regular fertiliser, irrigation and mulching. 

T3) Best performing species aged 33 months regularly irrigated. 

Pooled JRS trial (Table 5.7) regularly irrigated and fertilised. 

Pooled ETAB trees (Table 5.8) irrigation three times per week, regular fertiliser and 

mulched. 

For each trial, mean and SD of tree MAI height and DBH was plotted and evaluated. 
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5.2.2 Adult plantations stand structure, tree morphology and 
growth rate variability between species and provenance 

5.2.2.1 Comparative analysis of stands by species and provenance 

Stand data relevant to determining provenance, species and site variability in carbon 

stock has been derived for eight provenances of K.senegalensis age 29 yrs and nine 

provenances of T.grandis age 21 yrs as summarised in Table 5.8. 

K.senegalensis provenance trials were established in 1970/71 at Gunn point on red 

sandy kandosol (KRS). Trees were not irrigated, and fertilised only at planting.  

Some of the better trees were harvested at age 14-15 yrs. 

 A T.grandis provenance trial was established at Humpty Doo in 1972 on “dark 

brown sandy clay soils” (brown kandosol) with a high water table. Initial spacing 

was 3 x 2 m in 0.015 ha plots of 25 trees per plot except for provenance 3008 which 

was 0.009 ha with 15 trees per plot giving 1600 trees ha
-1

. Plots were thinned by 

natural attrition. 

For each species and provenance, assessments were made of stand basal area, while 

density, based on survival, has been assessed for all provenances of K.senegalensis at 

age 29 yrs only and T.grandis at age 1, 3, 6, 9, 19 and 21 yrs. PCC were derived for 

the relationship between both density and survival across pooled provenances 

(assuming a linear relationship). 
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Table 5.8 Provenance of K.senegalensis at Gunn Point and T.grandis at Humpty Doo 

(Source: DPIFM)  

Kaya senegalensis Tectona grandis 

Source 
Provenance 

Seed source 
No of 
plots* 

Source 
Provence 

code 
Source Latitude 

Elevation 

(m) 

Annual RF 

(mm) 

No of 
plots* 

D417 Senegal 2 459 Melville Island 11' 30' N 10 1500 2 

S9620 
Uganda 

(West Nile) 
2 3008 Mysore (India) 15' 21' N 400 1270 1* 

S9392 Senegal 2 3016 Mysore (India) 11' 55' N 610 1398 2 

D411 Togo 2 3021 Kerela (India) 11' 21' N 823 1270 3 

S9687 Sudan 2 3034 Orissa (India) 20' 0' N 133 
1200 – 
1500 

1 

D391 
Central African 
Rep 

2 3040 (Thailand) 18' 13' N 200 1100 1 

D415 Upper Volta 2 3042 (Thailand) 18' 14' N 220 1282 1 

D416 Upper Volta 2 3049 Java (Indonesia) 7' 12' S 150 1200 2 

   3615 Tungoo (Burma) 19' 12' N 130 - 1 

 

Comparative analysis of species allometric relationships 

Allometric analyses have been undertaken to assess morphological attributes bearing 

on absolute and relative tree vigour, volume and carbon storage influencing cyclone 

vulnerability. 

K. senegalensis 

Each provenance of K.senegalensis has been assessed for DBH for all trees (a) and 

predominant height (Hpr), associated DBH (DBHpr) and taper for the two largest 

individual trees per provenance. 

T. grandis 

All Humpty Doo provenances of T.grandis trees have also been assessed for mean 

height of all individuals (Ha) at age 1, 2 and 6 yrs and predominant (Hpr) trees at age 

19 and 21 yrs. DBH was assessed for all trees at age 6, 9, 19 and 21 yrs (DBHa) and 
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predominant trees (DBHpr) at age 19 and 21 yrs. Mean tree taper (T) was determined 

for trees at age 6 yrs for all trees (Ta) and at age 6, 19 and 21 yrs for predominant 

trees (Tpr). 

One-way ANOVA has been used to assess for differences in DBHa between 

provenances. A two way t test has been used to determine differences between 

DBHpr and Hpr between the collective provenances of T.grandis and K.senegalensis 

at the maximum recorded age. 

PCC have been determined for provenance, tree density and basal area. 

5.2.2.2 Analysis of K.senegalensis and T.grandis stand attributes at 
Humpty Doo in comparison with yield table data from 
Trinidad  

Assessment of carbon stock 

In the absence of yield data, stand carbon stock for each provenance of 

K.senegalensis and T.grandis has been derived from stand height, tree basal area 

(derived from mean DBH) and taper, with resulting volume converted to wood 

weight using 0.65 kg m
3
 for K.senegalensis and 0.61 kg m

3
 for T.grandis. Wood 

carbon equivalent has been derived from the conversion factor 0.49. This has been 

further converted to a stand value by multiplying by tree density per ha. 

Further conversion to total AGB has been undertaken by adding 25% wood and bark 

comprise about 75% (from the work of Cook et al. (2005) in Chapter 4). To allow for 

root biomass a further conversion has been undertaken on the assumption of an R/S 

ratio of 0.3 or 30% of AGB (Mokany et al. 2006) this being added to give a total tree 

biomass figure. 
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Growth and carbon accumulation analysis of T.grandis 

Estimated volumes derived from the Trinidad yield table data have also been 

converted to carbon equivalents for comparative purposes. Yield table information 

divided by density, at various ages, has been assessed against tree basal area (Tba) 

(derived from size class basal area divided by density) and adjusted for wood density 

(using a value of 0.61 Kg m
3
) with wood biomass converted to carbon equivalent 

(0.49). Total carbon stock was derived by adding 25% to this value. 

 Post-thinning standing total (including thinning removals) volume, stand basal area 

(Sba), mean tree height (Hm), stand density or stocking (D) assessed for three sites is 

presented in Table 5.9 below. From these data, mean tree DBH (DBHm), basal area 

and taper (Tm) and allometric relations have been determined and compared with 

data for the same species at Humpty Doo. 

Tree growth and stand biomass and carbon accumulation rates T. grandis 

The following were assessed- 

Regression analysis was undertaken to model DBH growth from assessed data at yrs 

1, 2 (approximated from height/taper relationships) 6, 19 and 21; 

The model was compared with trends form the Trinidad yield table data;  

MAI (accumulative DBH/age) and PAI, (DBH/age (n+1)–age (n)) curves were 

derived from model-derived DBH estimates, and projected forward.  
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Table 5.9 Stand yield tables statistics for T. grandis in Trinidad, converted and 

expanded to include mean tree basal area and DBH from empirical data by 

Miller (unpublished) (initial stocking 2223 t ha 
-1

) 

Chapter 11  

A
g

e 

(y
rs

) 

H
ei

g
h

t 
(m

) 

T
h

in
n

ed
 d

en
si

ty
 

(T
re

s 
h

a-1
) 

P
o

st
 T

h
in

n
ed

 b
as

al
 

ar
ea

 (
m

2  
h

a-1
)  

B
as

al
 a

re
a 

p
re

 

th
in

n
in

g
 (

m
2  

h
a-1

)  

T
re

es
 r

em
o

ve
d

 in
 

th
in

n
in

g
 

C
u

m
u

la
ti

ve
 s

to
ck

in
g

 

tr
ee

s 
h

a-1
 

C
u

m
u

la
ti

ve
 b

as
al

 

ar
ea

 (
m

2  
h

a-1
)  

SQ1 3.0 7.50 1000 2.04 6.36 1223 2223 1.66 

 7.0 15.60 650 3.72 12.87 500 1150 17.82 

 12.0 19.20 300 4.37 14.73 200 500 28.1 

 18.0 21.30 188 4.55 13.26 113 300 35.83 

 26.0 23.10 145 4.65 11.55 68 213 42.84 

 37.0 24.60 78 4.65 10.24 68 145 49.57 

 50.0 25.50 78 6.04 11.52  78 55.31 

SQ2 3.5 7.50 1000 2.14 6.36 1223 2223 9.31 

 9.0 14.70 500 3.72 13.01 500 1000 23.28 

 17.0 18.00 300 4.28 14.73 200 500 32.68 

 25.0 19.80 188 4.37 13.26 115 303 38.39 

 36.0 21.60 120 4.46 11.55 68 188 43.78 

 50.0 22.50 120 5.95 14.34  120 48.64 

SQ3 4.5 7.50 1000 2.23 6.51 1223 2223 6.49 

 12.0 13.20 500 3.62 13.01 500 1000 21.9 

 21.0 16.20 300 4.28 14.73 200 500 30.69 

 31.0 18.00 188 4.37 13.26 113 300 36.81 

 50.0 19.50 188 6.41 18.05  188 44.32 

 

Precipitation effect on growth 

Relationship have been derived between mean annual wet season precipitation 

(estimated from nearby BOM data) and mean and sd of periodic annual increment 

(mPAI) for each growth period and PCC determined for this relationship for 

provenance 3016 of T.grandis only. 
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5.2.3 Horticultural plantings’ water use, growth and carbon sequestration 

Horticultural plantings with DBH ranging from 3 to 35cm and age 2 to 12 yrs, shown 

in Table 5.10, were assessed for whole tree growth and water use for both wet season, 

natural rainfall and dry season, irrigation conditions by Lu (2002). 

 Water use data for age and DBH classes were derived using a modified Grainer sap 

flow measuring system (Lu, 2002). Details of the trial and result are shown in Table 

5.10. 

Regression analysis has been used to determine the most appropriate DBH growth 

model. From this model MAI and PAI, DBH changes with age have been derived as 

discussed for plantations (above). 

Water use per week derived for dry irrigated and wet non-irrigated treatment has 

been converted to the standard equivalent of m
3
 day

-1
 (used in Chapter 4). Regression 

analysis has been used to assess: water use as a function of basal area, converted 

from DBH; and relationship between MAI DBH and water use and associated carbon 

assimilation. 
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Table 5.10 Tree age, diameter and weekly whole tree sap flow (L week
-1

 tree
-1

) of 

selected orchard fruit-bearing trees 

Species and 
location 

Age 
class 

(yrs) 

DBH 

(cm) 

Whole tree sap flow (L/week-1)* 

Dry season 
irrigated 

Wet season 
(sunny days) 

Mango Darwin NT 

Kensington pride 

 

 

Irwin 

Nam Dok Mai 

2 3-4 14-28 28-35 

3-4 6 70-84  

6-7 15 245-350  

10-12 23-35 630-700 840-1050 

10-12 20-24 420-490 630-700 

10 22 560 700-840 

Cashew 

Nth Queensland 8 7 170-210  

Darwin NT 6-7 18 140-210 245-315 

Macadamia 

Queensland 8 15-16 315  

* Measured using Grainer sap flow system during dry season with ample irrigation, and wet 

season in Darwin NT and Queensland (Data from Lu 2002) 

5.3 Results 

5.3.1. Tree morphology and allometric relationships in plantations 
and orchards bearing on carbon stock 

The p-p plot of tree height, DBH, MAI H and DBH and taper, plot Sba and density 

(D) all indicate that data are normally distributed and no data transformations were 

required. 
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Jeremy Russell-Smith (JRS) native tree trial 

The relationship between H and DBH, across all species and ages, assessed in this 

trial in 1995 (ages 2-4yrs) is shown in Eqn 5.1 and 1996 (ages 3-5 yrs) in Eqn 5.2. 

H1995 = 4.77 In (DBH1995) - 3.96 (r
2 

= 0.72, p = 0.00, 20 dof)  Eqn 5.1 

H1996 = 7.65 In (DBH1996) - 9.19 (r
2
 = 0.89, p = 0.00, 20 dof) Eqn 5.2 

Where H is height (m) and DBH diameter (cm) in 1995 or 1996 

These relationships suggest seasonal shifts in the relationship between H and DBH 

between 1995 and 1996. The relationship between DBH and taper for 1996 is shown 

in Eqn 5.3. 

T = 0.28 ln (DBH) + 0.31 (r
2
 = 0.71, p = 0.00, 20 dof)  Eqn 5.3 

Where T is taper and DBH is diameter in cm 

 

The unexpected logarithmic increase in taper with DBH is however consistent with 

the greater height over DBH growth response in Eqn 5.2. 

TERTHFP mixed native and exotic tree trial 

The relationship between tree H and DBH for combined TERTHFP old juvenile for 

all assessment ages, combined is shown in Eqn 5.4. 

H = 3.61 In (DBH) - 1.20 (r
2 

= 0.81, p = 0.00, 103 dof) Eqn 5.4 

Where H is height in m and DBH is diameter in cm 



Chapter 5: 

Page 316 

This relationship is more consistent with Eqn 5.1 than 5.2. The relationship between 

taper (T) and DBH for these older juveniles is shown in Eqn 5.5. 

T = 1.03 - 0.13 In (DBH) (r
2
 = 0.12, p = 0.00, 102 dof) Eqn 5.5 

Where T is for taper, DBH diameter in cm 

For these species, taper decreases with DBH.  

The relationship between H (m) and DBH (cm) for young juvenile (<40 month) 

TERTHFP trees is shown in Eqn 5.6. 

H = 1.69 ln (DBH) + 1.10 (r
2 

= 0.49, p = 0.00, 47 dof) Eqn 5.6 

 

The relationship again is consistent with Eqn 5.1 and Eqn 5.4, although with lower 

rate parameter. The relationship between DBH and taper (T) for young juveniles is 

shown in Eqn 5.7. 

T = 1.53-0.52 ln (DBH) (r
2 

= 0.40, p = 0.00, 47 dof) Eqn 5.7 

 

The model parameters and trends are similar to Eqn 5.5, supporting the decrease with 

age. 

Adult exotic plantation trial 

The interrelationship between Ha and DBH (influencing taper) for all 6yr old 

T.grandis trees is shown in Eqn 5.8, for predominant trees only, in Eqn 5.9 and for 
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predominant 19-21yr trees in Eqn 5.10. For comparison, the relationship for mean 

mature thinned Trinidad plantation trees, across sites is shown in Eqn 5.11. 

All six year old 

Ha = 3.70 ln (DBHa) - 1.70 (r
2
 = 0.62, p = 0.00, 218 dof) Eqn 5.8 

Predominant 6yrs 

Hpr = 9.41 ln (DBHpr) - 10.28 (r
2 

= 0.67, p = 0.00, 7 dof) Eqn 5.9 

Predominant 19-21yr 

Hpr = 4.30 ln (DBHpr) + 1.94 (r
2 

= 0.76, p=0.00, 28 dof) Eqn 5.10 

Trinidad plantation trees 

Hm = 9.69 ln (DBHm) - 7.85 (r
2 

= 0.84, p = 0.00, 15 dof) Eqn 5.11 

Where Ha is height of all trees, Hr is height of predominant trees, DBHa is diameter of all 

trees and DBHpr is diameter of predominant trees 

The rate of change in height relative to DBH for all six yr old trees is similar to those 

for older juveniles reported above. The rate parameters for predominant trees 

including those left after thinning in the Trinidad plantations (across ages) are similar 

to Eqn 5.2, indicative of higher vigour. 

The rate of taper change with DBH for all six yr old T.grandis across provenance is 

shown in Eqn 5.12 and for pooled predominant trees in Eqn 5.13. For predominant 

trees at 19-21 yrs the relationship is shown in Eqn 5.14. 

All six year old trees  

Tm = 1.80 -0.39 ln (DBHa) (r
2
 = 0.45, p = 0.00, 64 dof) Eqn 5.12 
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Six year old predominant trees  

Tpr = 0.90 ln (DBHpr) - 1.24 (r
2
 = 0.43, p = 0.00, 6 dof) Eqn 5.13 

19 -21 year predominant trees  

Tpr = 1.83 ln (DBHpr) - 3.37 (r
2 

= 0.64, p = 0.0.01, 24 dof) Eqn 5.14 

Where T is taper; DBH is diameter (cm) at 1.3m, pr refers to predominant and m to all trees 

For all trees, taper decreases but for predominant trees, taper increases with DBH.  

The relationship of best fit between mean DBH and taper for trees across all age for 

thinned Trinidad plantations is shown in Eqn 5.15. 

Tm = 2.25 - 0. 39 ln (DBHm) (r
2
 = 0.69, p = 0.00, 17 dof)  Eqn 5.15 

Where Tm is for taper of mean trees and DBHm is mean diameter at 1.3m  

 

The decrease in taper with increase in DBH for all trees is consistent with that of 6 

year old trees in Eqn 5.12.  The allometric relationship between DBH and T for 

predominant K.senegalensis trees across pooled provenances is expressed in Eqn 

5.16. 

Tpr = 2.49 - 0.60 ln (DBH pr) (r
2
 = 0.74, p = 0.00, 24 dof) Eqn 5.16 

Where Tpr is taper and DBHpr is tree diameter for dominant trees (cm) 

 

These predominantly adult trees show a similar decrease with DBH to that of 

combined trees suggesting similar vigour. 
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Tree volume, biomass and carbon stock estimates 

The Trinidad plantation data provide some indication of relationships between 

estimated mean tree volume, and mean, post-thinning, tree height, DBH and taper 

(smaller trees removed). Actual volume (remaining plus removed by thinning), 

divided by post thinning density, (including removals) has also been derived from 

Trinidad yield tables. The relationship between estimated and actual volume, shown 

in Eqn 5.17, suggests that estimated valus, with an adjustment factor of 1.26, is a 

reliable indicator of actual tree stem volume. 

Ve=1.26 (VA) (r
2
 = 0.95, p = 0.00, 15 dof) Eqn 5.17 

Where Va is actual volume (m
3
) from yield tables and Ve is volume (m

3
) estimated from 

tree attributes 

The relationship between DBH, converted to basal area, and actual wood volume  

converted to wood biomass (up to 7.5 cm top diameter), using the density conversion 

factor for T.grandis of 0.61 g/cc, (Mettem 1986), is shown in Eqn 5.18. 

AGBw=16870 (Tba) (r
2
 = 0.97, p = 0.00, 12 dof) Eqn 5.18 

Where AGBw is wood and bark biomass (kg) and Tba is tree basal area in m 
2
 

 

The estimated mean above ground biomass for trees of similar age to those in 

Humpty Doo, remaining after thinning, ranges from 300-500 kg per tree.  For tree 

densities of 200 to 300 tree ha
-1

 (for Tba of 0.015-0.025 m
2
) this gives stand above 

ground biomass wood values of 90 to 100 t ha
-1

. 
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Using the carbon conversion factor of 0.49 gives 37.48 - 49.00 t C ha
-1

. Further 

assuming that wood and bark biomass represent 75% of total biomass (Cook et al. 

2005 in Chapter 4), the total above ground carbon stock (AGCS) can be increased to 

the range 46.83-61.25 t C ha
-1

. 

5.3.2 Age-related change models for young and old plantations 
and orchards 

TERTHFP plantation sapling and juveniles 

The relationship between tree height and DBH in response to age for all TERTHFP 

trees combined is shown in Eqn 5.19 and Eqn 5.20. 

H = 2.79 ln (A) -6.29 (r
2
 = 0.38, p = 0.00, 226 dof) Eqn 5.19 

DBH = 4.86 ln (A) -12.94 (r
2
 = 0.20, p = 0.00, 103 dof) Eqn 5.20 

Where A is age in months, H is height in m, DBH is diameter in cm 

Both linear and logarithmic regression models show significant correlations, the 

former giving a slightly better fit. The regression coefficients, although low, are 

satisfactory bearing in mind the high variance resulting for species’ age, site and 

cultural differences. 

The modelled relationship between MAI and PAI DBH and age for pooled species is 

shown in Figure 5.1. MAI DBH increases to a maximum of 1.44 cm yr
-1

 at about age 

four to six yrs and from this age decreases logarithmically to 0.73 cm yr
-1

. This 

maximum value for all species is lower than for all estimated top 6 year old in Table 

5.20. PAI DBH decrease from a maximum 2.1 cm yr
-1

 follows power function 

decreasing to 1.5 at 5 yrs to an extrapolated value of 0.28 cm yr
-1

 at age 19 yrs. 
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The model of best fit for mean DBH, from peak MAI DBH onwards (where results 

are more reliable) is shown in Eqn 5.21 and for PAI DBH in Eqn 5.22. 

MAI DBH = 2.03 -0.44 In (A) (p = 0.00, 15dof) Eqn 5.21 

PAI DBH = 7.07 (A) -1.11 (p = 0.00, 15 dof) Eqn 5.22 

DBH is diameter in cm and A is age in yrs 

Both MAI and PAI DBH show a decrease with age but at different rates. 

 

 

 

 

 

Figure 5.1 Relationship between mean DBH MAI and PAI and age (A) for six pooled 

TERTHFP juvenile trees and age extrapolated to 19 yrs 

(data from Reilly et al. 2005; Clark et al. 2007)  
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Adult plantations 

Age-related change for Humpty Doo pooled provenances of predominant tree height 

are shown in Eqn 5.23 and mean height for Trinidad plantations (m) in Eqn 5.24. 

DBH change for the Humpty Doo forest is shown for predominant trees in Eqn 5.25 

and for mean of all trees in Eqn 5.26, for provenance 3021 only in Eqn 5.27, and for 

the mean of Trinidad trees in Eqn 5.28. Taper change for predominant trees is shown 

in Eqn 5.29 and for mean of up to Trinidad trees in Eqn 5.30. 

Humpty Doo 

Hpr = 9.70 ln A - 4.30 (r
2 

= 0.68, 35 dof)  Eqn 5.23 

Trinidad 

Hm = 5.61 ln A + 1.75 (r
2 

= 0.84, 15 dof) Eqn 5.24 

Humpty Doo 

DBHpr = 13.49 ln A - 15.56 (r
2 

= 0.82, 35 dof) Eqn 5.25 

DBHm = 6.75 ln A - 2.75 (r
2 

= 0.32, 648 dof)  Eqn 5.26 

DBHm (3021) = 6.72 ln A - 2.03 (r
2 

= 0.30, 208 dof) Eqn 5.27 

Trinidad 

DBH m = 7.88 ln A - 6.44 (r
2 

= 0.84, 15 dof) Eqn 5.28 

Humpty Doo 

Tpr = 0.84 ln A – 0.71 (r
2 

= 0.51, 28 dof) Eqn 5.29 

Trinidad 

Tm = 1.9 - 0.25 ln A (r
2 

= 0.73, 15 dof)  Eqn 5.30 

Where H is height; DBH is diameter at 1.3m; T is taper; pr is predominant; and m is mean.  
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Both H and DBH show a significant logarithmic increase with the age rate variable, 

being higher for predominant than normal trees. Normal taper for thinned Trinidad 

plantations decreases from 1.45 at 6 yrs to 1.14 at 20 yrs. For predominant trees, 

taper for un-thinned Humpty Doo plantations increased from 0.79 at age 6 to 1.8 at 

20 yrs, reflecting the combined effect of competition and vigour. These normal and 

predominant tree relationships, across age classes, are consistent with responses to 

within community DBH which could serves as a proxy. 

Modelled MAI and PAI DBH trends for 21 yr old T. grandis, extrapolated to age 40 

yrs, for predominant and mean of pooled provenance trees are shown in Figure 5.2. 

 

 

 

 

 

 

Figure 5.2 MAI and PAI DBH vs age derived from growth curves for provenances of T. 

grandis at Humpty Doo (data source DPIFM) 

 

The PAI curve for below <3 yrs for all trees and <6 yrs for predominant trees is 

questionable so only increment statistic beyond this age are considered here. The 
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function of best fit MAI and PAI for mean and predominant trees is summarised in 

Table 5.11. 

Table 5.11 Model providing best fit to mean DBH increment data for trees >3 yrs old 

and predominant DBH increment for trees >6 yrs old 

Growth variables (Y) Model A b 

Mean DBH MAI (cm yr-1} from 3 yrs Log 2.35 -0.49 

Mean DBH PAI (cm yr-1} (all) Power 8.59 -1.07 

Pred DBH MAI (cm yr-1} from 6 yrs Log 2.47 -0.42 

Pred DBH PAI (cm yr-1} (all) Power 17.21 -1.07 

Model logarithmic is Y=a+b ln (A), Power is Y=a (A)
b
, A is age (yrs), Y is DBH increment. 

 

 For the Trinidad plantation, across sites, the relationship between MAI DBH and age 

is expressed in Eqn 5.31. 

DBH MAI = 1.91 – 0.36 ln (A) (r
2 

= 0.88, 17 dof) Eqn 5.31 

Where DBH MAI is the mean diameter increment (cm yr
-1

) and A is age in yrs. 

The model parameters are lower and therefore MAI DBH sustained longer in the 

case of both thinned Trinidad plantations and predominant trees in un-thinned 

plantations at Humpty Doo, peaking at 1.6 cm yr
-1

, at age 6 and decreasing 

logarithmically to 0.86 cm yr 
-1

 at age 40 when DBH PAI was 0.35 cm yr 
-1

. This 

peak is not evident in the Trinidad data, where MAI DBH of 1.91 cm yr
-1

 was the 

starting value for this curve, giving similar values at age six yrs to plantations at 

Humpty Doo. 

The peak for normal Humpty Doo trees was 1.75 cm yr
-1

 decreasing to 0.75 cm yr
-1

 

at 40 yrs, when PAI DBH was 0.17 cm yr
-1

. Both values are considerably lower than 
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for predominant trees. The link between DBH and biomass and carbon indicates that 

carbon accumulation follows a similar temporal trend and is both greater and more 

sustained in thinned and un-thinned predominant, than all trees. 

Orchard trees 

Regression analysis of the relationship between DBH up to 35 cm and age up to 12 

yrs for combined horticultural tree species is shown in Eqn 5.32 and 5.33.  

DBH = 2.39 (A) - 1.20 (r
2
 = 0.90, p = 0.00, 7 dof) Eqn 5.32 

DBH = 13.12 ln (A) - 8.32 (r
2
 = 0.83, p = 0.00, 7 dof) Eqn 5.33 

Where DBH is tree diameter in cm and A is age in yrs.  

Both relationships are significant and, although the linear regression has a higher 

regression coefficient, the high parameter values in Eqn 5.33 are consistent with 

widely spaced (low competition), young tree species. 

Figure 5.3 shows the model of mean and periodic annual increment extrapolated to 

age 25 yrs for combined data for Mangifera indica, Anarcadium occidentale and 

Macadamia integrifolia assessed by Lu (2002). 

The relationship between MAI DBH and age from age 4yrs is expressed in Eqn 5.34. 

MAI DBH = 3.82 – 0.75 In (A) (r
2
 = 0.89) Eqn 5.34 

Where MAI DBH is mean annual increment in diameter (cm yr
-1

) and A is age (yr).  

MAI DBH shows a higher peak of 2.56 cm yr
-1

 at age 5 yrs decreasing to sustained 

rate of 1.36 cm yr
-1

 at age 25 yrs. 
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The relationship between PAI DBH and age is expressed in Eqn 5.35. 

PAI DBH = 10.07(A) 
-0.91

 (r
2
 = 0.97) Eqn 5.35 

Where PAI DBH is periodic annual increment in diameter (cm yr
-1

) and A is age (yr).  

PAI DBH shows a power function decline, stabilising at 0.51 cm yr at age 25 yrs. 

 

 

 

 

 

Figure 5.3 Relationship between MAI and PAI DBH and age for combined Mangifera 

indica, Anarcadium occidentale and Macadamia integrifolia species and 

varieties in irrigated orchards (based on data from Lu 2002) 

5.3.2.1 Age-related changes in stand basal area 

The model for stand basal area (sum of tree basal), a useful measure of stand biomass 

and carbon stock accumulation, changes with age as shown for pooled T.grandis at 

Humpty Doo in Eqn 5.36 and Trinidad plantations in Eqn 5.37. 

Humpty Doo 

Sba = 17.57 ln (A) – 23.79 (r
2
 = 0.51, p = 0.00, 70 dof)  Eqn 5 36 
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Trinidad 

Sba = 16.60 ln (A) - 15.123 (r
2
 = 0.95, p = 0.00, 16 dof) Eqn 5 37 

Where Sba is stand basal area (m2 ha-1 ) and A is age in yrs  

The model parameters are very similar, despite different locations and silvicultural 

histories. This robust relationship suggest the overall biomass/carbon stock in 

plantations, as function of basal area, irrespective of tree density (low density trees 

grow larger) could be expected to increase logarithmic with age, at least up to age 50 

yrs (The age assessed for Trinidad plantations).  

Relationship between stand density, height and DBH 

PCC for relationships between stand density and Hpr (r=0.80, p=0.00, 15dof) and 

DBHpr (r = 0.75 p = 0.00, 15 dof) are both significant and positive. This suggests 

that survival density, in these un-thinned plantations, is directly related to 

predominant height and diameter and therefore vigour, either inherent or associated 

with cultivation conditions, irrespective of species. 

5.3.2.2 Age-related changes in biomass and carbon accumulation 

A more precise estimate of biomass accumulation (TBw t ha
-1

) is derived from 

changes in height, DBH and taper. The relationship derived for T.grandis at Humpty 

Doo is shown in Eqn 5.38. Also shown is the mean post-thinning standing biomass 

of three Trinidad sites based on the yield tables (Eqn 5.38) and accumulated biomass, 

taking thinning removals into account (Eqn 5.39). 

Humpty Doo 

TBw = 57.99 ln A - 94.41 (r
2 

= 0.51, 71 dof) Eqn 5.38 
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Trinidad (standing) 

TBw = 32.48 ln A - 36.48 (r
2 

= 0.88, 16 dof) Eqn 5.39 

Trinidad (Standing+removals) 

TBw = 74.68 ln A - 93.56  (r
2 

= 0.82, 16 dof) Eqn 5.40 

Where total TBw is trunk biomass (t ha-1) and A is age in yrs.  

Humpty Doo trunk biomass, and implied carbon accumulation, with age lies between 

the thinned standing and total biomass (including thinning) trend in the Trinidad data.  

Using the model for Humpty Doo, with carbon conversion factor of 0.49, at age six 

yrs this equates to 5.95 tC ha
-1 

(equivalent to MAI of 1.0 tC ha
-1 

yr
-1

) and at age 21 

yrs 44.00 tC ha
-1

 (2.40 tC ha
-1 

yr
-1

) respectively. For thinned, standing and removals 

in Trinidad values at age six yrs this equates to 24.65 tC ha
-1

 (1.17 tC ha
-1 

yr
-1

) and at 

21 yrs 81.95 tC ha
-1

 (3.90 tC ha
-1 

yr
-1

) respectively. 

5.3.3 Sba and density (SD) effects in TERTHFP species 

The p-p plot test for H, DBH, MAI H and DBH and taper and plot survival shows a 

normal distribution. Sba data shows a highly skewed distribution which has been 

normalised through a logarithmic transformation of the data. 

Correlation analysis between these attributes for pooled species and Sba are not 

significant but they are with survival density as summarised in Table 5.12. 
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Table 5.12 Pearson’s Correlation Coefficient and significance for growth vs plot density 

for TERTHFP tree species (data from Reilly et al. 2005; Clark et al. 2007). 

Tree attributes Young juveniles Old juveniles 

 
Survival/Density 

r 
Dof 

Survival/Density 

r 
Dof 

H (m) 0.42** 76 0.38** 49 

DBH (cm) 0.27* 76 0.25 49 

MAI H (m yr-1) 0.50** 78 0.47** 49 

MAI DBH (cm yr-1) 0.39** 67 0.37** 49 

Taper 0.23 70 0.08 49 

Significance * p<0.001 **p<0.05) 

 

All tree attributes, except for old juvenile DBH, and in all cases taper, are positively 

correlated with survival density, reinforcing the strong relationship between early 

tree vigour and survival. As taper for both young and old juveniles show no 

relationship to tree density, competition effects are not considered relevant at this 

stage. 

5.3.4 Genetic, species and provenance, variability 

Juvenile and sapling plantations 

Jeremy Russell-Smith (JRS) trial 

Growth variables of seven native Australian juvenile trees in the JRS trial at the 

Berry Springs site, assessed in 1996, when trees were three to five yrs old, are shown 

in Table 5.13. 

  



Chapter 5: 

Page 330 

 

Table 5.13 Size, growth rates and taper for seven native species (3-5yrs old) at Berry 

Springs (Dr Jeremy Russell-Smith unpublished data) 

Species No 

Height 

(m) 

DBH 

(cm) 

MAI height 

(m yr-1) 

MAI DBH 

(cm yr-1) 
Taper 

Mean sd Mean sd Mean sd Mean sd Mean sd 

lepharocarya 
involucrigera 

3 5.53 2.31 7.33 2.14 1.18 0.41 1.57 0.37 0.74 0.09 

Dalbergia 
cochinsensis 

3 7.07 1.68 7.93 0.92 1.41 0.34 1.59 0.18 0.88 0.10 

Flindersia 
brayleyana 

5 4.04 1.28 5.54 0.77 0.84 0.23 1.16 0.17 0.72 0.17 

Pterocarpus 
macrocarpus 

3 16.17 4.79 14.57 3.90 3.23 0.96 2.91 0.78 1.14 0.33 

Syzygium forte 2 3.75 1.63 5.80 1.13 0.82 0.23 1.29 0.05 0.63 0.16 

Syzygium 
nervosum 

2 5.20 1.41 6.60 0.57 1.15 0.13 1.48 0.11 0.78 0.77 

Toona australis 2 7.11 4.23 8.98 4.41 1.53 0.70 1.94 0.68 0.77 0.09 

 

The number of individual trees in each species was insufficient for comparative 

statistical analysis. For species of the same age, excluding P.macrocarpus, heights 

ranged from 3.75 to 7.11 m. DBH ranged from 5.5.4 to 8.95 cm. MAI DBH 

generally falls within the range predicted by the model in Figure 5.3. The exception, 

P.macrocarpus, was almost double the predicted maximum MAI DBH of 1.5 cm yr
-1

. 

MAI H for all except this species ranged from 0.82 to 1.53 m yr
-1

, lower than for 

DBH, giving rise to taper ranging from 0.63 - 0.8. Higher MAI H in P.macrocarpus 

has contributed to a much higher taper (1.4) compared to other species emphasising 

the relationship with inherent vigour. 

ETAB trial 

Growth attributes of juvenile tree species in the ETAB trial site assessed in 2002, 

when trees were at a mean age of 2.8 yrs, are summarised in Table 5.14. 
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Table 5.14 Size, growth rates and taper for young juvenile S. macrophylla (JET) and 

A.indica and S.album (JST) plantation species in ETAB trial  

(F. van der Sommen Unpublished)  

Species  N 

Height 

(m) 

DBH  

(cm) 
Taper 

MAI H 

(m yr-1) 

MAI DBH 

(cm yr-1) 

Mean  sd Mean sd Mean sd Mean sd Mean sd 

Sweitonia 
macrophylla  

67 6.93 1.55 6.79 1.54 1.03 0.10 2.50 0.55 2.45 0.55 

Azadarchta 
indica  

154 4.60 0.69 5.24 1.32 0.91 0.71 1.66 0.24 1.88 0.47 

Santalanum 
album 

169 2.77 0.69 5.12 1.49 0.56 0.11 1.00 0.24 1.84 0.53 

 

A p-p plot shows all attributes are normally distributed. LSD, derived from a one 

way ANOVA, is significant for H, MAI H and taper between each of the species. 

The “erect” exotic S. macrophylla species, at 2.78yrs in this trial, shows MAI H of 

2.50 m yr
-1

, DBH 2.45 cm yr
-1

, and taper of 1.03. These values are significantly 

higher than for the spreading A. indica and S. album growing in similar ETAB sites.  

Results of allometric analysis are summarised in Eqns 5.41-5.43. 

S.macrophylla 

H = 5.25 ln DBH - 2.97 (r
2 

= 0.82, p = 0.00, 65 dof)  Eqn 5.41 

A.indica 

H = 1.96 ln DBH + 1.43 (r
2 

= 0.58, p = 0.00, 152 dof) Eqn 5.42 

S.album 

H = 1.58 ln DBH + 0.26 (r
2 

= 0.60, p = 0.00, 167 dof)  Eqn 5.43 

Where H is height in m, DBH diameter in cm  

H increases much more rapidly with DBH in S.macrophylla than the other two 

species. DBH vs taper for each species are shown in Eqns 5.44 to 5.46. 
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S.macrophylla 

T = 1.24 - 0.11 ln DBH (r
2
 = 0.10, p = 0.01, 65 dof)  Eqn 5.44 

A.indica 

T = 1.79 - 0.54 ln DBH (r
2 

= 0.70, p = 0.00, 152 dof)  Eqn 5.45 

S.album 

T = 0.86 - 0.19 ln DBH (r
2 

= 0.33, p = 0.00, 167 dof)  Eqn 5.46 

Where t is taper and DBH is diameter in cm 

 

TERTHFP trial 

A range of growth variables for the young juvenile plantings of species in the 

TERTHFP trial are shown in Table 5.15. The p-p plot test shows that the data is 

normally distributed for all variables. There was insufficient data to compare growth 

between all species. All except two species were native to Australia.  Heights ranged 

from 0.98 to 5.49 m, DBH from 1.48 to 6.37 cm, taper 0.40 to 1.15 and basal area 

from 0.02 to 2.94 m
2 

ha
-1

.  

Maximum MAI H (1.99 m yr
-1

) and DBH (1.69 m yr
-1

 m) was for the native legume 

A.mangium and minimum MAI H (0.34 m yr
-1

) for the endemic legume 

E.chlorostachis and minimum MAI DBH (0.51 cm yr
-1

) for the native F.brayleana.  

For the two exotic species K.senegalensis H was 3.13 m, DBH, 4.03 cm, MAI H, 

1.17 m yr
-1

 and MAI DBH, 1.51 cm yr
-1

 and higher than T.grandis, for which values 

were lower H (2.20 m), DBH (2.72 cm), MAI H, (0.82 m yr
-1

), and DBH (1.05 cm 

yr
-1

), both falling in the upper part of the native species range. 
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Results for selected older juveniles, including multispecies ANOVA for all growth 

variables, are shown in Table 5.16 overleaf. Basal area is still highly variable ranging 

from 0.49 to 6.03 m
2
 ha

-1
. For the native species H and DBH, respectively, ranged 

from 2.36 m and 3.29 cm, for C.australis, to 6.99 m and 9.55 cm for T.bellrica. The 

four exotic species again fall in the upper part of these ranges, although they show no 

significant H difference to the native trees. DBH values for K.senegalensis and 

T.grandis are not significantly different to each other but are significantly higher than 

all other species. MAI H for the native trees ranges from 0.43 to 1.41 m yr
-1

 with 

exotic species again falling in upper part of the range. They are significantly higher 

than for C.australis, C.odorata and C.vellutina but not E.pellita and T.bellirica. 

MAI DBH for natives ranged from 0.67 to 2.01 cm yr
-1 

and, even though the exotic 

species occurred in the upper part of this range, differences between species were not 

significant in this data set. 

Taper ranged from 0.67 to 0.85, and was significantly higher only for the more 

vigorous T.grandis relative to C.odorata. 
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Table 5.15 Growth attributes of 21 TERTHFP juvenile (2.8-4 yrs) tree species across three sites in MNT (data from Reilly et al. 2005; Clark et al. 2007)  

Species 
See code on 

table 5.3 
N 

AGE 
(month) 

Height 
(m) 

MAI H 
(m yr-1 ) 

DBH 
(cm) 

MAI DBH 
(cm yr-1) 

Survival 
(%) 

Basal area 
(m2 ha-1) 

Taper 

Mean sd Mean sd Mean sd Mean sd Mean sd Mean sd Mean sd 

T. grandis 8 32 2.20 0.21 0.82 0.08 2.72 0.20 1.02 0.07 76.15 19.55 0.56 0.23 0.81 0.04 

K. senegalensis 8 32 3.13 0.10 1.17 0.04 4.03 0.15 1.51 0.06 87.38 6.30 1.33 0.34 0.78 0.04 

A. auriculiformis 2 41 3.25 0.86 1.00 0.46 3.42 0.73 1.04 0.43 46.30 30.12 0.57 0.48 0.94 0.05 

A. mangium 2 41 5.49 1.53 1.69 0.80 6.37 2.72 1.99 1.21 55.80 52.04 2.94 3.70 0.89 0.14 

E. camaldulensis 5 32 4.18 0.35 1.54 0.18 3.70 0.69 1.37 0.29 92.90 14.20 1.20 0.39 1.15 0.15 

E. pellita 5 32.75 2.14 0.97 0.78 0.31 3.02 0.46 1.10 0.14 63.9 0 25.46 0.48 0.29 0.70 0.26 

S. album 2 41 1.97 0.03 0.59 0.13 2.22 0.76 0.64 0.09 89.35 13.79 0.15 0.13 0.94 0.33 

S. armstrongii 2 41 2.28 0.03 0.68 0.13 2.40 0.42 0.70 0.02 84.25 15.77 0.28 0.23 0.97 0.16 

S. forte 2 41 2.31 0.34 0.70 0.24 2.66 0.15 0.79 0.12 93.05 13.20 0.33 0.22 0.88 0.18 

C. australe 2 35 2.08  0.71  2.26  0.77  66.85 9.12 0.25 0.11 0.92  

A. peregrine 1 35 3.65  1.25  3.71  1.27  85.20  1.03  0.98  

B. involucrigera 1 35 3.75  1.29  4.22  1.45  98.10  1.53  0.89  

C. cunninghamiana 1 47 2.69  0.69  3.23  0.82  65.70  0.16  0.83  

E. chlorostachys 1 35 0.98  0.34  2.14  0.73  68.50  0.27  0.46  

F. australe 1 35 2.15  0.74  2.19  0.75  52.80  0.22  0.98  

F. brayleana 1 35 1.69  0.58  1.48  0.51  13.90  0.03  1.14  

M. azadarach 1 47 3.17  0.81  2.03  0.52  78.70  0.28  1.56  

M. corymbosa 1 47 2.83  0.72  2.67  0.68  96.00  0.34  1.06  

S. nervosum 1 35 1.42  0.49  1.58  0.54  58.00  0.13  0.90  

T. ciliata 1 35 3.40  1.17  3.55  1.22  82.40  0.91  0.96  

T. microcarpa 1 47 1.49  0.38  3.69  0.94  47.20  0.02  0.40  
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Table 5.16 Growth variables and ANOVA of difference (Dunnett’s C test) for nine TERTHFP old juvenile species across all trials, and associated 

mean survival, plot density and plot basal area (data from Reilly et al. 2005; Clark et al. 2007)  

Species 
 

N 

Age 

(Months) 
H (m) DBH (cm) Taper 

MAI H 

m yr -1 

MAI DBH 

cm yr -1 
Survival % 

Density 

Trees ha -1 

Basal area 
m-2 ha -1 

 Mean sd Mean sd Mean sd Mean sd Mean sd Mean sd Mean sd Mean sd Mean sd 

C.australis N 4 65.50 13.80 
2.36 

a 
1.28 

3.29 

b 
2.14 

0.72 

a 
0.60 

0.43 

b 
0.22 

0.67 

ab 
0.31 33.03 3.08 367.00 34.25 0.49 0.04 

C.odorata N 8 55.63 5.85 
4.53 

ac 
2.04 

6.77 

a 
3.16 

0.67 

ab 
0.65 

1.00 

b 
0.47 

1.4 

a 
0.68 38.77 20.32 430.75 225.79 2.02 1.93 

C.vellutina N 3 68.00 13.11 
3.71 

a 
1.78 

5.08 

a 
3.49 

0.73 

a 
0.51 

0.68 

bc 
0.50 

1.06 

a 
0.87 45.13 43.19 501.43 47.98 1.71 2.61 

E.pellita N 10 59.80 13.28 
6.24 

a 
1.32 

7.38 

b 

2.22 

 

0.85 

a 
0.59 

1.29 

a 
0.32 

1.60 

a 
0.46 60.83 22.36 675.77 248.68 3.22 1.96 

K.senegalensis E 14 56.29 8.50 
6.10 

a 
2.37 

8.63 

a 
3.46 

0.71 

a 
0.68 

1.35 

ad 
0.58 

1.96 

ac 
0.78 77.12 24.70 856.84 274.37 6.03 4.47 

S.humilis E 15 58.53 9.47 
5.42 

a 
2.53 

7.14 

b 

3.38 

 

0.76 

a 
0.75 

1.15 

a 
0.57 

1.52 

a 
0.72 64.42 24.90 715.72 276.69 3.49 2.83 

S.macrophylla E 4 53.00 2.00 
6.71 

a 
0.86 

7.85 

b 
1.37 

0.85 

a 
0.63 

1.50 

a 
0.19 

1.78 

a 
0.33 65.25 12.50 724.93 138.88 3.47 0.92 

T.bellirica N 5 63.40 12.99 
6.99 

ad 
1.87 

9.55 

b 

1.61 

 

0.73 

a 
1.16 

1.41 

a 
0.55 

2.01 

ac 
0.58 64.78 27.65 719.71 307.23 4.80 3.88 

T.grandis E 11 55.25 4.09 
6.00 

a 
2.39 

7.24 

a 
3.27 

0.83 

ac 
0.73 

1.31 

a 
0.53 

1.58 

a 
0.72 78.22 24.86 869.02 276.19 4.43 3.03 

Values with similar letters are not significantly difference (p<0.05)
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Linear regression analysis of height and DBH vs age, for selected and combined 

TERTHFP species across MNT sites is shown in Table 5.17. 

Table 5.17 Results of height and DBH - age regression analysis for six top TERTHFP 

species pooled across MNT (data from Reilly et al. 2005, Clark et al. 2007)  

H or DBH= a+b Ln (Age), H in m, DBH in cm, Age in months  

 

Model projections for H (mean 6.85 m) and DBH (10.7 cm) at 72 months (6 yrs) are 

consistent with those derived in Table 5.12 indicating that the growth models are 

robust. Taper average is 0.68 and, for all except two Swaintonia spp, show a decrease 

with age. Swaintonia spp. show more rapid height relative to DBH growth, similar to 

that shown for the same species in the ETAB. 

Species Variable 

Regression parameters 72 month projection 

Dof a b r2 
H, 

DBH 
MAI 
yr-1 

Taper 

E. pellita 

H (m) 22 0.61 3.16 0.64 6.27 1.05 

0.73 
DBH (cm) 9 -2.14 5.96 0.53 8.54 1.42 

T. grandis 

H (m) 33 0.15 3.86 0.64 7.07 1.18 

0.43 
DBH (cm) 15 3.89 7.08 0.51 16.58 2.76 

K. senegalensis  

H (m) 27 0.19 3.70 0.46 6.82 1.14 

0.54 
DBH (cm) 10 -6.58 10.78 0.77 12.74 2.12 

S. macrophylla 

H (m) 85 2.80 3.68 0.34 9.39 1.57 

1.07 
DBH (cm) 29 3.67 2.86 0.23 8.79 1.47 

S. humilis 

H (m) 21 0.55 3.22 0.34 6.32 1.05 

0.79 
DBH (cm) 6 -2.26 5.73 0.25 8.01 1.33 

C. odorata 

H (m) 16 0.63 2.58 0.45 5.25 0.88 

0.55 
DBH (cm) 7 -0.17 5.45 0.26 9.60 1.60 
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Mean MAI H is 1.14 m yr
-1

 and mean MAI DBH is 1.78 cm yr
-1

 both of which are 

highest for T.grandis and K.senegalensis. Bearing in mind the findings in Table 5.15 

and 5.16, for similar sites inherent growth rates of these two species can be treated as 

not significantly different and are within the upper part of the range of native tree 

species. The adult stages of these two species are evaluated in more detail below. 

Adult plantation trial 

The predominant tree height, DBH and mean diameter for all trees and associated 

stand density and basal area for nine provenances at 29 yrs K.senegalensis at Gunn 

Point is shown in Table 5.18 and for eight provenances T.grandis at age six and 21 

yrs at Humpty Doo in Table 5.19. 

Table 5.18 Plot basal area and density, predominant tree height and DBH and mean 

tree DBH for all trees of 29 year old K.senegalensis provenances at Gunn 

point (Data source DPIFM) 

Tree state 
Predominant 

tree 
All (a) trees Mean plot variables 

Provenances 
Height 

(m) 

DBH 
(cm) 

DBH 

(cm) N 

Per plot 

Basal area 

(m2 ha-1) 

Tree 

Density 

(t ha-1) Mean sd 

D391 14.1 28.9 18.7 5.2 29 29 896 

D411 14.0 27.7 18.0 6.3 29 23 896 

D415 14.3 23.9 16.5 4.4 35 27 1088 

D416 13.4 24.7 17.6 4.7 38 24 864 

D417 17.5 36.8 20.2 6.7 38 45 1216 

D418 15.0 23.7 13.9 3.9 24 24 1344 

S9392 12.6 28.5 18.1 5.6 25 23 768 

S9620 11.0 20.7 15.0 4.0 36 23 1120 

S9687 13.6 27.5 18.5 4.9 32 30 992 

*each 0.03ha plot of 50 trees 
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Table 5.19 Results of mean and sd of height and DBH of all (a) 6 and 21 year, 

predominant (pr) height, DBH, stand density and basal area only for 21 

year old trees only for eight provenances of T. grandis at Humpty Doo (data 

source DPIFM) 

P
ro

ve
n

an
ce

 

N
o

 p
er

 p
lo

t 

Tree state variables 
Mean plot 

variables (age 21 
yrs) 

Height 

(m) 

DBH 

mean (sd) 

(cm) 

Basal 
area 

(m2) 

Tree 
density 

No. 

6 (a) 21 

(pr) 

6 (a) 21 

(pr) 

21 (19 yrs) 
ha-1 

Mean sd Mean sd Mean sd 

3008 7 8.0 1.6 19.5 9.4 2.8 28.6 19.3 11.0 28 867 

3016 45 8.3 1.7 21.7 9.1 2.6 26.8 16.0 4.7 20 1440 

3021 66 8.8 1.7 18.0 9.8 2.6 24.2 18.7 6.3 24 1322 

3034 16 7.5 1.7 20.0 8.7 1.9 22.3 18.6 5.6 31 1024 

3040 10 6.0 0.6 19.6 6.9 1.2 25.5 16.5 3.7* 14.6 640 

3042 15 9.2 1.4 21.8 10.5 2.4 31.7 21.0 9.0 40.7 920 

3049 29 7.5 2.0 22.1 8.5 2.4 32.6 16.6 6.7 14.4 928 

3615 8 8.0 2.6 15.0 10.3 4.4 31.4 21.1 9.6* 15+ 512 

Each plot 25 trees 0.15ha 

* 15 trees 0.09 ha plot 

+ assessed at 19 yrs only 

 

ANOVA for K.senegalensis provenances shows that DBHa only for D417 is 

significantly higher than for provenance S9620 (p=0.00, 73dof) with no significant 

difference between these and the remaining provenances. There were insufficient 

data for testing H differences although this also appears to be higher in this 

provenance. 

For T.grandis, provenance 3042 from Thailand has the highest H, DBHpr and DBHa, 

almost double that of other provenances. Provenance 3040, from the same location 

(latitude 18' 14'N) on the other hand had the lowest values. Provenances 3016 and 
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3021, from similar latitudes to MNT study sites, have similar and intermediate values 

and are assessed further below. 

Across provenances of T.grandis at 6 yrs, height averages 7.91 m and DBH averages 

9.15 cm. At 21 years old, DBH for all trees was 18.5 cm but for predominant trees it 

was much higher (27.9 cm) with a mean height of 19.71 m. 

A two-tailed t test for Sba showed no significant differences for pooled provenances 

between these species with mean values ranging from 23.4 to 27.6 m
2
 ha

-1
. Survival 

density ranged from 956 -1020 trees ha
 -1

 (reduced from 1600 trees ha
 -1

 at planting). 

Results of a two-way t test for differences (equal variance not assumed) in Hpr, 

DBHa, for these two species are shown in Table 5.20. 

Table 5.20 Results of t test between Hpr, DBHa, for pooled provenances of 29 yr 

K.senegalensis (Gunn Point) and 21 yr T.grandis (Humpty Doo) (data source 

DPIFM) 

Tree variables Species N 
Statistics 

Mean sd p(dof) 

Hpr (m) 

K.senegalensis  8.00 
13.68 

b 
1.48 

0.00 

(14dof) 
T.grandis 9.00 

20.95 
a 

2.13 

DBHa (cm) 

K.senegalensis  8.00 
24.73 

a 
3.28 

0.13 

(15 dof) 
T.grandis 9.00 

27.47 
a 

3.78 

Values with different letters are significantly different P<0.001 

As would be expected from the basal area analysis, no significant differences exist 

between mean DBH for the two species although Hpr significantly higher in the 

younger T.grandis plantation indicating greater stand vigour which may be species or 

site related. 



Chapter 5: 

Page 340 

Intra species taper values and changes with DBH 

For pooled provenances of K.senegalensis and T.grandis there is no significant 

correlation between Hpr and DBHpr. The taper values for the predominant trees for 

these species and provenances are shown in Table 5.21. Mean taper for six yr 

T.grandis is 0.77. A two tailed t test (equal variance not assumed) indicates that taper 

for 21yr old T.grandis (0.74 sd 0.08) is significantly higher than for 29 yr 

K.senegalensis provenances 0.52 (sd 0.05) (p = 0.00, 12.55 dof) consistent with 

differences in vigour. 

Table 5.21 Taper values for predominant 29 yr old K.senegalensis at Gunn Point and 21 

yr old T.grandis at Humpty Doo and mean Trinidad trees (Data source 

DPIFM) 

K.senegalensis 29yrs T.grandis 

D391 0.49 21yrs 6yrs 

D411 0.51 3008 0.68 0.85 

D415 0.60 3016 0.81 0.91 

D416 0.54 3021 0.74 0.90 

D417 0.48 3034 0.90 0.86 

D418 0.63 3040 0.77 0.87 

S9392 0.44 3042 0.69 0.88 

S9620 0.53 3049 0.68 0.88 

S9687 0.49 9615 0.65 0.77 
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Tree species and provenance height and DBH increment 

Incremental growth in H and DBH, allometrically related to carbon accumulation, for 

K.senegalensis and T.grandis (as well as Trinidad) are shown in Table 5.22. 

Table 5.22 MAI H and DBH for predominant trees and MAI DBH for all trees for 29 

yr old K. senegalensis at Gunn Point and 21 yr LD T. grandis at Humpty 

Doo (data source DPIFM) in Trinidad data (Miller unpublished) is added for 

comparison. 

Provenances of 

K. senegalensis 

29 yrs 

MAI Height 
(pr) 

(m yr-1) 

MAI DBH Provenances 
of T. grandis 

21yrs 

MAI Height 
(pr) 

(m yr-1) 

MAI DBH 

(cm yr-1) 

Dominant 

trees 

Mean 
trees 

Dominant 

trees 
Mean trees 

D391 0.48 0.99 0.48 3008 0.93 1.36 0.91 

D411 0.48 0.95 0.51 3016 1.03 1.28 0.76 

D415 0.49 0.82 0.53 3021 0.85 1.15 0.88 

D416 0.46 0.85 0.46 3034 0.95 1.06 0.88 

D417 0.60 1.27 0.52 3040 0.93 1.21 0.89 

D418 0.52 0.82 0.48 3042 1.04 1.51 1.00 

S9392 0.43 0.98 0.43 3049 1.05 1.55 0.78 

S9620 0.38 0.71 0.38 9615 0.97 1.50 1.10 

S9687 0.47 0.95 0.46 Trinidad 1.0  0.9-0.6 

 

A two-way t test for difference between predominant tree MAI H for K.senegalensis 

0.48 (0.06) and T.grandis (0.97 (0.07) m yr
-1

) and DBH MAI for K.senegalensis 

(mean 0.93 (0.16) cm yr
-1

) and T.grandis (1.33 (0.18) cm yr
-1

 respectively) (equal 

variance not assumed) shows a significant difference in both cases (p = 0.00, 16 dof). 

These values, for all T.grandis trees combined, were also significantly lower 0.90 

(0.11) than for predominant more vigorous trees (p = 0.00, 16 dof). 

Estimated carbon stock 

Estimated stand wood carbon derived from mean H, DBH and taper (adjusted for 

error using the conversion factor 1.26) for T.grandis using wood weight of 0.61 
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Kg/m
3
 for T.grandis and 0.65 Kg/m

3
 for K.senegalensis and carbon conversion of 

0.49 and associated MAI is shown Table 5.23. 

Table 5.23 Provenance above ground biomass and total and mean annual increment of 

carbon for 21yrs T.grandis at Humpty Doo and K.senegalensis at Gunn 

Point (data source DPIFM) 

Provenance 

Stand attributes 

Stand wood 
AGB 

t ha-1 

Stand wood 
carbon stock 

t C ha-1 

MAI wood 
carbon 

t C ha-1yr -1 

T. grandis 

3008 139.3 68.3 3.35 

3016 171.2 83.9 3.99 

3021 201.5 98.7 4.70 

3034 154.6 75.8 3.61 

3040 79.9 39.2 1.87 

3042 169.3 82.9 3.95 

3049 116.8 57.3 2,72 

K. senegalensis 

D391 110.5 54.2 1.87 

D411 105.8 51.9 1.79 

D415 129.8 63.6 2.19 

D416 98.9 48.5 1.67 

D417 212.8 104.3 3.60 

D418 125.3 61.4 2.12 

S9392 71.2 34.9 1.20 

S9620 75.0 36.7 1.27 

S9687 115.5 56.6 1.95 

 

The mean wood carbon stock statistic for the unthinned T. grandis stand is 72.3 t C 

ha
-1

, higher than for the thinned Trinidad plantations when harvested thinnings are 

not included. Mean MAI carbon is 3.6 t C ha
-1

yr 
-1

.
  
For K. senegalensis, mean carbon 

stock is 56.9 t C ha
-1 

and mean MAI DBH 1.96 t C ha
-1

yr 
-1

. 
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Assuming 25% canopy biomass, this provides an estimated mean total above ground 

total carbon stock across provenances of 90.37 tC ha
-1

 for T. grandis and 71.1 tC ha
-1 

for K.senegalensis. A t test for equality of means for pooled provenances shows no 

significant difference between these two species so that inter-provenance variability 

is greater than differences between species. 

5.3.5 Interactive influence of genetic and environment influences 
on tree growth and carbon accumulation 

5.3.5.1 Tree seasonal water use and growth 

Age, DBH and MAI DBH monthly and daily water use per tree and monthly water 

use per unit basal area for combined (3) varieties of Mangifera indica (Mango), 

Anarcadium occidentale (Cashew) (2) and Macadamia integrifolia (Macadamia) 

grown under irrigation in Darwin and Queensland (2 sites) are presented on Table 

5.24 

Table 5.24 Mean and (sd) for age, DBH, MAI DBH for dry season irrigation and wet 

season water use per tree and tree basal area for pooled M. indica, A. 

occidentale and M. integrifolia species (based on data from Lu 2002)  

Species 
Statisti

c 
Age 
(yrs) 

BH 
(cm) 

MAI DBH 
cm yr-1 

Dry season Irrigation Wet season 

Q 

m3month-1 

Q 

m3day-1 m2 

Q 

m3month-1 

Q 

m3day-1 m2 

Cashew Mean 5.75 14.00 2.45 0.78 1.72 1.20 2.25 

 sd 0.96 1.63 0.23 0.15 0.30 0.21 0.03 

  N 4.00 4.00 4.00 4.00 4.00 2.00 2.00 

Macadamia Mean 8.00 15.50 1.94 1.28 2.25 nd nd 

 sd  0.71 0.09 0.11 0.02 nd nd 

  N 2.00 2.00 2.00 2.00 2.00 nd nd 

Mango Mean 7.33 16.25 2.10 1.40 2.49 2.58 3.12 

 sd 3.82 9.89 0.39 1.08 0.93 1.61 1.24 

  N 12.00 12.00 12.00 11.00 11.00 8.00 8.00 
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Estimates of the relationship between diameter and volumetric water use per tree per 

annum, based on linear and power function models for all species and varieties are 

shown in Table 5.25. 

Table 5.25 Model summary and parameter estimates for the linear and power function 

relationship between diameter and annual water use for individual trees 

based on pooled data for M.indica, A.occidentale and M.integrifolia (data 

from Lu 2002.) 

Model 
 

Model Summary 
(dof 7) 

Parameter Estimates 

 r 2 Sig. a b 

Qd= a +b (DBH) dry 0.89 0.00 1.287 -4.710 

Qd=a (DBH)b  0.95 0.00 0.155 1.630 

Qw=a+b(DBH) Wet 0.91 0.00 1.864 -6.047 

Qw+a(DBH)b  0.97 0.00 0.216 1.630 

*Based on 9m *9m spacing or 135 trees ha-1  Q is water use (m3 yr-1) and is DBH is 

diameter in cm 

The linear rate variable and the power function constant but not the rate variable of 

water use (and associated growth/carbon assimilation) as a function of DBH are 

higher in the wet season than under irrigation in the dry season. 

Water use per tree vs MAI DBH under dry season irrigation and wet season rainfall 

for all the orchard trees is summarised in Table 5.26.  A positive linear relationship 

exists across species between MAI DBH and equivalent annual water use, which is 

significant for the wet but not dry seasons. 

It also appears from the data that DBH MAI values are higher for deciduous 

Cashews, with lower rates of dry season water use, than both evergreen Macadamia 

and Mango trees despite higher water use, in both the dry and wet season. 
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Table 5.26 Model summary and parameter estimates for relationship between 

extrapolated annual water use per tree and DBH MAI for all  orchard trees 

combined for the Wet and Dry Season (based on data from Lu 2002)  

DMAI = a + b (Q) 

Where D MAI is DBH MAI (cm yr
-1

) 

Q is water use m
3
 yr 

-1
 

Season 
Model Summary Parameter Estimates 

r2 dof Sig. a b 

Dry 0.20 15 0.07 0.016 1.925 

Wet 0.42 15 0.03 0.012 1.826 

5.3.5.2 Latitudinal gradient relationships with growth 

The relationships between latitude location and total and MAI H, DBH for combined 

juvenile TERTHFP species for irrigated and non-irrigated sites are shown in Figure 

5.4. 

 

 

 

 

 

 

Figure 5.4 Growth vs latitude for selected sites for irrigated and non-irrigated 

TERTHFP species (data from Reilly et al. 2005; Clark et al. 2007) 

  

Non-Irrigated Irrigated 
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A general increase is evident along latitudinal gradients for both irrigated and non-

irrigated trees, although with marked local site-related fluctuations. PCC (to the 

lowest confidence limit of p = 0.1) for the relationship between various growth 

parameters and latitudinal, for both individual and combined species is shown in 

Table 5.27. 

Table 5.27 Pearson’s Correlation Coefficient (r) for growth vs latitude across MNT for 

six TERTHFP species individually and pooled (data from Reilly et al. 2005; 

Clark et al. 2007)  

Species 
Height 

r 

DBH 

r 

MAI Height 

r 

MAI DBH 
r 

Dof 

E.pellita 0.61* 0.61* 0.57 0.85* 9 

T.grandis 0.50* 0.55* 0.48 0.54* 12 

S.macrophylla 0.85* 0.98* 0.96** 0.99*** 4 

K.senegalensis 0.61** 0.53* 0.65** 0.53* 13 

S.humilis 0.66*** 0.65* 0.65** 0.64** 14 

C.odorata 0.33 0.62* 0.45 0.48 3 

Mean 0.57*** 0.59*** 0.61*** 0.62*** 18 

Significance *p<0.1 ** P<0.05 ***p<0.001 

Correlations for all growth variables are significant and positive with the exception 

of C.odorata, for which only DBH trend was significant, and for E.pellita and 

T.grandis for which r for MAI DBH, although high, was not significant. This 

suggests some variability in species sensitivity to environmental conditions along 

this gradient. 
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Relative species performance across a latitudinal gradient 

Results of GENSTAT derived LSD (from Clark et al. 2007), used to assess within 

site variability on species for H and DBH growth, are shown in Table 5.28. 

Table 5.28 Results of ANOVA of growth vs latitude for six species reported in 

TERTHFP trial (data from Reilly et al. 2005; Clark et al. 2007) 

Species Ksen Tgrand Epel Shum Smac Codor 

Latitude 
S 

H DBH H DBH H DBH H DBH H DBH H DBH 

12.46 3.78b 5.60b Na Na 6.54a 9.78a 2.07bc 2.33bc Na na na na 

12.53 6.66a 12.41a 7.20a 8.86a Na Na 8.11a 11.08a Na na 5.65b 7.82b 

12.58 Na Na Na Na 4.95a 4.89a 3.23a 3.85a Na na 2.23b 2.66b 

12.63 Na Na 5.86b 3.53b 7.09a 8.94a 5.46b 6.09b 5.58b 5.81b 3.52c 3.60c 

12.63 6.41a 7.98a Na Na 5.46b 7.01b 3.28bc 3.69bc Na na 2.79bc 3.72bc 

12.66 N Na N Na N Na N Na 6.51a 7.25a N Na N Na Na na na na 

12.68 2.45a 2.78a 1.10b 1.37b Na Na 1.06b 1.23b Na na na na 

12.75 8.20a 9.30a 6.20b 8.00b Na Na 6.20b 7.30b Na na na na 

12.78 3.86b 4.87b Na N Na 6.49b 7.30a N Na N Na Na na na na 

12.80 3.25a 3.31a 1.60b 1.66b Na Na 1.72b 1.85b Na na Na na 

13.22 7.50a 10.90a 7.10a 8.60b 7.20a 8.30b 6.30b 7.60b Na na 4.20c 6.70c 

14.45 9.50a 11.70a 8.20b 9.60b Na Na 8.50b 10.70a 7.10b 8.70b 7.60b 11.20a 

14.46 5.05a 6.88 b 4.75a 6.02b Na Na Na Na   2.52c 2.63c 

14.53 Na Na 6.45a 9.11a 6.43a 9.57a 5.99a 8.38a Na Na na na 

14.58 9.10a 11.90a 7.70b 9.60b Na Na 8.50b 10.50b 7.60b 8.60b 6.70b 9.8a 

14.76 8.36a 11.10a 7.79a 9.60b Na Na 7.17b 8.50bc 6.57b 8.30bc na na 

(Letter differences with latitude bands indicate LSD significance at p<0.05) 

K.senegalensis shows significantly greater height and DBH growth to other species 

including T.grandis across all latitudes, generally increasing with latitudes. The 

growth of the closely related species S.humilis and S.macrophylla are comparable but 

poorer than K.senegalensis except at latitude 12.53S where S.humilis shows 

comparable growth to K.senegalensis and T.grandis. C.odorata generally shows 

significantly poorer growth to all species, except at higher latitudes. 
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5.3.5.3 Precipitation influences 

Correlation between rainfall and growth (separately for irrigated and non-irrigated 

trees) for TERTHFP species, reported above, is shown in Table 5.29. This result 

indicates an overall significant negative trend in H, DBH and MAI H and DBH with 

increased rainfall (decrease with latitude). The negative correlation coefficient (r) is 

generally much larger for non-irrigated than irrigated trees. This is as expected, as 

irrigation masks the rainfall effect. This analysis also shows that for combined 

juvenile trees, there is a significant negative correlation between mean annual rainfall 

and survival/density (r = -0.23, p = 0.04, 78 dof) as well as Sba (r = -0.48, p = 0.00, 

78 dof). This suggests that rainfall has no influence on either establishment or growth 

at this growth stage, suggesting that edaphic factors may play a more important role. 

Table 5.29 Pearson’s Correlation Coefficient for growth vs rainfall (BOM data) for 

pooled irrigated and non-irrigated TERTHFP species (data from Reilly et al. 

2005; Clark et al. 2007)  

Tree states Statistic 

Rainfall 

Non 
irrigated 

Irrigated 

Height  
(m) 

r -0.63** -0.52** 

N 19.00 58.00 

DBH 
(cm) 

r -0.49 -0.55** 

N 13.00 54.00 

Taper 
(H/dbh) 

r -0.31 0.34* 

N 13.00 54.00 

MAI height 
(M yr-1) 

r -0.84** -0.55** 

N 19.00 58.00 

MAI DBH 
(cm yr-1) 

r -0.75** -0.57** 

N 13.00 54.00 

Correlation significance (2-tailed) * at the 0.05 level ** at the 0.01 level  
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5.3.5.4 Seasonal influences on tree species and provenance growth 
rates 

The relationship between DBH mPAI for provenance 3016 only and mean annual 

rainfall for the assessment period is shown in Figure 5.5. 

 

Figure 5.5 Wet season rainfall vs mean PAI for the same period for adult plantation 

T.grandis provenance 3016 (data source DPIFM and Bureau of Meteorology) 

 

The relationship between tree growth and seasonal rainfall for combined species and 

provenances was not significant. Where inter provenance variability is removed 

significant differences (95% cl) exists in mean PAI DBH and periodic mean seasonal 

rainfall as shown in figure 5.5. The wet season rainfall data at Darwin airport, for the 

period of T.grandis growth (1972-1993) reported in Chapter 2.  This indicates a 

decreasing trend for this growth period. PCC for mean annual rainfall and growth for 

T.grandis is highly significant and negative (r = -0.94, p = 0.00, 34 dof). This 

suggests that growth rate of these adult trees runs counter to age-related decline and 

is strongly rainfall regulated over this period. 
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The relationship between wet season rainfall and predominant tree MAI DBH for 

pooled provenance data for T. grandis is shown in Eqn 5.47 and mPAI (being the 

mean for a group of yrs) in Eqn 5.48. 

MAI DBHpr = 4.91ln (RF) - 35.49 (r
2 

= -0.59, p = 0.00, 2 dof)  Eqn 5.47 

mPAI DBHpr = 4.18ln( RF) - 29.26 (r
2 

= -0.25, p = 0.00, 2 dof)  Eqn 5.48 

Where MAI DBHpr is the mean annual increment at the time of rainfall event cm yr 
-1 

mPAI DBH pr is the mean increment (for the rainfall period) cm yr 
-1 

RF is the mean annual rainfall for the growth period (mm yr 
-1

) 

5.3.5.5 Geophysical landscape relationships  

The effect on MAI H and DBH and taper by land facet location for eight selected 

TERTHFP species, is shown in the box plot in Figure 5.6 of pedon groups in Figure 

5.7 and the influence of ranked drainage in Figure 5.8. 

There are good indications of general trend of increased growth and decrease taper 

from drainage floor to upper slope and plateau surface (sus) with the levee sites 

being more favourable taper. Similar gradient is evident across the pedon group 

spectrum for HT (drainage limited) to KB (well drained). Growth however decreases 

significantly in RL pedon groups (depth limited) although appears to less so in those 

with pedon groups with calcium parent material. 

  



Tree growth and carbon accumulation in single species and age cultivated arboreal ecosystems 

Page 351 

 

 

 

 

 

 

Figure 5.6 Box plot of median values, 25 and 75 percentiles and outliers for growth and 

taper vs land facet (derived from land unit data NRETAS) for TERTHFP 

species (data from Reilly et al. 2005; Clark et al. 2007) 

 

 

 

 

 

 

 

Figure 5.7 Box plot of median values, IQR (25- 75percentile and outliers for growth 

and taper vs pedon group for selected pooled tree species (49-60months) 

from TERTHFP trails (data from Reilly et al. 2005; Clark et al. 2007) in 

relationship to soil (data from land units compiled by NT government NRETA)  
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Figure 5.8 Box plot of median values, 25 and 75 percentiles and outliers for growth and 

taper vs drainage for all juvenile TERTHFP (data from Reilly et al. 2005, 

Clark et al. 2007; drainage ranking derived from land unit information NRETA). 

 

KTBCC (R) for relationships between drainage ranking and MAI H and DBH is 

significantly positive (p = 0.00) for all TERTHFP trees (R = 0.92, 62 dof). Taper is 

significantly negatively correlated with drainage (R = -0.46, 62 dof). 

5.3.5.5.1 Soil nutrients effects 

Soil nutrients have been log-transformed following a p-p plot test for normality. 

Table 5.30 shows MAI H and DBH and absolute levels of surface and subsurface, 

log transformed, means and sd of soil nutrients for combined fastest growing 

TERTHFP species across six MNT sites assessed by Karger (2002), and 

S.macrophylla across eight plots in the ETAB sites assessed by the writer. Also 
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shown are the results of independent two tailed t test for significance in the 

difference of the two log transformed pooled data sets. 

Table 5.30 Relationship between sites and upper (S) and lower (SS) soil chemical mean 

(sd) and MAI DBH and H for TERTHFP species (E. pellita, K. senegalensis, 

T. grandis and S.macrophylla) across five sites (data from Reilly et al. 2005, 

Clark et al. 2007) assessed by Karger, (2002) and S.macrophylla only across 

six ETAB (from F van der Sommen analysed by DPIFAM analytical 

laboratories unpublished).  

Location N 

MAI 
H 
(myr-1) 
 
 
M 
 
 

MAI 
DBH 
Cm 
yr -1 

Sample 
No and 
horizon 

 pH 
Pextr 
mg/kg 

Sext 
mg/kg 

Caexch 
cmols 
(+) kg-1- 

Kexch 
cmols 
(+) 
kg-1- 

Mgexch 
cmols 
(+) kg-1 

Znextr 
mg/kg 

Cu 
extr 
mg/kg 

Mnextr 
mg/kg 

Feextr 
mg/kg 

Bo 
extr 
mg/kg 

TERTHFP 40 1.30b 
(0.47) 

1.55b 
(0.60) 

5   s 
 
ss 

Mean 
sd 
Mean 
sd 
 

6.02a 
0.41 
5.98a 
0.47 
 

4.80b 
2.28 
3.80b 
2.95 

3.06b 
1.26 
4.76a 
4.90 
 
 

1.52a 
1.24 
0.81a 
0.51 
 

0.24a 
0.19 
0.22a 
0.13 
 

1.30b 
0.92 
0.34b 
0.26 

1.14b 
0.60 
2.88b 
2.55 
 

0.63a 
0.5) 
0.73a 
0.52 

95a 
152 
56a 
111 

50.60a 
31.06 
12.92b 
3.65 
 

0.24b 
0.11 
0.16b 
0.09 
 ETAB 82 2.62a 

(0.54) 
 

2.67a 
(0.66) 

6   s 
 
ss 
 

Mean 
sd 
Mean 
sd 

5.99a 
0.86 
6.57a 
0.70 

12.59a 
6.56 
5.78b 
1.30 

5.19a 
2.02) 
4.76a 
4.90 
 

1.92a 
1.68 
1.51a 
0.87 

0.38a 
0.34 
0.14a 
0.08 
 

2.92b 
2.17 
3.10a 
1.98 

5.38a 
9.40 
1.15b 
2.34 
 
 
 
0.40 

1.31a 
1.32 
0.40a 
0.25 

30.00a 
46.18 
36.50a 
11.58 

12.25b 
6.70 
6.75b 
3.59 
 

0.32a 
0.05 
0.22b 
0. 05 

Optimum *      6.5- 
6.0 

15-20 15 3-5.5 0.33 0.72-
1.3 

3-4 2  >20 1 

S is upper surface 1-15 cm. and ss lower surface 16-30cm; Means with different 

letters are significantly different (p<0.05) *0ptimum levels derived from Karger, 

(2002). Results of independent two tailed “t” test for significance of differences is 

shown in bold. 

Soil nutrient responses 

Table 5.30 suggests significantly higher MAI H and DBH in S.macrophylla in ETAB 

than combined erect species in TERTHFP trial including S.macrophylla, and that this 

is accompanied by higher levels of soil extractable P, S, Zn and Bo, as well as higher 

subsoil levels of Mg. Species within the ETAB trial site also show a positive growth 

correlation with surface TKN, although this is significant only for S.album but not 

evident between trial sites. Growth correlation with soil P and Bo (although 

significant only for A.indica), and Zn (although significant only for S. album) are 
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consistent with findings between the two locations. In addition S.macrophylla only 

shows a significant correlation with Cu.  Growth of these ETAB species on the other 

hand is negatively correlated with soil Fe, Mn, and surprisingly K. 

Results of MAI H and DBH S.macrophylla, A.indica and S.album in eight replicated 

ETAB plots correlation with log-transformed surface soil nutrient is shown in Table 

5.31. 

A more precise measurement of nutrient growth response is obtained from foliar 

analysis. This has been undertaken only on the two “spreading” tree species A.indica 

and S.album on the ETAB site. Results, together with mean desirable foliar levels, 

are shown in Table 5.32. Table 5.33 shows foliar levels and the results of a t test for 

significance in the difference in log transformed t levels between species. 
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Table 5.31 Pearson’s Correlation Coefficient for growth vs soil nutrients (mean surface soil extractable (extr) and exchangeable (exch) chemicals) for 

each plot in ETAB site (data from F. van der Sommen unpublished) 

 12 dof 
Mean of surface soil chemicals 

pH TKN Pextr Sextr K exch Ca exch Mg exch Zn extr Cu extr Fe extr Mnextr Boextr 

Species Growth R 

S.macrophylla  MAI H 0.07 0.26 0.50* 0.18 0.40* 0.06 0.25 0.25 0.21* 0.13 0.03 0.16 

 MAI DBH 0.23 0.35 0.64** 0.22 0.49* 0.28 0.44* 0. 21 0.20 0.25 0.00 0.24 

A.indica MAI H 0.72** 0.29 0.56** -0.32 0.58** 0.54** 0.55** 0.16 0.13 -0.59* -0.74** 0.86** 

 MAI DBH 0.33 0.16 0.59** -0.05 0.68** 0.48** 0.49** 0.08 -0.13 -0.00 0.19 0.00 

S.album  MAI H 0.69** 0.45* 0.69** -0.15 0.66** 0.55** 0.62** 0.39 0.27 -0.28 -0.67** 0.40 

 MAI DBH 0.57** 0.41* 0.82** -0.05 0.82** 0.57** 0.65** 0.40* 0.23 -0.16 -0.06 0.16 

Table 5.32 Pearson’s Correlation Coefficient for growth vs foliar nutrients for three trees within nine plots of A. indica (Aind) and S. album (Salb) in 

ETAB site (data from F.van der Sommen unpublished)  

Species MAI 
Foliar Nutrients r (24 dof) 

N % P % S % K % Ca % Mg % Na % Znmg/ kg Cu mg/kg Fe mg/kg Mn mg/kg Bo mg/kg 

A.indica H (m yr-1) 0.44* 0.06 0.29 0.38 0.19 0.74** 0.27 -0.13 -0.21 0.69** 0.75** 0.20 

  DBH (cm yr-1) 0.66* 0.08 0.29 0.32 0.06 0.57** 0.01 -0.45* -0.28 0.14 0.38 0.60** 

S.album H (m yr-1) -0.22 0.07 -0.41 0.64** -0.15 0.47* -0.83** 0.26 0.13 0.17 0.01 0.37 

  DBH (cm yr-1) 0.03 0.13 -0.10 0.58** -0.48* 0.67** -0.72** 0.28 0.17 0.06 -0.13 0.63** 

Table 5.27 and 5.28 * Correlation significance (two tailed) ** 0.05, * 0.01 level and italics p = 0.05- 0.10 suggesting a possibly relationship 

Table 5.33 Mean and independent two tailed t test differences (equal variance not assumed) of foliar nutrients in ETAB trial (data from F. van der 

Sommen unpublished) and mean values derived from the literature Appendix 1.3 Table 2  

Species Foliage N/P N % P % S % K % Ca % Mg % Na % Zn mg/kg Cu mg/kg Fe mg/kg Mn Mg/kg Bo mg/kg 

A.indica Mean 14.5a 2.23b  0.17b 0.20a 0.93a 2.35a 0.55a 0.01b 20.00a 3.9a 62.05b 143.90a 20.33b 

  N 24 24 24 24. 24. 24 24 21. 21 21. 21 21 21 

S.album Mean 13.3a 3.10a 0.24a 0.17a 1.29a 0.63b 0.57a 0.21a 12.71b 4.29a 95.71a 89.71b 48.08a 

  N 21 24 21 21  21 21 21 21 24 24 24 24 24 

 DoF for t test 45 45.7 44.6 31.5 45.9 28.7 36.6 23.0 45.4 44.0 34.0 27.3 37.3 

Literature Average  N=12  2.13 0.23 0.57 1.23 1.83 0.61 0.24 34.0 10.1 148.2 164.0 1 

Different letters indicate two-tailed significant difference P<0.05) with bold showing higher values 
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Foliar nutrients 

Compared with the literature, foliar concentrations of N, P, Mg, as well as K in both 

A.indica, and S.album, foliage, and Ca only in A.indica, are at the upper end of the 

published range. There is no significant difference in foliar S between species 

suggesting that this is not limiting nutrient. In both species foliar N, P as well as S 

but not Mg are positively correlated with K, N and P are significantly higher in 

S.album than A.indica suggesting that these nutrient more effectively extracted from 

host plants by the hemiparasite rather than the soil. Apart from the macro nutrients S 

and Ca in S.album, the trace elements Zn, Cu, as well as Fe and Mn in both species 

are at the lower end of the reported range. A.indica shows significantly higher foliar 

Zn, and Mn but lower Fe than S.album. 

Positively correlation with growth for all species was found to be significant only for 

foliar Mg and K for A.indica, Mn for A.indica, Ca only for S.album and Bo for both 

species. Foliar Zn is significantly negatively correlated with growth in A.indica. No 

growth correlation with foliar Cu is evident for these two species, with concentration 

being similar to those reported in the literature suggesting that these are adequate for 

these two species. 
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5.3.6 Cultural influence 

Cultivation intensity effect 

The results from all the young plantation trials, subjectively ranked by intensity of 

plantation management including fertilisation and irrigation, are shown in Figure 5.9. 

This demonstrates an increase in growth of young trees due to reducing dry season 

moisture as well as nutrient stress through cultural practices. Taper does not appear 

to vary along this spectrum, suggesting that cultural practices have little affect on 

tree form. Mean MAI DBH increases from 1 to 2.5 cm yr
-1 

and H from 0.75 to 2.5 5 

cm yr
-1 

with increased cultivation intensity. 

 

Figure 5.9 Subjective rating of relationship between tree management intensity across 

TERTHFP, JRS and ETAB erect juvenile plantations and MAI height and 

DBH and taper  

MAI Height 

MAI DBH 

H/DBH 
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5.4 Synthesis and Discussion 

5.4.1 Introduction 

This part of the study has identified interactive effects of genetics and age in species 

with different evolutionary histories, and their responses to both atmospheric and 

geospheric environments under various cultural regimes. These have influenced 

Stand Basal Area (Sba), diameter (D), predominant height (Hpr), tree growth rates 

(MAI and PAI DBH and H) and associated water use related to carbon accumulation, 

and influencing potential responses to cyclones. 

5.4.2 Tree height-DBH relationships within and between stands  

The relationship between both height and taper and diameter has been shown to vary 

mainly with inherent vigour and competition but also with age. Such changes in tree 

morphology are considered to influence tree stability in cyclones but also have a 

bearing on carbon storage. 

Rate variables for allometric model, expressing relation between napier logarithm of 

diameter, height and taper, serve as useful indicators of such relationships. Although 

positive, these vary with tree vigour across, and within, tree stands particularly 

expressed in tree dominance. Rate parameters for taper as a function of DBH, are 

generally negative (decreasing taper with DBH increase), showing a similar trend 

with age increase. The parameters are however positive for more vigorous dominant 

trees, and for years with higher than average rainfall. 
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Differences in allometric model parameters may be genetic but are also influenced 

by planting configuration. Taper decreases with diameter for the double row planted 

S.macrophylla in the ETAB trial at rates similar to older erect TERTHFP juveniles, 

possibly due to more open grown conditions. The relationship is more robust (high r
2
 

values) for A.indica, the rate variables being similar to normal block-planted 

plantation species in the TERTHFP trial. The lower values for S.album may, as in the 

case of S.macrophylla, be related to the more open grown double row planting 

configuration used. 

5.4.3 Carbon stock relationships 

Tree height and diameter, particularly combined with taper and wood density, have 

served as useful proxies for above ground tree biomass/carbon stock. Where 

combined with diameter size class and tree density, this has provided useful 

estimates of stand carbon stock. Above ground carbon stock, across unmanaged 

provenances of T.grandis, has been shown to range from 39.2 to 98.7 t C ha
-1

, the 

same order of magnitude to that derived from yield tables for Trinidad plantations of 

the same species (with thinnings included), verifying the reliability of the method 

used for Humpty Doo. 

Although diameter (as shown in Chapter 4) also serves as an indicator of below 

ground carbon stock, there was no specific local data available for this part of the 

study. This has been estimated from assumed root/shoot ratio of 30%. 

Stand Basal Area relations 

Sba provides a useful proxy for carbon stock.  It showed higher inter-provenance 

variability than between species. For both 21 yr old T.grandis and 29 yr 
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K.senegalensis, this has been shown to vary significantly between provenances from 

15 to 45 m
2 

ha
-1

 generally increasing logarithmically with age. 

Stand density relations 

Survival density of single age juvenile plantations ranged from 367-869 t ha
-1

 and 

adults 520-1440 t ha
-1

.  Survival density is positively correlated with stand basal area 

and taper, but negatively correlated with diameter. This relationship is supported for 

S.macrophylla by Mayhew and Newton (1998) who reports comparable values to 

those assessed for T.grandis at Humpty Doo at similar stocking rates. 

5.4.4 Modelled and actual growth and carbon accumulation rates 

Logarithmic relationships between diameter growth and age have proven similar 

across young and mature plantations and orchards. PAI in all cases shows a power 

function decrease, and MAI an initial rise to a late juvenile peak, followed by 

logarithmic decline with increasing age. Maximum MAI values derived for old 

juvenile TERTHFP trees stage were 1.49 cm yr
- 1

 decline to 0.8 cm yr
- 1

. For adult 

T.grandis plantations, trees peaked at 1.5 cm yr
- 1

 declining to 1.0 cm yr
- 1

 with 

predominant trees peaking at 1.75 cm yr
- 1

 declining to 0.75 cm yr
- 1

. For irrigated 

orchard trees, a peak of 2.5 cm yr
- 1

 declined to 1.5 cm yr
-1

. These values are 

consistent with measured values for various age and species from which this data 

were derived. 

Species adaptive response 

No significant difference was found across young plantations between species which 

evolved in Australia or elsewhere.  Differences were significantly greater within 

these groups, or between the same species across sites. 
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S.macrophylla old juveniles had lower growth rates than T.grandis in the TERTHFP 

trial, but comparable growth in the ETAB site despite being younger, again 

suggesting more favourable growing conditions for this species. This is consistent 

with findings across five locations outside of Australia (Mayhew and Newton 1998) 

where height growth rates of this species are similar to those established from yield 

tables of T.grandis in Trinidad plantations which also closely simulate growth at 

Humpty Doo.  

Provenances of K.senegalensis, from similar latitudes to the planting site showed 

best growth indicating better adaptation to the climatic environment. For adult 

T.grandis, PAI and DBH have both been positively correlated with wet seasonal 

rainfall across and within provenances. Of two high rainfall provenances assessed, 

one showed the best and the other the poorest performance at Humpty Doo. This 

suggests that although adaptation to the high ground water moisture regime may 

have favoured one high rainfall provenance, the other from similar latitudes was 

constrained by other, possibly edaphic, limitations to which they may not have 

adapted. 

5.4.5 The influence of moisture 

The study has shown a strong relationship between annual growth rates and rainfall 

in non-irrigated adult plantation trees.  This has also shown a relationship to water 

flux in the horticultural trees, strongly correlated with tree DBH with some 

differences evident between species.  The generally higher growth response to wet 

season rainfall than dry season irrigation indicates that factors other than available 

moisture are at play. 
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Site relations 

Unlike the juvenile phase of the two exotic species on comparable sites across other 

parts of Monsoonal NT, cross-provenance height and diameter growth of the 

relatively younger adult T.grandis plantations on a high water table, more fertile site, 

are significantly higher than that of K.senegalensis plantations associated with 

nutritionally and hydrologically poorer lateritic Kandosols. 

Growth of juvenile trees decreased across the spatial gradient of increasing rainfall, 

suggesting that for these trees, moisture stress due to competition is low.  In many 

cases, supplementary irrigation has not influenced growth, suggesting that other 

edaphic factors dominate. Growth responses to pedon group for both pooled species 

in the TERTHFP trial or individuals in the ETAB trial show optimum growth in 

intermediate texture Red and Brown Kandasols. Growth decreased on both the 

shallow (RL) soils, as well as waterlogging-prone hydrosols and yellow Kandasols. 

For the associated land facet, significant relationships have been established between 

landform location and tree growth, which appears to be linked to depth and drainage 

in undulating landscapes. 

5.4.6 The influence of soil nutrient on tree growth, carbon 
assimilation 

Analysis of tree growth response to surface soil nutrients across both TERTHFP as 

well as the ETAB site, where it was complemented by limited foliar analyses, has 

provided some insights into the possible roles played by nutrients on tree growth and 

carbon accumulation in cultivated plantings. These indicate positive correlations with 

soil P and both soil and foliar N in selected species. Although surface soil and foliar 
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levels were not always correlated, which suggests sources at greater depth or in the 

case of the hemiparasite from host plants, a unique adaption to low P soils. 

Positive growth correlation to base cations, identified across MNT sites, as well as 

for a range of species, is consistent with increased growth along the gradient of 

increased base cations (and decreasing rainfall) with latitude (shown in chapter 3) 

identified in this study. More specifically, within the ETAB site a positive correlation 

was established between soil Mg and Ca, although negative for foliar concentration.  

This suggests antagonistic levels and foliar K was significantly correlated but not soil 

K. In fact for species with more conventional nutrient extraction mechanisms, Calder 

and Day (1982) report curvilinear responses to K (in Cook stylo), declining possibly 

as other nutrients become limiting. Similar curvilinear soil K responses have been 

reported for Gmelina arborea in similar landscape in Costa Rica (Stuhrmanna et al. 

1994). Such relationships are not detectable from linear correlation analysis used in 

this study. The Calder and Day (1982) study also demonstrated that K influenced 

growth response to other nutrients such as P depending on site and genetic factors, 

suggesting that for introduced species the K responses may be P-dependent. 

It was interesting that in a landscape where the base cation Na levels are barely 

detectable, a significantly higher accumulation of foliar Na was detected in S.album, 

not evident in adjacent A.indica. This suggests Na plays a vital role in the 

metabolism of this hemiparasite, which is found naturally along coastal margins in 

MNT and that Na extraction is a unique adaptation to that environment. Higher than 

average boron levels in the soils, generally associated with soil Na, were also found 

to be positively correlated with growth in both species, although foliar concentrations 
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differed significantly between species, suggesting different uptake mechanisms and 

demands. 

Trace elements can also limit tree growth. The positive growth correlation with 

surface soil Zn (important in hormone activity influencing height growth at the 

expense of laterals), although not evident from foliar data, suggests that this may be 

limiting and influencing the bushy growth habit. Excessive foliar zinc accumulation 

may lead to the negative growth relationship found in this study. A weak response to 

Cu, generally associated with Zn, by faster growing S.macrophylla suggests that Cu 

may also be limiting. 

 Negative growth correlation with Mn as well as associated Fe suggests that either or 

both can become toxic, despite the fact that dry season values for available soil iron 

were considered lower than adequate for trees by Karger (2002). Both responses may 

also be linked to low P availability, ferric phosphate being unavailable. Changing 

redox conditions accompanying waterlogging in the wet season (converting ferric to 

more available ferrous forms) may lead to increased Fe availability, if not toxicity. 

Both complementary and contradictory relationships between soil and foliar nutrients 

and tree growth, may in part be attributable to limitations imposed by location and 

intensity of sampling of soil and plant material, and the use of whole of plot, rather 

than site-specific tree growth measurements.  Relative concentration and depth 

distribution of available nutrients no doubt plays an important role so that surface 

sampling at specific times may give an accurate assessment of the role played by 

deeper strata particularly during different seasons as dictated by seasonal soil 

moisture regimes, discussed in Chapter 3 and 4. The lack of direct correlations 
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between some soil nutrients and both foliar nutrients and growth therefore does not 

mean that such relationships do not exist.  They have just not been detected in this 

study. 

5.4.7 The role of cultural practices on growth, carbon assimilation 
and cyclone vulnerability 

This study has also identified a strong relationship between the intensity of 

management — including not only nutrient supplementation but more significantly 

irrigation, as well as mulching, weed control — and tree growth. The almost 

doubling of DBH MAI and PAI for orchard trees, relative to non-irrigated or 

partially irrigated plantations, reinforces the positive (although weakly significant) 

relationship between water use per tree and tree growth. The intensity of overall 

cultural practices including weed control has been shown to have a positive effect on 

growth and carbon accumulation in plantations, with reduced tree spacing 

influencing competition, increasing growth on individual trees. This has implications 

for carbon assimilation in urban amenity planting as well as cyclone vulnerability, 

which is discussed in chapter 6. 
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Chapter 6 The ecology of Darwin cultivated 

arboreal communities, their interface 

with houses, and the impact of Tropical 

Cyclone Tracy 

6.1 Introduction 

This chapter deals with the landscape ecology of multi-species and multi-aged urban 

arboreal ecosystems of Darwin up to the time of Tropical Cyclone Tracy, as 

introduced in Chapter 1.Trees in these ecosystems have mainly been introduced and 

cultivated for amenity purposes, and are interspersed with remnants of original, 

naturally-evolved species. These trees occur in open space parklands, including the 

Darwin Botanic Gardens (DBG), in suburban allotments together with houses, and 

on adjacent street verges. These urban ecosystems were all affected by TC Tracy in 

1974. 

Highly variable processes of species selection, tree establishment and spatial 

arrangements, irrigation, nutrition, and protection from fire, insects and disease have 

created a complex mosaic of constructed ecosystems within the Darwin urban 

landscape. Anthropogenic changes to atmospheric composition including carbon 

emissions, mainly from vehicles, as well as light industry are evident here, and 

probably make some contribution to the macroclimate. Localised changes to the 

urban microclimate (particularly heat and wind) due to urban structures and surface 

albedo, affecting solar radiation balances (Oke 1980), also influence the growth and 

micro- meteorological feedback effects on trees, and consequently shading (Oke 

1989, McPherson 1994, McPherson et al 1997) and carbon assimilation (Rowntree 

and Nowak 1991). These are key arboreal services that trees provide in urban 
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landscapes. Changes to natural and constructed terrain, together with the natural 

variation in soil types and landscape hydrology, in turn influence both growth and 

environmental feedback effects. The complex interaction of natural and 

anthropogenic factors delivers considerable heterogeneity within the built 

environment, with implications for both the impact of cyclones on the urban tree-

scape, and the performance of trees in affording some protection to houses from 

cyclones. 

The impact of cyclones on trees, their microclimate and the carbon cycle in Darwin 

is a matter of particular concern to those involved in urban planning, house design 

and construction as well as amenity planting for arboreal services in a changing 

climate. More broadly, the relationship between trees and houses has a significant 

influence on the ‘liveability’ of Darwin houses, the extent to which they need air-

conditioning and hence their energy consumption and greenhouse gas emissions, and 

their relative safety in extreme weather conditions such as cyclones.  This thesis is 

thus relevant to most Darwin households, and to the population of monsoonal 

northern Australia more generally. 

This chapter is a case study which explores these issues by examining the complex 

interaction between genotypic and phenotypic attributes of trees and the urban 

growing environment of Darwin, and how they in turn influence carbon 

accumulation, cyclone vulnerability and the performance of trees during cyclones, in 

particular the extent to which they protect and/or threaten nearby houses.  It draws on 

information derived from TC Tracy house damage patterns to gain further 

understanding of landscape factors influence tree damage patterns on the supposition 
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that both structural types (elevated vs ground level) show similar cyclone responses, 

as well as providing information on interactive effects.   

6.1.1 Background 

The climate regime of the Darwin landscape, pre-1974 and from 1974 to the present, 

is described in Chapter 2. There is anecdotal evidence of microclimatic variability 

across the Darwin landscape which has influenced the patterns of development, 

house design and orientation to minimise heat loads and maximise air flow including 

access to sea breezes. Tree cultivation, assisted in part by dry season garden 

irrigation has also influenced urban microclimate, both within and around residential 

allotments. Although urban trees before 1974 included some remnant native species, 

most trees were selected from “similar” environments elsewhere in Australia and 

overseas (Hearne 1975, Hearne 1981, Smith 2007). These species appear to fall into 

two broad taxonomic classes: some Gymnosperms or conifers; but most 

Angiosperms with subclasses Dicotyledoneae and Monocotyledoneae — the latter 

comprising mainly species from the families Asteraceae and Palmae or “palms” in 

this study. Plantings range from single, open-grown trees, to group, multi-layered 

plantings varying in height and cover, depending on age, health and vigour and 

therefore adaptability. This complex landscape mosaic and its exposure to TC Tracy 

provides the focus for this case study. 

The damaging impact of wind on such cultivated arboreal communities has been 

given much attention in the literature (Day 1950, Trousdell et al. 1965, Mathew and 

George 1967, Oliver and Mayhead 1974, Cremer et al. 1982, Savill 1983, Munishi 

and Chamshama 1994, Mitchell 1995, England et al. 2000). Limited assessments, 

however, have been made on urban cultivated tree responses to cyclones (Donohue 
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1975, Block 1993, Gaurd and Lander 1999, Francis 2000). Cameron et al. (1983) 

undertook a post-TC Tracy survey of tree damage across suburban Darwin and the 

Darwin Botanic Garden (DBG) (now the George Brown Botanic Garden). This data 

has provided some insight into genotypic and phenotypic tree attributes linked to 

carbon storage resulting from a combination of environmental and cultural factors. It 

has also enabled analysis hereof how these factors influence cyclone response. 

Damage to houses by cyclones identified in the post-TC Tracy survey appears to be 

influenced by house type, building material, tenure (the type of ownership including 

private owner-occupied, rented and government housing) influencing construction 

and maintenance, as well as geophysical landscape attributes. The influence of 

topographic (and structural) shielding of houses, modifying the regional wind speed 

is incorporated in the Australian /New Zealand Wind Loading Standard. Other 

factors such as house spacing (which is linked to allotment area or block size) have a 

significant influence on the extent of damage due to wind-borne debris.  It is 

generally recognised, from numerous cyclone studies, that wind impact velocity 

varies spatially both north and south of the cyclone centre line (CCL) as well as 

inland from the coast line (CL). 

It is proposed here that trees and houses are both physical structures with similar 

landscape-scale response patterns to cyclones. Accordingly, information on house 

damage relative to the cyclone wind field, provides greater understanding of tree 

damage patterns. 

Finally it is hypothesised that trees, both standing and fallen, provide protective 

services for houses (and therefore people) through their interaction with wind and 
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wind-borne debris forces within the cyclone tract. The Cameron et al (1983) study 

identified an inverse relationship between tree cover and house damage, supporting 

the hypothesis that tree cover affords such protection to houses during cyclones. 

Trees may however, also constitute cyclone hazards as discussed in Chapter 1. The 

circumstances under which these two scenarios eventuate are complex. This case 

study attempts to unravel some of that complexity. 

6.1.2 Case study background 

A general description of the Darwin landscape, both in 1974 and at present, provides 

the background setting for this case study and its implications for future planning. 

Details of the climatic and cyclone regime are described in detail in Chapter 2, with 

details of TC Tracy in Chapter 1 and Appendix 1.1. 

6.1.2 1 Cadastral map of Darwin 1974 and 1999 and cyclone path 

The spatial distribution of house allotments affected by TC Tracy and the Darwin 

Botanic Gardens is shown in Figure 6.1 which shows the suburbs of Darwin in 1999 

(black) and 1974 (red). 
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Figure 6.1 The distribution of housing allotments (red) during the time of TC Tracy 

(1974) relative to Darwin in 1999 and in relation to estimated cyclone centre 

line and coastline datum 

 

Because of rezoning, 573 of the house allotments extant in 1974 were not found on 

the 1999 cadastre, reducing the data set to 6869 allotments. Also shown on Figure 

6.1 is the centreline (CCL) of TC Tracy which effectively bisects Darwin into 

northern and southern suburbs, and a coast line (CL) providing a base line for inland 

movement. These are used in the spatial analysis of cyclone damage patterns below. 
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6.1.2.2 The Darwin geophysical environment 

Topographic attributes bearing on cyclone wind dynamics and tree growth, as well as 

housing and associated garden development, have been derived from land system 

information (see Chapter 3). The landscape is subdued, with undulating relief of 

gentle slopes with some steeper slopes and escarpments closer to the coast leading 

down to low lying floodplains and coastal plains. The relationship between 

landforms or land facets, naturally developed soils and vegetation, constitute land 

units, as described in Chapter 3. Land systems and land units of the Darwin area 

were described by Wood, et al (1985) and have been digitised by the Department of 

Natural Resources, Environment and the Arts (NRETA). Description of topography, 

soils and natural pre-existing tree vegetation defining these land units is presented in 

Appendix 5.2 Table 1. 

A map, generated in Arc View 3.2 from these sources is shown in Figure 6.2 below. 

The coastal land systems (Copeman, Effingham and Littoral land systems) in Figure 

6.2 are outside the study area. 
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Figure 6.2 Predominant land systems of the Darwin landscape (data provided by 

NRETA) 

Potential topographic influences can be gauged from the block diagrams in Figure 

6.3 (from Wood, Fogarty et al 1995). These provide a conceptual representation of 

the four major land systems influencing development, tree growth and cyclone 

dynamics. 
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[Land facet legend; d = depression w (water), dl=drainage line; f= flat ap alluvial plain; sl 

=lower slope, (gr) gavel, su = upper slope and low hills, r = low scarps/ rises; sus = undulating 

surface]  

 

Figure 6.3 Upland land systems of the Darwin landscape (from Wood, Fogarty et al 

1985) 
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Development patterns of houses and associated tree cover pre- and post-1974 have 

been influenced by such landforms, associated bedrock, soil and hydrology. The blue 

areas in Figure 6.2 are flood-prone coastal and alluvial plains of low relief with no 

residential development. The remaining low relief upland areas of undulating plateau 

and associated drainage depressions of the Koolpinyah Surface, occur at two distinct 

elevations, comprise the upper Kay land system, attractive for development. The 

lower scarps and rugged hills, associated with the edge of the plateau, comprising the 

Krans land system, which — together with a smaller areas of slopes and low hills 

with gentle gradients, below plateau surface,  comprising the Kosher land system — 

constitute landscapes of higher relief. These are attractive to development because of 

better vistas, but also more problematic because of greater exposure to wind, solar 

energy and water erosion. The lower foot slope and seepage areas of the Krokane 

land system are prone to flooding and storm surges during cyclones. 

6.1.2.3 Pre- and post-cyclone suburban allotment vegetation  

Park and garden tree species within Darwin land systems at the time of Cyclone 

Tracy are described in Chapter 5. Natural vegetation remnants are described in 

Chapter 4. These, together with other species and their attributes assessed in this 

study, are listed in Table 1 and 2 Appendix 5.2. Anecdotal information indicates this 

tree cover was not dense at the time of TC Tracy but has increased substantially since 

being severely damaged in 1974, as shown in Figure 6.4 and 6.5 below. 
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Figure 6.4 Darwin suburban streetscape immediately post-TC Tracy and the same 

location in July 2003 

1974 photo NT Government Photographer collection (Northern Territory 

Library);  

2003 photo Scott McDonald CDU 

 

 

 

 

 

 

Figure 6.5 ‘Regreening’ Darwin streetscape in 1981 and the same location in 2003 

1981 photo NT Government Photographer (NT Library) 

2003 photo Scott McDonald CDU 
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The planning implications of such cover change are considerable.  It is intuitively 

obvious from these photos and from the anecdotal experience of Darwin residents 

that urban tree cover has a profound effect on urban microclimate.  But the precise 

nature of these influences and how they can be optimised has not been well studied. 

The further complicating factor in the Darwin context is the extent to which such tree 

cover can mitigate cyclone impacts. This can only be gauged from past events such 

as TC Tracy, which is the point of this case study. 

6.1.2.4 Cultural attributes of the Darwin landscape 1974 and recent  

Population 

A primary consideration of this study is the human drivers and regulators shaping the 

Darwin landscape, and affected by TC Tracy. The population of the Northern 

Territory, mostly in Darwin, from 1901 to 1935 fluctuated between 3000 and 5000, 

doubling to around 10,500 after the Second World War, from which time it increased 

almost exponentially up to 1974. According to unpublished ABS data, the estimated 

population of Darwin in June 1974 was 47,938 persons (Anon 1997). These were 

spread among 22 suburbs as summarised in Table 6.1, and compared to the 2006 

population (ABS 2006). 

  



The ecology of Darwin cultivated arboreal communities 

Page 379 

Table 6.1 Darwin population in 1973 (source ABS1973, 2006) 

Year 1973 2006 

Suburbs Males Females Total Total 

City area 1543 953 2527 2484 

Larrakeyah 1633 1402 3035 
3608 

The Gardens 315 206 521 

Stuart Park (Bayview 
Woolner) 

1742 1413 3155 5251 

Parap/ Fannie Bay 3266 2505 5771 4241 

The Narrows 391 396 787  

Ludmilla/ Bagot 650 885 1784 1458/240 

Coconut Grove 368 363 731 2592 

Nightcliff 1426 1361 2887 3356 

Rapid Creek 1808 1646 3454 2934 

Milner 1473 1319 2792 2366 

Alawa 1517 1518 3035 2126 

Jingili 1293 1237 2430 1821 

Moil 1273 1248 2521 2091 

Wagaman 976 991 1967 2035 

Brinkin/Nakara 10 8 18 2912 

Wanguri/Tiwi 96 86 182 1860/2515 

Anula  Nd Nd Nd 2395 

Willagi Nd Nd Nd 2553 

Karama  Nd Nd Nd 4776 

Malak Nd Nd Nd 3263 

Leanyer Nd Nd Nd 4717 

According to the last official census prior to cyclone Tracy (1971), half of the 

Darwin population was in the work force. About half were service workers, 

professionals administrative and clerical, mostly occupying government houses. A 

third were classed as trades or craft people and the remainder working in sales, 

transport, mines and other areas generally occupying private houses with some living 

in Housing Commission houses. 

Much of the migration up to 1974 was associated with the movement of public 

servants, who constituted a major component of the population. Most only stayed for 

short periods. The seasonal exodus of this population was particularly evident during 
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the wet season, which no doubt reduced the number of individuals immediately 

affected by TC Tracy. 

Suburban Houses 

The nature of house construction and changes over time as a result of material 

availability, building regulations and the quality of construction and design provides 

useful insights into cultural influences on subsequent housing damage patterns 

caused by TC Tracy. 

Development of generally single dwelling houses radiated from the commercial inner 

city core, or central business district, confined to the Darwin peninsula, to the 

southwest to form the southern suburbs. It then extended northwards along the coast 

and then eastwards, forming the northern suburbs. All except the suburbs shown as 

“Nd” in Table 6.1 were present at the time of TC Tracy. These developments also 

include the Aboriginal community settlements of Bagot reserve and Kulaluk, and the 

residential area for the Department of Defence:  at Larrakeyah to the west of the 

CBD,, the Narrows and Coonawarra bases along the Stuart Highway to the east. 

These were not included in the post-cyclone Tracy damage survey.   

The total number of suburban houses in Darwin, consistent with the population 

trends, had almost doubled over the five year period from the 1966 census, at a 

construction rate of about 800 houses per annum. The 1971 census (Anon 1972), the 

last official one before the cyclone, reported a total of 9,171 house dwellings in 

Darwin, although for the Darwin local government area 7,908 dwellings were 

recorded (Anon 1971).  By1973 it was estimated to be about 4,000 more than in June 
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1971. The classes and numbers of houses documented by ABS in 1971 the census 

(prior to TC Tracy) are presented in Table 6.2. 

Table 6.2 Classes of Darwin residential dwellings in 1971 (ABS 1971) 

Classes of occupied dwellings Number 

Separate houses 4,998 

Semi-detached houses 98 

Attached houses 24 

Terrace Houses 59 

Self contained flats  1,679 

Villa units 59 

Houses present during TC Tracy fell into three broad ownership categories. These 

have been described in the report compiled by Walker (1975) as Government, for 

departmental Public Servant, Housing Commission and Private.  Allotments ranged 

in size from 0.4 to some up to 2.00 ha and even larger in rural subdivisions. The 

Walker Report only documented information on government houses, finding little 

information on Housing Commission or private housing. Details are presented in 

Appendix 5.1.2. 

In both the post-cyclone Darwin Reconstruction Commission (DRC) and Walker 

(1975) surveys, houses were categorised as elevated open (ELVT), elevated built 

under (ELBU) or ground level (GL). Housing Commission houses were mainly GL 

and Government and private dwellings mainly ELVT and ELBU. 

Houses, comprising the roof, internal and external walls, and the frame, were also 

made of a range of types and materials. The 1971 ABS census provides the 

breakdown of outer wall materials used in Darwin houses up to this time.  This is 

summarised in Table 6.3. 
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Table 6.3 Materials used in Darwin houses (ABS 1971) 

Materials of Outer 
wall 

Number 

Brick 1,519 

Brick Veneer 70 

Stone 13 

Concrete 173 

Timber  245 

Metal  114 

Fibro cement  3,092 

Other 12 

 

The materials identified in the post-Cyclone Tracy DRC survey were brick, cement, 

fibrocement and brick/fibrocement and “other” comprising miscellaneous materials 

such as concrete (via Carlson Yukon), steel frame (viz Duraframe) and aluminium 

"prefab" (viz Tekton) (see Walker, 1975) built just prior to the cyclone.  According 

to the post-TC Tracy damage assessment report (Walker 1975), apart from 

differences in room layouts, the houses built by the Government were divided into 

structural categories related to various phases in the evolution of building ideas. 

Domestic passive cooling, through raising the house and allowing for under-house 

air flow, the use of louvers, and orientation of houses east-west to minimize exposure 

to heat and maximise airflow had become a priority in the years leading up to 1974. 

Elevated houses were also narrow, allowing for greater cross flow, with extended 

eaves designed to reduce heat loads on the walls of houses. The house construction 

materials also changed over time. These design features may have influenced 

subsequent damage patterns. 
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6.1.2.5 House damage patterns 

Factors contributing to house damage during cyclones generally and TC Tracy in 

particular have been well documented (Leicester and Reardon 1975, Walker 1975, 

Walker 1977, Beck 1978, Holmes 1978b, Walker and Stark 1978, Walker 1989, 

Reardon et al. 1990, Holmes 2001, Nicholls 2007). Much of the theory dealing with 

wind dynamics around buildings causing structural damage, particularly including 

the role of flying debris, is described in detail by Holmes (2001).  

Debris impact from trees and wind-borne building materials varies with the 

aerodynamic characteristics (Holmes 2001). The total damage inflicted by flying 

objects during cyclones has been estimated to be proportional to U
5
 (where U is the 

mean wind velocity) (Wills et al. 1998). Such forces are a function of wind dynamics 

both around buildings as well as landforms. Such forces, it is hypothesised in this 

study, may be buffered by trees, as they flex with the wind, absorbing energy, 

modifying airflow and intercepting flying debris, consequently reducing their impact 

on houses. Forces associated with laminar, but more specifically, turbulent (vortices) 

air-flows, also impact on houses by contributing to pressure internally. This is 

exacerbated by debris-induced breakage of cladding and windows. This, together 

with suction externally, near corners and edges of walls and roofs (depending on 

pitch) contributes to overall damage. Similar forces contribute to stem, branch and 

root failure in trees, so that damage patterns in both are related. The consequences of 

these processes are assessed further in this study. 
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6.2 Method 

A Cadastral map of allotment number codes and location in 1999 (generated in ESRI 

Arc View 3.2 by the NT Department of Environment and Planning for the Darwin 

City Council) provides the foundation for this study. This cadastral data, including 

allotment area, was integrated with other allotment-registered information derived 

from a post-TC Tracy survey, conducted for the Darwin Reconstruction Commission 

(DRC unpublished). These were statistically analysed within ArcView 3.2 and SPSS 

9-15 as detailed in Box 1.1 chapter 1.  

Analysis of urban cyclone ecology has been undertaken in three phases: 

Establishment of baseline topography, spatial relationships and cultural factors 

including age of trees and houses; 

Analysis of tree cover of Darwin and tree attributes of the Darwin Botanic Gardens 

and associated damage patterns in relation to 1 and estimated cyclone intensity;  and 

Analysis of patterns of housing construction and damage patterns in relation to 1 and 

2 and estimated cyclone intensity. 
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6.2.1 Baseline landscape information 

The baseline data used and their sources are summarised in Table 6.4 below. 

Table 6.4 Information governing tree and house states and their interactions in the 

Darwin landscape during TC Tracy used in this study 

Drivers and 
regulators 

Landscape variables Measurement Source 

Topographic 
factors 

Land unit  Nominal NRETA, Fogarty 1983 

Land facet Nominal   

Contour 
Ordinal (m) Continuous and 
5 classes  

DEM spot data Maps 
NT, transformed in Arc 
View 3.1  and binned 
into classes using SPSS 
15 

Slope 
Ordinal (m) % continuous 
and 5 classes 

Aspect  
Ordinal (deg) Continuous 
and 4 classes 

Spatial factors 

Distance from Coast 1km contour band 
Line theme in Raceview, 
subjective  

Distance from Cyclone 
centre line 

1km contour band 

Line theme in ArcView 
3.2 based on estimates 
Bureau of Meteorology 
(1975) and Walker 
(1975) data. 

Cultural factors 

Suburb Nominal  
Cadastral data set Maps 
NT and DRC 

House type and 
material 

Nominal DRC 

Street age Years  
Street name Committee, 
DLPE 

Ownership Nominal (HC, G and P) 
DRC post cyclone 
survey 

Allotment size  M2 
Cadastral data set Maps 
NT 

Topographic information 

DEM spot data, derived for the Maps NT orthophoto  of Darwin, were converted to a 

shape file in ArcView and using common coordinates merged with cadastral shape 

file using extensions in ArcView. These data were converted to a mean contour, 

slope and aspect statistic for each intersecting allotment.  Contours were binned into 

6 classes, aspect into 8 cardinal direction classes and slope into six classes using 
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SPSS. One Way ANOVA and Dunnet’s C post hoc was used to test for significance 

in the difference between cover in each class. 

Land unit derived land facet data, derived from the work of Fogarty 1982 described 

in Chapter 3 were also merged with the cadastral shape file, again using common 

coordinates and the theme merging facility in Arc View. Land facets criteria used in 

Chapter 3, together with approximate slope ranges used, are presented in Table 6.5. 

Table 6.5 Landscape position and slopes in the Darwin (George Brown) Botanic 

Garden 

Landscape position Slope 

Alluvial plain(and foot slope) -ap 1-3 

Foot slope – foo 4-15 

Lower slope – l 10- 15 

Upper slope – u 20-30 

Undulating plateau surface - ut 2- 4 

 

Spatial orientation relative to cyclone path information 

Information on the cyclone track wind field relative to the coast and centre line was 

generated using two base line themes in ArcView 3.2 and integrated into the 1999 

cadastral map of Darwin. The first line theme was located at the centre line of the 

cyclone (CCL) as determined by the Bureau of Meteorology (1977). This by chance 

separated the northern suburbs with the lot number code of 550 from the southern 

suburbs with the lot number code of 200. This enabled analysis of housing damage 

based on orientation relative to cyclone path (centre line). The second baseline theme, 

the coastline (CL), was located perpendicular to CCL, parallel to the coast and 

intercepting the headlands (shown in figure 6.1). 

Using the buffering facility in ArcView 3.2, 50m grid representation of 1 km buffers, 

or “isobands, were generated both north and south of the centre line and inland from 
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the coast line. Using the theme on theme facility in ArcView3.2, the intercept 

between these isobands and allotments enabled an assessment of the spatial 

distribution of house and tree cover attributes (see below). 

Cultural and Age information 

House type and material 

The DRC survey provided allotment–based information. The following house 

attributes were used: 

Elevated or high level houses (ELVT) 

Elevated and built under (EL BU) 

Ground or low level (GL) 

Materials  

Brick (BRICK) 

Fibro-cement (FIBRO) 

Fibro-cement and brick (FBO/BRICK) 

Other, such as metal cladding (OTHER) 

Ownership  

The DRC survey provided allotment-based cultural information on ownership in 

three categories: G Government; HC Housing Commission; and P Private. 

Allotment area 

On the assumption that in most cases allotment sizes have changed little since 1974, 

those in the 1999 cadastral map have been applied. 
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Allotment age 

Estimated age of allotment (including houses and tree cover assessed below) was 

derived using information on street naming dates provided by the NT Street Naming 

Committee (SNC unpublished) for all streets identified in the DRC database. These 

were compiled using VLOOKUP facility in Microsoft Excel, matching street names 

in this database with those on the 1999 cadastral database. It is recognised that some 

houses and gardens may have been constructed before, and many after, the streets 

were named, but most such developments would relate closely to these dates. 

6.2.2 Tree cover state and damage analysis 

6.2.2.1 Suburban allotment spatial tree cover analysis 

The low relief of Darwin, and the abundance of control points for georeferencing the 

digital images to existing cadastral maps thus allowing ortho-corrections, enabled a 

simple approach to pre-cyclone tree cover assessment. This assessment involved a 

combination of the use of shadow proxies and canopy illumination using digitized 

georeferenced pre-Cyclone Tracy black and white aerial photography and integrating 

this with the contemporary suburban cadastral map of Darwin. 

As noted by Cameron et al. (2000) a combination of shadows and canopy 

illumination in photographs aid in the discrimination of individual trees, and 

although exaggerating their size, makes their presence easier to interpret. Some small 

trees may be hidden by such shadows but are accommodated within the cover 

estimate. Similarly on the sunny side of the image of trees, leaning away from 

shadows, increases the estimated contribution, but this is not considered important 

where only a proxy for vegetation cover is sought. Other objects, particularly houses, 
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also throw shadows, which provide a further overestimate. Discrimination of tree-

like pixels from houses has been dealt with by eliminating house shadows by 

absorbing them in roof images illuminated at the white end of the spectrum, and 

adjusting their position so that they cover their shadow zone, leaving mainly tree 

shadows. 

The following method was employed under the guidance of Carl Menges at CDU.  

25 black and white aerial photos of Darwin at a scale of 1:7500, captured at 10AMon 

the 7/6/74 were scanned with a high-resolution scanner at 400dpi. Using the digital 

image processing software ERDAS Imagine 8.3.1, each photo was georeferenced 

using the cadastre GIS dataset (Source DIPE). This process involved visually 

identifying a minimum of 20 corresponding points between the frames and the 

cadastral map for each frame. A second-order polynomial transformation was used, 

with a total root mean square error equivalent of up to 2m. Sub-setting the image to 

eliminate open water or tracts of featureless native vegetation improved the accuracy 

of the fit. Where a consistent displacement mismatch occurred between the photo and 

the cadastral map, an adjustment was made to the map model by modifying 

coordinates that move the photo to more closely align with the cadastral map. 

Georeferenced, monochrome photos were converted to pseudo colour in ERDAS 

Imagine and sliced into dark regions, indicating shadows, and light regions, 

indicating buildings based on visual interpretation. The shadow layer was then 

analysed in ENVI to eliminate house shadows from the image using a program 

written by Dr Carl Menges. This program has two files, one dealing with house and 

tree shadows and the other with houses only. The program allowed the house shadow 

to be removed from other shadows by determining the shadow offset (in pixels) from 
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the building at the centre of the image relative to coordinates of the corners. The 

offset was determined using the coordinate curser facility in ENVI. When processed, 

the composite files with house shadows largely eliminated were transferred back into 

ERDAS Imagine and merged into a mosaic. Using the spatial analyst extension in 

ArcView 3.2, the proportion of each cadastral block occupied by tree shadow was 

analysed.  These data were then added to the housing allotment cadastral file using 

the VLOOKUP facility in Microsoft Excel. This allowed individual lots assessed in 

1974, to be identified in the 1999 cadastre file on the basis that suburban allotments 

sizes have remained largely unaltered. However, because of rezoning, as mentioned 

earlier in this chapter, 7.8% of 1974 lots could not be georeferenced to the 1999 

database and were ignored. The digitized shadow proxies from pre-TC Tracy aerial 

photos, integrated with the 1999 digitised cadastral map of Darwin within ArcView, 

has enabled linkages with other landscape variables discussed further below. 

The derived percentage tree cover data were converted to a ratio value of (0-1) called 

the tree cover index. This was tested for normality following Arcsinh conversion.  

Because this attribute takes on a wide range of values but has a concentration in 

zeros, These have been scored as ordered multistate, which is useful in analysing 

variance where such groups constitute independent variables (Marriott 1974). 

Cover data were also classified into both three and five equal classes, using the 

binning facility in SPSS for further comparative analysis. 
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6.2.2.2 Tree cover damage analysis for Darwin suburbs 

Cameron, et al. (1983) surveyed 144 gardens and public places including the Darwin 

Botanic Gardens 20 days after Cyclone Tracy.  The results were placed into two 

categories: 

a) Species found at least 10 different sites or with at least 20 individuals; 

b) Species with less than 20 individuals 

Proportional stem damage, called Stem Damage Index (SDI): 

1. standing 

2. fallen 

3. leaning 

4. uprooted 

Proportional canopy damage, called Canopy Damage Index (CDI): 

5. broken and split trunks 

6. broken branches 

7. defoliated 

Recovery 

8. Regeneration from buds 

 

Both groups were pooled in this study on the basis that the division was somewhat 

arbitrary, but a record of the number sampled has been retained for result 

interpretation. The species details are listed in Appendix 5.2.2 Table 2. Tree damage 

was recorded as percentages of individuals affected within species. Relative cyclone 
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tolerance (resistance, resilience) and sensitivity (vulnerability) values were 

determined by summing the damage criteria and dividing by the maximum score as 

follows: 

Cyclone tolerance rating (2 criteria) 

Total standing + recovered 

Cyclone sensitivity rating (4 criteria) 

Fallen + trunks broken and split +branches broken + defoliated 

6.2.2.3 Darwin Botanic Gardens tree morphology, allometry and 
damage patterns 

Although much information relevant to post-TC Tracy damage to Darwin tree cover 

was available from the work of Cameron et al (1983), detailed information on tree 

morphology and cyclone damage relevant to landforms was lacking. This was 

derived from the original field sheets for the Darwin Botanic Gardens located south 

of the TC Tracy tract. This has been evaluated in more detail and complemented by 

additional topographic data from GIS and aerial photo sources. 

A total of 632 trees of varying age and size, covering 104 mainly dicotyledenous 

angiosperm, and some gymnosperm, species and monocotyledonous species, mainly 

in the Palmae and Asteraceae families, were assessed in the post-TC Tracy survey.  

Height (H) and diameter (DBH) were assessed for both single-stemmed trees and the 

mean of multiple stems, from which a measured stem taper (height/DBH ratio) was 

derived.  The table of species growth variables are presented in Appendix 5.2.2 Table 

1. Although some analyses were undertaken on all species, more detailed analysis 

were only undertaken on species with a minimum of three individuals. The data were 
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tested for normality (p-p plot) and for palms, taper, and for dicotyledons, DBH, were 

log-transformed for analysis. 

These data were compiled in Microsoft Excel, with tree damage counts converted to 

a mean percentage for each species using the pivot table facility in Microsoft Excel. 

6.2.2.4 Analysis of taxonomic affiliation/origin and morphological 
effects 

Damage based on individuals within species 

Using NMS (see Box 1 Appendix1.1), species damage ranking was assessed for the 

whole of Darwin data in post-cyclone tree state space using relative Sorensen 

distance measure along three axes.  The correlation between the ranking and rating 

options was analysed using Kendall tau_b correlation Coefficient (KTBCC) analysis 

and compared with the original rating system in the Cameron et al (1983) study. 

 Species in the DBG were also subjectively ranked by ‘trees standing’ using the 

original data to verify their relationship to overall Darwin damage ranking. 

Species origin relationships 

One way ANOVA and post hoc test for differences between mean was undertaken on 

all damage categories, and tolerance and sensitivity ratings to assess for significance 

between: species occurring locally, regionally and these alien to the region 

(Australian natives and exotics); and species native to Australia and those which are 

exotic. 
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Tree phenology relationships 

Species were also categorised into evergreen and deciduous and the difference in 

mean MNS ranking for pooled axes was assessed using a two-tailed t test. 

Tree size relationship 

Trees assessed for Darwin as a whole were placed in four height classes: <4 m, 4-8m, 

8-12m and >12m by Cameron et al. (1983). These data were re-analysed using a two-

tailed t test for relative standing and fallen proportion within each height class. 

A further independent two-tailed t test was also used on DBG trees, to evaluate for 

significance in the differences between height, diameter and taper between 

dicotyledon and palm species and the states of trees (standing or fallen) and canopies 

(broken trunk and branches and defoliation). 

6.2.2.5 Landscape position relationship 

The DBG site is located within the Kosher land system (see Figure 6.2) and 

constitutes land units ranging from low coastal plans to very steep slopes terminating 

in an upland plateau surface. Analysis was undertaken on tree height, DBH and taper, 

as well as post-cyclone tree damage (as used by Cameron et al 1983, above), for 

dicotyledon and palm species collectively and individually, in relationship to land 

facets and ranked slope position. This was based on the DEM-generated contours 

from ortho and aerial photographs (in this study) coupled with site description from 

the original field sheets. Land facets used are shown in Table 6.5 above. 
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Slope was documented as part of the original damage survey and was also used in 

assessing landform effects. Relationships between topography, tree morphology and 

damage attributes were analysed using KTBCC statistics. 

6.2.2.6 Tree windicators 

Information compiled by Guard and Lander (1999), for damage to cultivated 

vegetation in the Pacific area, similar in composition to that reported in Darwin, has 

been re-analysed to establish a statistical relationship between wind velocity and 

species damage (arboreal "windicators”) to derive and verify wind impact velocity 

estimates for Cyclone Tracy. Species groups assessed in terms of defoliation, branch 

breakage and root failure were rated into classes on a scale of 0-5, as shown in Table 

6.6. 
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Table 6.6 Rating of tree damage used in windicator studies (from Guard and Lander 1999) 

Type and extent of damage Rating 

Nil to few mature leaves/fruits little green leaf 0 

some mature and green leaves/fruits 10% 1 

many defoliated green leaves 30% 2 

much defoliated green leaves 50% 3 

many/ severe defoliation of green leaves 75% 4 

total defoliation of green leaves 100% 5 

Stem and branch failure   

nil, light small branches 0 

small limbs, some bending 1 

much bending, moderate  breakage  2 

much breakage,  lower branch large shed 3 

severe /major 4 

Total 5 

Root damage   

Nil 0 

few fall/ leaning (small) trees 1 

some falling, leaning, (large) trees 10% 2 

much leaning root failure -falling (large) trees 3 

major, numerous falling trees 4 

All tree falling 5 

The following two broad groups, considered relevant to this study, were used:  

Group 1 Dicotyledon and Gymnosperm species; and 

Group 2 Monocotyledon trees (Palms). 

Damage was ranked on a scale of 0-1 based on descriptions and reported percentage. 

The derived estimated maximum wind velocity, and proportional damage for each 

wind class, was derived from the simple linear regression analysis presented in Table 

6.7. 
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Table 6.7 Relationship between tree and canopy damage indices and estimated 

maximum wind speeds (m/s) for cyclone-affected trees in the Pacific (data 

fromGuard and Lander 1999). 

Y = a + b (Wvmax) 

Damage (Y) a b R2 dof 

Root failure 20.2 63.00 0.99 4 

Branch breakage 30.19 50.29 0.97 4 

Defoliation 30.19 50.28 0.97 4 

Results are summarised in Table 6.8. 

Table 6.8 Derived relationships between damage rating in two groups and estimated 

wind velocity (m/sec) 

Defoliation rating 
Damage 

Index 

Estimated wind 
velocity (m/sec) 

Group1 Group2 

Nil to few mature leaves/fruits little green leaf L0 0 32 32 

Some mature and green leaves/fruits 10% L1 0.2 42 42 

Many defoliated green leaves 30% L2 0.4 48 48 

Much defoliated green leaves 50% L3 0.6 57 57 

Many/ severe defoliation of green leaves 75% L4 0.8 68 68 

Total defoliation of green leaves 100% L5 1 85 85 

Branch damage     

Nil, light small branches S0 0 0 32 

Small limbs, some bending S1 0.2 0 42 

Much bending, moderate  breakage  S2 0.4 0 48 

Much breakage, lower branch large shed S3 0.6 0 57 

Severe /major S4 0.8 0 68 

Total S5 1 0 85 

Root failure (leaning and fallen )     

Nil R0 0.2 32 32 

Few fall/ leaning (small) trees R1 0.4 48 48 

Some falling, leaning, (large) trees 10% R2 0.6 57 57 

Much leaning root failure -falling (large) trees R3 0.8 68 68 

Major, numerous falling trees R4 1 85 85 

 

Using tree fall direction statistics from survey sheets for the DBG tree damage, a bar 

graph was plotted to assess spatial wind variability at this location. 
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6.2.3 Analysis of housing damage patterns and wind regimes 

Housing damage patterns by suburbs at the time of TC Tracy have been well 

documented (Walker 1975, 1989). The unpublished post-TC Tracy damage survey 

by consultants for the Darwin Reconstruction Commission (DRC in this study), 

made available by the NT Government, complements the Walker (1975) study and 

provides detailed spatial data linked to suburban allotment number, house type, 

building material and damage. The role of landscape variables, contributing to the 

state of houses before, and following TC Tracy, have been statistically analysed 

using data from a number of sources integrated into a single data base within the Arc 

View 3.2 GIS platform. 

6.2.3.1 DRC survey data 

DRC data for housing allotments has been compiled in Microsoft Excel and, using 

the VLOOKUP facility in Microsoft Excel, based on common allotment numbers. 

These have been merged with other allotment data in the 1999 cadastral map and 

converted to an ArcView 3.2 shape file. 

Because of rezoning, 573 of the 1974 house lots were not found on the 1999 cadastre, 

reducing the data set to 6,869 allotments. Frequency distribution damage in elevated 

and ground level houses, irrespective of materials, was tested for normality using a p-

p plot facility in SPSS. 

6.2.3.2 Basic damage index (Walker 1975) and HDI derivation 

Housing damage data collected in the DRC survey for each house allotment in 20% 

damage categories were assigned a decimal ranking (scale of 0-1) called “Housing 
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Damage Index” (HDI). As no record exists of the methodology and criteria used in 

this DRC damage assessment, it was assumed that similar statistical criteria were 

used to those in an earlier previous study reported by Walker (1975), called here the 

Walker Building Damage Index (BDIw). BDIw classes derived for elevated housing 

(high) in this study were a visual damage index applied to all classes of buildings 

using the Bloms proportion estimation formula, based on mean rank. It was assumed 

that each building in a particular class of BDIw may be defined by Eqn 6.1. 

BDIw = V
2
R  Eqn 6.1 

V is the maximum velocity of the wind impacting on the building 

R is a measure of the structural resistance of the building. 

Since both V
2
 and R are random variables, the damage index is also a random 

variable. The form of Eqn 6.1 suggested a lognormal distribution. Damage classes 

measured for some types of buildings were used to obtain the distribution of basic 

damage indices by choosing the class widths in such a way that the resulting 

histogram had a mean value of 1.0 and skewness and kurtosis similar to that of a 

normal distribution (although lognormal would have been preferable) ranging from 0 

to 2.4. 

The normalised data, for pooled fibrocement and brick elevated houses and low 

fibrocement and low brick houses, used by the Walker team for assessing housing 

damage, together with the basic damage index (BDI) using the maximum value of 

2.4 (reflecting cumulative or accrued housing damage) was converted on a 

comparable linear scale of 0-1 (HDIw). A comparison between the measured HDI 

and the estimated BDI values are presented in Table 6.9. 



Chapter 6: 

Page 400 

The resulting frequency histograms for the sampled suburbs show the same normal 

distribution as HDI for Darwin derived from the DRC data set, the p-p plot verifying 

normality. KTBCC analysis performed on these two indices shows a highly 

significant correlation value (0.94, p<001) in all cases. It is therefore highly probable 

that the same assessment criteria were used. 

Table 6.9 Relationship between HDI classes (0.2 intervals) and BDI for 6 house 

categories 

Structure 
Damage 

class 
High Low 

Material  Fibrocement/brick Fibrocement Brick 
Type of damage   HDI BDI HDI BDI HDI BDI 

Nil  0.0 0.0 0.0 0.0 0.0 0.0 

Negligible  1 0.2 0.10 0.2 0.28 0.2 0.32 

Missile damage 2 0.2 0.15 0.4 0.38 0.4 0.38 

1/2 roof sheeting 3 0.4 0.26 0.6 0.45 0.6 0.46 

Full roof sheeting loss 4 0.4 0.36 0.6 0.50 0.6 0.50 

Roof structure loss 5 0.6 0.41 0.6 0.58 0.6 0.65 

1/2 wall loss 6 0.6 0.52 0.8 0.83 0.8 0.85 

All wall loss 7 0.8 0.63 1.0 1.00 0.0 1.00 

1/2 floor loss  8 0.8 0.72     

All floor loss 9 1.0 0.85     

Pier Failure 9.9 1.0 1.00     

 

6.2.4 Wind indicator (“Windicator”) analysis 

Regression analysis has been undertaken to establish relationships between the 

estimated minimum wind impact velocity and damage rating in order to provide a 

basis for interpreting the cyclone Tracy wind damage.  The patterns of wind 

variations in Darwin during TC Tracy are derived from wind estimate data from 

Walker (1975) using Eqn 6.2 to 6.5 a -d between the (BDIw) and the estimated wind 

impact velocity. 
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Elevated houses 

Vi = 20.373 ln (BDIw) + 47.23 (R
2 

= 0.98, 28dof)   Eqn 6.2 

Low brick houses 

Vi = 9.02 ln (BDIw) + 49.08 (R
2 

= 0.65, 12dof) Eqn 6.3 

Low fibrocement 

Vi =15.62 ln (BDIw) + 46.58 (R
2 

= 0.36, 3 dof) Eqn 6.4 

All low house 

Vi = 9.93 ln (BDIw) + 48.40 (R
2 

= 0.47, 17 dof) Eqn 6.5 

BDIw is converted to BDI using the regression in Eqn 6.6 

BDIw = 33.71 (BDI) + 30.996 (R
2
 = 1) Eqn 6.6 

Where BDIw is the walker BDIw estimate and BDI is the basic damage index  

Assuming BDI =HDI, this relationship has been applied to the DRC, HDI statistic. 

A 3-D, mean distance least-squared plot of Vi against distance from cyclone centre 

line and coastline in STATISTICA was used to establish a plot of estimated spatial 

variability in the TC Tracy wind-field. 
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6.3 Results 

The role of landscape variables, contributing to the state of houses before, and 

following TC Tracy, have been statistically analysed using data from a number of 

sources integrated into a single data base within the Arc View 3.2 GIS platform. 

6.3.1 Geophysical attribute analysis of the Darwin landscape 

Land unit attributes of land systems 

The land facets together with soils and vegetation constitute land units, which in turn 

comprise land systems.  Land unit boundaries for the greater Darwin landscape, 

across land systems, compiled from data collected by Fogarty (1979) and digitised by 

(NRETA) are shown in Figure 6.6. 
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Figure 6.6 Land units of the greater Darwin landscape with the 1999 development 

network superimposed (generated from data provided by NRETA) 

  

Land Units of the Darwin Area Land Units of the Darwin Area 
Land units  
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Land unit descriptions are shown in Table 6.10 below. 

Table 6.10 Description of land units of the Darwin urban landscape 

(after Fogarty et al. (1979) and unpublished NRETA data ) 

1 pt Topography 
Soils and sediments 

(GSG classification) 

Natural vegetation (when 
present) 

1c  Low scarps and short steep 
slopes, mostly on lateritic 
sediments 

Slopes 8-20%, Relief 5-20m s(gr) 

Shallow Lithosols with 
high gravel 

Woodland  with thin  

E. miniata, and E bleeseri 

2b1 Low rounded hills and upper 
slopes (us) 

Moderately deep,very 
gravelly yellow massive 
earths 

Open woodland to woodland 
with variable dominant of E 
miniata, E.tetrodonta, E. 
foelscheana, E tectifica 

2b2 Gentle side slopes to low hills with 
rock outcrops (ms) 

Shallow gravelly 
massive earth  

Low open to open woodland E 
miniata, E.tetrodonta, 
E.foelscheana,E tectifica 
E.chlorostachys 

3a Flat to very gently undulating 
upland surface Slope (0.5-2%) sus 

Deep red massive 
earths 

Open forest with   

large E. tetrodonta, and 
E miniata  

3b Flat to very gently undulating 
upland surface. Slopes (1-2.5%) 
sus 

Moderately deep to 
deep gravelly yellow 
massive earths  

 

Woodland with large E. miniata, 
and E. tetrodonta   

3c  Flat to gently undulating upland 
surface. Of slightly steeper slopes 
(1-3%) sus 

Shallow to moderately 
deep very gravelly 
yellow massive earths  

Woodland to open woodland 
with moderate sized 

E. miniata , E tetrodonta 

3d Gently undulating upland surface. 

Slope 1-3% sus 

Shallow gravelly 
lithosols 

Open woodland  with 

thin E.miniata 

3e Drainage area within gently 
undulating upland  surface (d) 

Deep mottled yellow 
massive earths 

Woodland to minor open forest 
large E. Polycarpa 

4c  Gentle Lower slopes 

Slope 0.5-1% (sl) 

Deep mottled yellow 
massive earths 

 

Tall shrubland  

Melaleuca viridiflora, 

To low woodland of  

A. auriculiformisE.polycarpa and 
E. papuana 

6b Broad drainage floors and creek 
margins (df) 

Shallow to moderately 
deep Siliceous and 
earthy sands  

Grassland with scattered trees 
and shrubs of M. viridiflora and 
E. polycarpa 

6c Broad flat drainage floor with slope 
<1% and minor relief (df) 

Hard mottled yellow 
duplex soil 

Low closed forest of mangroves 

8a Upland depressions and floodways  Moderately deep to 
deep earthy sands 

Scattered E polycarpa Melaleuca 
sp  some Pandanus sp 

8b Swamp depression in upland 
surface 

Mottled yellow duplex 
soils  

Melaleuca opne and closed 
forest  

8c Billibong and dry season fringe Red and brown clay  Sedges 

9a Estuarine fringe slopes (ap) Saline muds and flats Samphire 

9b Estuarine fringe slopes (ap) Saline mud flats and 
clays 

Grassland 

9c Beach dunes Slope 8% (dune) Calcareous sands  
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Topographic attributes of Darwin land systems 

Land facet, elevation, slope and aspect have been explored further using DEM data. 

The frequency distribution of these three land facet attributes across the Darwin 

landscape based on DEM derived topographic data was assessed using the 

conversion facility in ArcView 3.2, reanalysis in SPSS, is shown in Figure 6.7. 

 

 

 

 

 

Figure 6.7 Histogram of frequency distribution of Elevation contour (m), slope (%) and 

aspect (degrees) for Darwin (based on DEM data from Map NT) 

 

Elevation, although showing slightly skewed almost unimodal distribution, peaking 

in the 15-20m AHD, is normal based on the p-p test.  Slope shows a strongly skewed 

distribution towards lower slope classes, which when log-transformed shows a 

normal distribution. Aspect shows a strong binomial distribution with peaks north-

east and south-west aspects. 
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6.3.2 Darwin Tree cover statistics 

6.3.2.1. Suburban allotment tree cover spatial statistics 

Estimated allotment tree cover for Darwin north (left side) and south (RHS) prior to 

TC Tracy, derived from shadow proxy estimates as a percentage of house allotment 

area is presented in Figure 6.8. 

Figure 6.8 Distribution of residential garden tree cover in Darwin, 1974 

 

The linear regression relationship between allotment estimated tree cover and actual 

measured tree cover in Arc View, as a percentage of the house allotment for 50 

randomly selected allotments, is highly significant (r
2
 = 0.66, p = 0.00, 48 dof). 

Bearing in mind the large data set to which this is applied, the estimated tree cover is 
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considered to be an adequate if not an underestimate (82%) of the actual cover. For 

relative evaluation purposes this provides a realistic picture of the state of Darwin 

garden vegetation at the time of Cyclone Tracy. Figure 6.9 shows the lowest tree 

cover was in the northern and eastern suburbs with a gradual increase westward and 

southward. 

Mean-distance-least-squared 3D plots of tree cover index (TCI) (0-1scale) in relation 

to distance from coastline (CL) and cyclone centre line (CCL) datum plotted in 

STATISTICA are shown in Figure 6.10 overleaf for north and south of CCL. 

Both north and south of the CCL there are marked trend of decreasing TCI from the 

coastline inland. There is also a trend of decreased TCI northwards which continues 

from a short trend at the northern end of the south transect which then fluctuates with 

a weak trend of declining cover south wards. Both trends need to be seen as part of a 

north-south allotment development and garden establishment continuum, initially 

northwards along the coast and then east inland. 
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Figure 6.9 Least -distance -mean -square of allotment Tree Cover Index in relation to 

distance for coastline and cyclone centre line for Darwin 1974 

 

For south Darwin, there are areas of tree cover peaking in be the Fanny Bay/Parap, 

the Gardens and the Stuart Park, City areas. Results of t-test on TCI estimates north 
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and south of Darwin (and the cyclone centre line) indicates a significant difference (t 

= 15.74, sig = 0.00, 2063 dof) the mean difference being 8% cover. 

Analysis of the mean trend in Arcsinh converted tree cover with distance from coast 

and cyclone centreline is shown in Figure 6.10. 

 

 

 

 

 

Figure 6.10 Mean and variance (95% cal) of arcsinh cover% as function of 1km isoline 

from coastline and cyclone centre line 

 

6.3.2.2 Darwin tree demographics 

The frequency distribution for actual proportional tree cover (%) for Darwin north 

and south are shown in Figure 6.11 and the frequency of Arcsinh cover in figure 6.12. 

A p-p test supports the non-normal distribution. The actual TCI frequency 

distribution for Darwin north is highly skewed towards the 0-10% cover class, a 

large proportion having zero tree cover. Darwin south is less skewed with much 

lower number of allotments in the lower tree cover class. The Arcsinh cover % 

conversion has normalised the data distribution, eliminating zero values thereby 
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giving greater weighting towards allotment with cover. This is not a problem in this 

large data set, and is used in subsequent analysis. Results of t-test conforms the 

significantly higher cover in the south (t = 15.74, p = 0.00, 2063 dof) (8%). 

TCI binning forms the following additional cover categories used in this study: 

Three class; 0-0 10, 0 15-30, and 0.30+ 

Five class; 0-0.5; 0.10-0.15; 0.20-0.25; 0.30-0.35; 0.35+ 

 

 

 

 

 

 

 

 

Figure 6.11 Allotment count (frequency) of actual (proportion) tree cover for Darwin 

north and south  

 

 

 

 

 

 

 

 

 

 

Figure 6.12 Allotment frequency of Arcsinh (%)tree cover for Darwin north and south 

A 

North South 
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Size class frequency distribution 

Only tree species recorded in the DBG following TC Tracy have been assessed. 

Frequency histograms for height and diameter for all trees in the DBG are shown in 

Figure 6.13. 

 

 

 

 

 

 

Figure 6.13 Frequency distribution of mean height and diameter for all trees planted in 

the Darwin Botanic Gardens up to 1974 before TC Tracy 

 

The height, largely unimodal, p-p plot shows a significant normal distribution with a 

mean of 8.87m, despite a secondary peak at 6m.  The plot for DBH is also unimodal, 

but not strongly normal, with a mean of 42.9cm and a median of 35.5 cm. This data 

has been log-transformed for further analysis. Overall taper is low (0.21), consistent 

with wide spacing. 
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6.3.2.3 Morphological and allometric attributes of Darwin Botanic 
Garden trees 

The results of comparative assessment of H, DBH and taper of all dicotyledon (D) 

and monocotyledon (palm) (P) species at the DBG assessed following TC Tracy is 

presented in Table 6.11. 

Table 6.11 Group statistics for combined Dicotyledon (D) and Palm (P) trees DBG 

Tree attributes GRP N Mean 
Std. 

Deviation 
CV% 

DBH 
D 304 49.55 42.03  4.82 

P 214 32.39 14.71 45.41 

H 
D 364 9.04 3.74 41.371 

P 219 8.58 3.94 45.92 

Taper 
D 302 0.27 0.14 51.85 

P 214 0.33 0.28 84.84 

An independent sample two-tailed t-test (equal variance not assumed) for equality of 

mean between palm and dicotyledon trees in the DBG shows a significant difference 

in DBH (p = 0.00, 400 dof), (higher in dicotyledon) and taper (p = 0.01, 286 dof) 

(lower in dicotyledon) but no significant difference for height (p = 0.16, 440 dof). 

Results of allometric analysis, using a logarithmic model, undertaken on fifteen 

frequently represented dicotyledon and six palm species, is presented in Table 6.12. 
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Table 6.12 Relationship between H, taper and DBH for the most frequently 

represented trees in DBG (n>3) 

Species 

Parameters for y = b ln (DBH) +a 

y = Height y=Taper  

a b r2 a b r2 Dof 

Dicotyledons 

Acacia auriculiformis -8.43 5.64 0.82 0.85 -0.15 0.79 2 

Alstonia actinophylla -7.95 4.71 0.83 0.72 -0.13 0.92 3 

Callophyllum inophyllum -8.78 4.76 0.84 0.57 -0.10 0.71 23 

Cassia fistula -9.70 5.27 0.51 0.66 -0.11 0.28 7 

Dalbergia sisso -7.08 4.83 0.98 0.78 -0.14 0.99 3 

Delonix regia -9.48 4.84 0.61 0.53 -0.10 0.25 26 

Emblica officianata -3.85 3.44 0.23 0.69 -0.13 0.40 11 

Erythrophloem chlorostachys -9.03 3.07 0.51 1.00 -0.20 0.86 9 

Kigelia pinnata -12.20 5.41 0.96 0.46 -0.07 0.96 2 

Lagerstoemia speciosa -6.05 4.11 0.70 0.54 -0.08 0.42 4 

Magnifera indica -7.90 4.76 0.81 0.66 -0.11 0.82 22 

Melia azadarachta -6.70 5.22 0.57 0.96 -0.18 0.68 12 

Peltophorum pterocarpum -8.34 5.05 0.77 0.67 -0.10 0.43 14 

Samanea saman -1.67 3.12 0.65 0.58 -0.10 0.93 24 

Spathodea campanulata -8.26 5.63 0.69 0.89 -0.16 0.79 19 

Staphylea pinnata -3.38 3.51 0.71 0.74 -0.13 0.55 4 

Monocotyledons –Palms 

Carpentaria acuminate -21.55 10.48 0.36 0.21 -0.14 0.10 8 

Phoenix canariensis -8.20 4.43 0.22 0.51 -0.08 0.06 10 

Phoenix sp -11.64 5.18 0.25 0.03 0.05 0.02 13 

Roystonia regia -28.89 10.10 0.63 -0.09 0.08 0.20 4 

Cocos nucifera -77.54 24.56 0.81 0.48 -1.45 0.65 38 

Elaeis guineaensise -55.50 14.23 0.53 0.17 -0.46 0.17 6 

For all except one dicotyledon species, the rate variable (b) for the relationship 

between H and DBH ranged from 3.07-5.64 with the constant (a) ranging widely 

from -1.67 to -12.20 (r
2 

> 0.50). For palm species H-DBH relationships the rate 

parameters “b” are much higher than for dicotyledons ranging from 10.10 to 24.56. 

The constant values and ranges are also greater ranging from -28.89 to -77 54.  

The relationship between H and DBH, for pooled DBG dicotyledon, monocotyledon 

and gymnosperm species, is shown in Eqn 6.7 - 6.9.  
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Dicotyledon 

H= 3.40 ln (DBH) - 2.50  (r
2 

= 0.57, 136 dof)  Eqn 6.7 

Monocotyledon (palms) 

H= 4.54 ln (DBH) - 7.43  (r2 = 0.21, 70 dof) Eqn 6.8  

Gymnosperm 

H = 4.36 ln (DBH) - 5.56 (r
2 

= 0.57, 2 dof) Eqn 6.9 

Where H is height (m), DBH is diameter at 1.3m (cm) 

For pooled species, the rate of height changes with DBH is similar within taxonomic 

groups although the relationship is not strong for palms. The relationship between 

taper and DBH for these taxonomic groups is shown in Eqn 6.10 - 6.12. 

Dicotyledon 

T = 0.15 ln (DBH) - 0.80 (r
2 

= 0. 63, 136 dof) Eqn 6.10 

Monocotyledon (palms) 

T = 0.70 - 0.13 ln (DBH) (r
2 

= 0.14, 70 dof)  Eqn 6.11 

Gymnosperm 

T = 0.78 - 0.14 ln (DBH) (r
2 

= 0.95, 2dof) Eqn 6.12 

Where T is taper (H/DBH) and DBH is diameter at 1.3m 

Both palms and gymnosperms show a similar decrease in taper with DBH. The low 

proportion of palm trees which fitted the negative logarithmic model, coupled with 

the low r
2
 value, undermines the robustness of this relationship. The trend in 

dicotyledons (as it was for some individual palm species) is reversed, suggesting that 

for these trees not only taper but also height is increasing at a greater rate than DBH 

as was evident for individual species. 
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6.3.2.4 Land form influences on tree morphology and allometry 

The influence of elevation, slope and aspects in suburban TCI north and south of the 

cyclone tract is shown in Figure 6.14. 

Mean TCI both north and south of the centreline increases initially at low elevation, 

linked to low relief landscapes, but then decreases at high elevation, linked to higher 

relief. Figure 15 also shows a very gradual increase with slope, although this does 

not appear to be significant. TCI is significantly higher on the predominant north-east 

aspects (0- 90 degrees) than others, particularly north of the cyclone centre line. 
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Figure 6.14 Relationship between actual Tree Cover Index (TCI), elevation (m AHD) , ln slope (%) and aspect  



The ecology of Darwin cultivated arboreal communities 

Page 417 

Land facet effect in Darwin Botanic Gardens 

The results of cultivated tree H, DBH and taper for dicotyledons and palms at DBG 

in relation to land facet, shown in the box plots in Figure 6.15, suggests a general 

decrease in median DBH and similar but very weak trend in height from land unit 

“ap” to “ut” for dicotyledons. This trend is not evident for palms. 

 

 

 

 

 

Figure 6.15 Box plot of median values, 25 and 75 percentiles and outliers of H and DBH 

of dicotyledon and Palm trees in relation to land facets position 

(note equivalents  l=ls, u=us, ut =sus ) 

 

Table 6.13 shows relationships between H and DBH and ranked facets position (1 = 

AP to 5 = ut) (KTBCC) and slope (%) (PCC) for pooled dicotyledon (and some 

gymnosperms) and palm species. 

  

Dicotyledons Palms  

Landscape Facet Landscape Facet 
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Table 6.13 Results of correlation between diameter and taper for dicotyledons and 

palms as a function of relative slope position (KTBCC (R)) and slope % 

(PCC (r)) within the DBG 

Taxon (Log) DBH (cm) H (m) Taper 

 

Slope 
position 

R 

Slope% 
r 

Slope position 
R 

Slope% 
r 

Slope position 
R 

Slope% 
r 

Dicotyledons -0.18** -0.20** -0.10** -0.08 0.18** 0.20** 

Dof 288 272 348 322 386 270 

Palms -0.09 -0.01 -0.05 -0.05 0.14** 0.03 

Dof 267 267 274 274 267 267 

It would appear that for dicotyledons, DBH and 18% of taper can be explained by 

slope position and 20% by slope angle whereas only 10% of height is linked to slope 

position and none for angle. For Palms, slope position appears to only explain 14% 

of taper. 

Slope and elevation contour effect on tree cover in Darwin house allotments 

The 3D plot of Arcsinh cover% data in relation to contour (m) and ln transformed 

slope % north and south of the CCL is shown in Figure 6.16. 
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Figure 6.16 Distance weighted mean square relationship between arcsinh cover (%) of 

arboreal vegetation in Darwin, 1974, as a function of elevation and slope 

(ln %) north and south of CCL 

This suggests that at lower elevations in undulating landscapes, Arcsine cover % 

increases with slope (log transformed) both north and south of CCL. On mid- to 

higher elevations of this terrain, with greater relief, there is little cover change with 

slope. There is also a “ridge” at mid-elevation of higher TCI values, changing little 

with slope. 
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6.3.2.5 Relationship between TCI and cultural factors 

Allotment area 

The mean and sd of suburban allotment TCI, north and south of the CCL, in 

relationship to allotment area, is shown in Figure 6.17. 

 

 

 

 

Figure 6.17 Mean and standard deviation of allotment TCI in relationship to allotment 

area  

Despite high variability in larger allotments, mean tree cover generally increases 

with area. 

Year of establishment 

Tree cover as a function of street age is shown in Figure 6.18. 

 

 

 

 

Figure 6.18 Mean and standard deviation of TCI against street development years 

Year  
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Pearson’s Correlation Coefficient for the relation between TCI and allotment age is 

highly significant (r = 0.39, p = 0.00, 6345 dof) indicating that even with the large 

dof the estimated results are robust and consistent with expectations. The spatial 

anomaly in Figure 6.19 suggests a decrease northwards, possibly resulting from low 

cover in 1954 and 1957. 

6.3.3 Cyclone impact on Darwin tree cover 

6.3.3.1 All of Darwin tree damage assessment 

Post-TC Tracy re-assessment of cultivated suburban garden, public parks and DBG 

post-cyclone tree states from the Cameron et al (1983) data and their ranking based 

on their original data (for more than 20 individuals or in more than 10 sites) NMS 

ranking along 3 axes against subjective tolerance and sensitivity rating and species 

origin is presented in Appendix 5.3 Table1. The scree plot test for NMS ranking of 

species in multidimensional tree damage space shows a significant departure from 

random in all dimensions, suggesting that the ordination along these three axes 

provides a reliable estimate of relative post-cyclone tree damage. Results of KTBCC 

for relationships between NMS ranking along three axes and between each NMS 

ranking and the original Cameron et al. (1983) damage ranking and subjective 

tolerance and sensitivity rating and PCC between them are shown in Table 6.13. 
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Table 6.13 KTBCC between NMS ranking and tolerance and sensitivity rating systems 

and PCC for tolerance vs sensitivity ratings Correlation 

significance **<0.001 (2-tailed). 

  Axis2c Axis 3 
Cameron 
ranking 

Tolerance
Rating 

Sensitivity 
Rating 

 Dof 46 46 28 46 46 

NMS axis 1  46 0.51** 0.70** 0.61** -0.60** 0.14 

NMS axis 2  46  0.44** 0.51** -0.55** 0.12 

NMS axis 3 46   0.47** -0.60** -0.03 

Cameron et al. ranking  28    -0. 74** 0.12 

Tolerance rating 46     -0.11 

All three axes are significantly negatively correlated with the original Cameron et al. 

(1983) ranking, and with the tolerance rating, but not with the sensitivity rating used 

in this study. The mean rating appears to dominate both rating systems.  Correlation 

coefficients for relationships between various post-cyclone tree states and NMS 

scores along three axis, and Cameron et al (1983) damage ranking (KTBCC) and 

relationship to tolerance and sensitivity rating (PCC) are shown in Table 6.14. 

Table 6.14 Correlation between various post-cyclone tree statesand NMS scores along 

three axes, and Cameron et al damage ranking (Kendal tau_b Correlation 

coefficient R), and subjective tolerance and sensitivity rating (Pearson’s 

Correlation Coefficients r) 
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NMS Axis 1 R 0.44** 0.81** -0.00 -0.93** -0.11 -0.60** na 28 

NMS Axis 2 R 0.77** 0.86** 0.22 -0.75** 0.06 0.67** na 28 

NMS Axis 3  R 0.39** 0.64** -0.04 -0.83** -0.29* 0.18 na 28 

Cameron ranking R 0.46** 0.70** -0.34** -0.61** -0.06 0.00 -0.29* 28 

Sensitivity rating r 0.56** 0.23 -0.23 -0.12 0.47* 0.90** 0.04 46 

Tolerance rating r 0.74** 0.98** -0.55** -0.94** 0.07 0.02 0.46** 46 

** Correlation significance (2 tailed) * at the 0.01 level ** at the 0.05 level (2-tailed). 
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All ranking and rating systems are positively correlated with defoliation and with 

trees standing (except for sensitivity rating) and negatively with root failure. Specific 

NMS axes differ in the weightings given to other post cyclone tree states. Axis 2 

gives more weight to leaning trees and axis 3 to trunk failure but less to branch 

failure. Also the correlation coefficient for branch failure is negative for axis 1 but 

positive for axis 2 similar to the sensitivity rating, both of which show positive 

correlation with trunk failure, although it is significant only for sensitivity rating. 

These therefore show strong relationships. The Cameron et al. (1983) ranking gives 

greater weight to leaning trees and none to trunk and branch failure, showing much 

similarity to the subjective tolerance rating. Although the former shows a negative 

correlation with recovery, the relationship is very weak and contrasts with the more 

realistic strongly positive correlation with tolerance rating. This suggests that this is a 

robust rating system. 

Species effects 

The mean three axes MNS ranking and tolerance rating in Table 1 Appendix 5.3 has 

been used to compare exotic with endemic relic native species, and monsoon 

rainforest (MRF) species which are non leguminous with those from the Mimosaceae 

and Ceasalpineacease (leguminous) families (MRFL) with species generally found in 

savanna woodland (SWL). In addition, MRFL species have been compared with 

coniferous species including Casuarina equestifolia (“conifers”). The median and 

range of relative group cyclone tolerance and mean NMS ranking are shown in 

Figure 6.19. 
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Figure 6.19 Box plot showing median values and 25 and 75 percentile values and 

outliers for mean NMS ranking of three axes against cyclone tolerance 

rating for pooled exotic, coniferous species and species remnant from 

monsoon rainforest, non-leguminous (MTF) and leguminous (MRFL) and 

savanna woodland (SWL) 

 

The statistical differences between groups are summarised in Table 6.15. 

Table 6.15 Results of independent two tailed t-test for significance of difference 

between mean (equal variance not assumed) for Exotic vs Native trees, Non-

leguminous vs leguminous, monsoon rainforest trees vs savanna woodland 

trees and leguminous monsoon rainforest trees  vs coniferous species 

Tree 
groupings 

NMS ranking Tolerance rating 

Mean sd t sig dof Mean sd t sig dof 

Exotics 28.56 9.99 2.35 0.04 31.6 0.50 0.26 -2.17 0.00 27.6 

Native 19.67 11.69 0.68 0.23 

MRF 8.44 5.88 -9.19 0.00 7.75 0.85 0.19 4.71 0.00 7.72 

MRFL 34.58 3.05 0.42 0.10 

MRF 8.44 5.88 -4.37 0.00 8.49 0.85 0.19 1.68 0.00 8.99 

SWL 21.20 3.70 0.68 0.15 

MRFL 34.58 3.05 -0.72 0.53 2.92 0.42 0.10 4.37 0.01 3.90 

Conifers 37.11 5.50    0.07 0.11    

 

All pairs except for mean NMS ranked MRFL and conifers show significant 

differences. 
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Results of one way ANOVA and Dunnett’s C post hoc test indicates that MRF trees 

also had a significantly lower rate of defoliation (p = 0.00) and showed significantly 

lower uprooting (p = 0.04) as well a lower sensitivity score than those exotic to 

Australia (despite higher foliage retention). The findings are confirmed by an 

independent two = tailed t test, which showed that exotic trees had a much higher 

proportion of trees fallen than native MNT species (p = 0.01, 43 dof). The results 

suggest that exotic trees, relative to natives and SWL, leguminous MRF and conifers, 

show lower tolerance to cyclones than non-leguminous MRF species, as shown in 

Figure 6.19. Most palms not included in this analysis are ranked in the intermediate 

range (15, 25) with some, such as R.madagascariensis, ranking lower (7, 10). 

Morphological attribute effects 

The relationship between tree height classes and damage derived from the Cameron 

et al. (1983) data is tabulated on Appendix 5.3 Table 1. A box plot based on this data 

showing the relationship between the proportions of tree damage in four height 

classes for pooled species, shown in Figure 6.20, suggests that across height classes 

more trees, and a larger proportion of trees, were left standing in the intermediate 

class. 
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Figure 6.20 Box plot of median values, 25 and 75 percentiles and outliers for TC Tracy 

tree damage across species by height classes (based on data from Cameron, et 

al 1983) 

 

When the proportion of trees standing relative to that leaning and fallen within each 

height class was calculated across species, a different pattern emerges, as shown in 

Figure 6.21. A p-p plot test for proportion of dicotyledonous trees standing and 

leaning/fallen shows a normal distribution. Results of a one way ANOVA and 

Dunnett’s C test post hoc test, found that that the response of trees<4m is not 

significantly different from those >12 m. The proportion of trees left standing in 

these classes was significantly greater than those in the 4-8m (p = 0.00, 76 dof) and 

8-12 m class (p = 0.00, 68 dof). 
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Figure 6.21 Box plot of median values, 25 and 75 percentiles for TC Tracy tree damage 

in Darwin by height classes with size class (based on data from Cameron, et al 

1983) 

 

Independent sample two-tailed t test for significance of trees standing and 

leaning/fallen within each height class suggest that overall, in the intermediate size 

class there was no significant difference between trees standing and those suffering 

root failure. A significant difference does however exist for trees in class < 4m (p = 

0.02, 58 dof) and, although the difference is less significant, trees in class >12m (p = 

0.08, 56 dof) the proportion standing being greater than fallen/leaning. 

The influence of phenology 

One way ANOVA and Dunnett’s Ç post hoc test shows no significant differences in 

post cyclone tree states between evergreen, deciduous or semi deciduous species. A 

two tailed t test (equal variance not assumed), comparing mean ranking between 

evergreen and non evergreen species does show a weakly significant higher mean 

ranking (28.95) for evergreen species (lower tolerance) compared to the deciduous 

group (20.47) (p = 0.05, 34.6 dof) consistent with differences between SWL and non 

leguminous MRF species. 
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6.3.3.2. Darwin Botanic gardens damage assessment 

Species group influences on cyclone damage 

Results of tree morphology, and the relationship to tree and canopy damage indices 

for DBG dicotyledon trees, assessed from original field notes of Cameron et al 

(1983) (including additional species not incorporated in the Cameron data) study are 

shown in Table 2 Appendix 5.3. Tree morphology against tree and canopy damage 

indices for DBG palms, assessed from original field notes of the Cameron et al study, 

are shown in Table 3 Appendix 5.3. 

A two-tailed t test (equal variance not assumed) performed on the two angiosperm 

subclasses supported the null hypothesis of no significant differences (p<0.05) in any 

post-cyclone tree states. This suggests that variability within these taxonomic groups 

was greater than between them. 

Morphological influences on cyclone damage 

Further exploration of the relationship between height, diameter and taper for all 

dicotyledon and palms standing or combined leaning and fallen (indicative of root 

failure) is shown in Figure 6.22 and for canopy damage (defoliation debranching and 

stem breakage) is shown in Figure 6.23. 

There is evidence of difference in cyclone response patterns between dicotyledon and 

palm trees. The proportion of post-cyclone trees standing (tolerance) increased with 

height and diameter for dicotyledons but not for palms which in fact show a decrease 

with height. As expected, the proportion of fallen and leaning trees generally shows 

an inverse relationship with DBH in palms, is similar to dicotyledons, suggesting that 

the diameter response for standing in palms follows a similar pattern to dicotyledons. 



The ecology of Darwin cultivated arboreal communities 

Page 429 

The height relationship with leaning and fallen palm trees confirms the pattern of a 

decreased trees standing. 

The proportion of trees defoliated and with broken branches is consistent with trees 

standing for dicotyledons height and diameter.  For palm fronds, (branch) breakage 

decreases with increasing both height and diameter and also with taper, but 

increasing again at high values.  Leaflet defoliation also decreases with height, shows 

a weak decrease with taper, but an increase with diameter. 

There is no clear pattern for stem breakage for dicotyledons although for palms, stem 

breakages appear to increase with taper and then decrease at the highest taper values 

inversely to the pattern of standing. This suggests that for palms at a taper value of 

0.7, both root and stem failure are at a maximum, decreasing both above and below 

this taper value.
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Figure 6.22 Relative tree damage indices for standing and fallen/leaning for Dicotyledon and palm trees in Darwin Botanic Gardens in relation to 

height, diameter and taper classesDicotyledons  
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Palms 

 

 

 

Figure 6.23 Relative canopy damage indices for standing and leaning/fallen for dicotyledon and palm trees in Darwin Botanic Gardens in relation to 

height, diameter and taper classes 
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Landscape topography influences on tree damage 

Landscape position influences tree morphology and wind exposure, both impacting 

on cyclone vulnerability. Relationships between landscape facet gradient and tree 

tolerance /sensitivity in relation to slope position, are illustrated in the bar graphs in 

Figure 6.24. 

Dicotyledons Palms 

 

 

 

 

 

 

 

 

 

Figure 6.24 Canopy index values (stem breakage defoliation, debranching) for 

dicotyledons and palms as a function of land facet location in the DBG 

A general decrease in the overall proportion trees standing with increased up slope 

position is more marked for dicotyledon than palm species. A decrease in branch 

breakage and defoliation across the up slope facet gradient, consistent with trees 
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standing, is also apparent, although less so for palms. Trunk breakage in both phyla 

appears to increase to a peak on lower slope facet positions, decreasing both in ap 

and foo facets as well as u and ut facets, although higher trunk breakage is skewed 

towards the upper slope locations.  Results of KTBCC analysis of land facets 

numbered sequentially (1-5) with increased elevation (above sea level) and mean tree 

and canopy damage is summarised on Table 6.16. 

Table 6.16 KTBCC relationships for various damage indices and land facets ranked for 

increasing elevation 

Damage indices Dicotyledons Palms 

Fallen 0.08 0.13 

Leaning -0.03 0.16 

Standing -0.12* -0.31** 

Defoliated -0.14* -0.15* 

Branches broken -0.14* -0.13 

Trunk broken 0.10* 0.19** 

** Significant at p<0.001 * significant at p<0.05 

For both subclasses there is a weak negative correlation between increased landscape 

elevation and trees standing, defoliation and branch breakage (which in the case of 

palm fronds are difficult to discriminate from defoliation or leaflet stripping). Broken 

trunks also appear to increase up slope even though the proportion trees standing 

decreases. Trees fallen and leaning, however, do not appear to be influenced by 

topographic position in this data set. Taper, which appears to increase significantly 

along this up slope gradient, in both taxa is inversely related to proportion of trees 

standing. The relationship between trees standing, taper and land facet, is illustrated 

in Figure 6.25. 
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Figure 6.25 Trends in mean tree standing and taper (H/D ratio) and land facet for 

Dicotyledon (D) and Palms (P) (Note equivalents Table 3.8 l=ls, u=us and ut 

=sus in Table 3.8) 

For dicotyledon species, there is a parallel trend of increasing taper and a decrease in 

trees standing. There also is a trend of decreased trees standing along this gradient 

for palms, although the trend in taper is masked by the high value for the foo facet.  

Assessment of wind influences from damage patterns 

Wind speed 

The wind regime which contributed to tree damage at the Darwin Botanic Gardens, 

south of the Cyclone Tracy centreline has been derived from tree fall data collected 

during the post-cyclone survey. Linear regression analysis of tree damage index 

(proportional root failure) and canopy damage index (branch breakage and 

defoliation) and wind velocity class maxima was derived from the data of Guard and 

Lander (1999) with estimated wind velocity based on damage. The mean damage 

status for the 599 trees in the DBG and the estimated maximum wind speed derived 

from damage is summarised in Table 6.17. 

 

D 
P 
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Table 6.17 Estimated wind velocity at the Darwin Botanic gardens based on TDI and 

CDI values applied to damage –wind velocity relationships (data from Guard 

and Lander 1999) 

Damage No Percent 
Estimated 

Maximum wind 
(m/s) 

Total trees  599 100  

Standing  no trunk failure  275 45  

Standing and Trunk failure  131 18  

Leaning  and fallen (root failure) 193 32 40 

Defoliated  241 40 50 

Branches broken  348 57 58 

The data shows 63% of the trees were standing, 18% with trunks broken, with 40% 

of trees mainly standing, recorded as defoliated, and 57% with broken branches. 

When these figures are applied to the estimated wind speeds causing such damage, it 

would appear that based in trees leaning and fallen the wind would have been 40m s
-1

, 

and based on defoliation 50ms
-1

. Branch breakage patterns suggest a higher value of 

58 ms
-1

 or 208 km hr
-1

. This location is south of the cyclone for which the official 

estimates measures to the north were 215km hr
-1

,
 
suggesting that this tree damage 

based estimate is reliable. 

Wind direction estimate 

The DBG site was located on the southern side of the TC track. The results of 

measure percentage tree fall in cardinal direction classes are shown in the bar graph 

in Figure 6.26. 
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Figure 6.26 Recorded wind throw direction percentage distribution in the Darwin 

Botanic Garden following TC Tracy (Note there were no recordings for the 

SE quadrant, 110-180 degrees) 

 

The majority of trees fell in either a northerly direction, under the influence of 

southern winds linked to the last phase of the crossing cyclone, and in a westerly 

direction under the influence of easterly (off shore) winds, consistent with the wind 

regime on the southern side of the cyclone. No detailed tree damage data were 

available for north of the TC Tracy tract. 
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6.3.4 House cyclone damage patterns and relationships with trees 

6.3.4.1 House type statistics 

The count of houses by structural types, and material types derived from the DRC 

survey, is shown in Figure 6.27. 

 

 

 

 

 

 

 

Figure 6.27 Frequency count distribution of Darwin suburban house types and 

materials in 1974 in the DRC survey (unpublished) 

 

6.3.4.2 Spatial patterns of house structure and material before TC 
Tracy 

Merging of DRC data with the 1999 cadastral shape file of Darwin using common 

allotment codes in ArcView 3.2 has generated a house type (three classes) and 

materials (4 classes) distribution map for Darwin north and south on Figure 6.28 
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The frequency distribution of houses north and south of the CCL and inland from the 

coastline (base line) is shown in Figure 6.29. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.28 Distribution of houses by structure and material north (N) and south (S) of 

cyclone centreline (1974) (from DRC survey unpublished) 

 

Darwin North Darwin South  
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Figure 6.29 Frequency distribution of allotment as a function of distance from cyclone 

centreline and coast baseline 

 

The number of houses within 1km isobands from both the coastline and cyclone 

centre line have a unimodal distribution which are similar either side of the cyclone 

centre line.  Bearing in mind that the generated isoband area increases outwards from 

the CCL, low house numbers occur close to the centre line (coinciding with the 

airport and Rapid Creek reserve) and rise to a peak at 3km and then decrease sharply 

in both directions. 

Land unit development patterns 

Merging the house location data base file (DBF), up to 1974 with the land unit DBF 

provides an assessment of housing numbers by land unit location shown in Figure 

6.30. Most allotments in 1974 occurred on land unit 2b1, constituting gentle side 

slopes of drainage lines, on flat to gently undulating surface (3c&d) and gentle lower 

slopes (4c) with a smaller amount occurring on low scarps and steep rise (1c) and on 
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the coastal fringes (9a and b). These all suggest that the processes of development 

favoured outlook over the protection afforded by topography. 

 

 

 

 

 

Figure 6.30 Frequency distribution of pre-1974 houses (A) and their mean age (B) in 

relationship to land units as described and ordered as in Table 6.1 

Development chronology 

The relative distribution of houses in relation to their estimated time of construction, 

derived from street naming dates, indicates significant development in the suburbs 

commencing after 1944, increasing rapidly in 1952 and again from 1968, is shown in 

Figure 6.31. 

 

 

 

 

Figure 6.31 Relative frequency distribution of houses built prior to 1974 according to 

estimated year of construction 
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Tree cover-house type relations 

Relationship between house type and tree cover (Arcsine TCI) north and south of 

CCL is shown in Figure 6.32. 

 

 

 

 

 

 

Figure 6.32 Mean and standard deviation of tree cover north and south Darwin in 

relationship to building type 

 

For equivalent house types, tree cover is significantly lower in Darwin north 

compared with the south, where there are also significant differences in tree cover 

between houses types. 
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6.3.4.3 Post-Cyclone Tracy House damage assessment 

6.3.4.3.1 Spatial pattern of house damage  

The House Damage Index (HDI) from the DRC survey, for each house allotment 

integrated with contemporary cadastral allotment data plotted in ArcView for the 

northern suburbs and southern is shown in Figure 6.33. 

 

 

 

 

 

 

 

 

 

Figure 6.33 Post-TC Tracy proportional house damage (HDI) distribution in the 

northern and southern suburbs of Darwin 

 

For elevated houses, damage distribution is skewed towards the higher damage class 

and for ground level houses the distribution is closer to normal. For pooled structure 

  

 

 

Southern Suburbs Northern Suburbs 
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the p-p test showed an overall normal distribution. For materials, the distribution 

based on a p-p test was found to be normal except brick which was skewed towards 

high damage where linked to elevated houses, and lower damage where associated 

with ground level, again showing a normal distribution when combined. 

HDI and TCI values for combined houses within 1km contour intervals, north and 

south of the CCL, and from coastline (CL) (B) north and south of the cyclone centre 

is shown Figure 6.34. 

 

 

 

 

 

Figure 6.34 Mean suburban allotment HDI and TCI values in 1km isobands from 

cyclone centreline and coast (base) line for pooled Darwin data 

 

Pooled HDI increase with distance to 6km from the CCL close to the cyclone eye-

wall and, apart from an apparent initial decrease, with distance from the coast line. 

TCI initially increases and then inversely to HDI decreases indicating and inverse 

relationship. 

Figure 6.35 shows in more detail the relationship between HDI in three tree cover 

classes for 6km from the CCL and 4km from the coastline separately for Darwin 

Distance from centre line (Km) Distance from coast line (Km) 



Chapter 6: 

Page 444 

north and south. The spatial trend in HDI is repeated in the north and, less 

prominently in the south. 

North of the CCL, HDI increases northwards to 6km from CCL and south of the 

CCL it increases southwards to 5km, both being near the cyclone eye wall. PCC for 

the relationship between HDI and distance contours was significant and positive for 

distance from CCL northwards (r = 0.26 p = 0.00, 3104 dof) and southwards (r = 

0.14, p = 0.00, 4328 dof). HDI, with distance inland, decreases a little and then 

increases north of the CCL (r = 0.10, p = 0.00, 3104dof) but shows a negative trend 

south of CCL (r = -0.13, p = 0.00, 4328 dof). 
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Figure 6.35 Relationship between mean (sd) HDI and TCI in concentric lkm isobands 

north and south of cyclone centreline and eastward of coastline in both 

sectors 

Distance weighted mean square analysis of HDI, as a function of distance from 

cyclone centreline and coastline for both Darwin north and south showing overall 

landscape variability is shown in Figure 6.36. 



Chapter 6: 

Page 446 

 

 

 

 

 

 

 

 

 

 

Figure 6.36 Distance-weighted mean square spatial distribution of suburban HDI 

following cyclone Tracy in Darwin north and south 

 

HDI in Darwin, northwards, shows again a strong band of high values at 5-6km from 

CCL. This is also apparent a similar distance inland from the coast with a significant 

depression of damage in the central area. South of CCL HDI, although appearing to 

decrease inland near the centreline, increases further south. This suggests that factors 

other than the cyclone wind regime per se such as topography interacting with house 

and tree attributes, impacted on HDI. 
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6.3.4.3.2 Topographic variables and House damage and tree cover index 

relationship  

The role played by topography in HDI and TCI and the interaction assessed for land 

units associated land facet, further partitioned into elevation, slope, and associated 

aspect, influence  house development, tree growth and cyclone exposure of both.  

Land unit relationships 

A bar graph in Figure 6.37 shows the ranked mean HDI and accompanying mean 

TCI for land units shown. 

 

 

 

 

 

 

Figure 6.37 Land unit ranking for and mean HDI and associated TCI values  

 

HDI values were highest where not only housing frequency, but also TCI, were 

lowest on the plateau land unit 3 (a-e), decreasing in undulating, sloping terrain 

where frequency of houses was higher. The lower lying land units 6b and 9 had both 

lower HDI and TCI values. 
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Land facet relationship 

Figure 6.38 shows the general relationship between land facet and HDI and TCI for 

combined Darwin data supporting the inverse relationship. 

 

 

 

 

Figure 6.38 Relationship between land facets, and combined mean north and south 

HDI and TCI values (Note see Table 3. 5 Chapter 3 for land facet code) 

House Damage (HDI) values show a strong increase from low lying (ap) to plateau 

(sus) facets in the left hand graph, confirming the overall mean relationship on the 

right. TCI shows a weak decrease along this gradient, suggesting an inverse 

relationship. This cover trend is consistent with the trend in height and DBH for 

dicotyledon trees shown in the Darwin Botanic Gardens data. Both trends are similar 

to those for land units. HDI trends are also consistent with TDI increases (trees 

falling or inversely standing) emphasizing the role of slope-related cyclone exposure 

as a contributor to structural damage. 

Slope and contour effects on HDI 

The interaction between slope and elevation contour and HDI north and south of the 

cyclone centre line, based on least distance mean square  of HDI values for 

allotments within log slope and contour (AHD)  space  is shown in Figure 6.39. It 

illustrates that both north and south of the CCL,  at the lower elevation (lower relief 
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of undulating landscapes) HDI increases with increasing slope but at the higher 

elevation there is no clear trend, with slope both increased and decreased HDI values 

being evident. There is a saddle-like depression in HDI at the mid-elevation contour 

which varies little with slope, suggesting a higher protection in this mid-elevation 

part of the landscape. 

 

 

 

 

 

 

 

 

 

Figure 6.39 Least distance means square plot of HDI as a function of landscape 

elevation contour and slope (log percent) 

 

Relationships between pooled HDI and TCI along elevation gradient, binned into 

five categories, is shown in Figure 6.41A and slope binned into 6 categories in 

Figure 6.40B. 
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Figure 6.40 Relationship between pooled mean HDI and TCI and elevation contour (A) 

and actual landform slope (B) 

 

This supports the HDI increase with elevation reported for land facets.  TCI, apart 

from a slight increase at lower elevation, decreases, at higher elevation inversely to 

HDI. With increase slope HDI decreases and then increases. TCI again shows an 

inverse relationship. 

The more detailed relationship between HDI and three tree cover classes north (left) 

and south (RHS) of the CCL for elevation and slope (loge or ln transformed), and 

slope (loge or ln transformed), is shown in Figure 6.41. 

  

A B 



The ecology of Darwin cultivated arboreal communities 

 Page 451 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.41Relationship between HDI and tree cover classes and elevation contour 

position and ln.slope north and south of CCL 

Figure 6.41 indicates that the relationship between HDI and elevation is much 

stronger north than south of CCL. North of the CCL, mid-elevation positions showed 

a similar significant higher HDI response to low cover as the 4km isoband, with 

similar relational trends at lower and higher elevation. South of the CCL a similar 

Darwin South  

  

Darwin North  



Chapter 6: 

Page 452 

reverse relationship to between HDI and TCI exists with both higher HDI and TCI 

existing at lower elevation (near the coast) differences decreasing with elevation (and 

inland). It would appear that on more exposed up-slope sites in the north and down-

slope sites in the south, increased cover may have contributed to such house damage.  

The HDI-TCI relationships for elevation bear a strong relationship to those for the 

distance 1km isobands eastward from the coast, suggesting that elevation gradients 

had a controlling influence on this part of the spatial gradient. 

Although the differences between slope classes and HDI are not significant, except 

between extremes, there does appear to be an inverse trend between both. This 

decreases north of the CCL, where a significant negative PCC for relationship with 

log slope (r = -0.13, p = 0.00, 1122) is apparent. The relationship with slope appears 

to increase south of CCL, although the PCC is not significant. The combined data 

supports the inverse relationship between HDI and tree cover as a function of slope 

with intermediate slope angle being associated with the highest cover (possibly 

optimum depth and drainage) and also lowest house damage.  

Aspect relationship 

The general relationship between mean pooled Darwin HDI and TCI for four aspect 

classes is shown in Figure 6.42. 
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Figure 6.42 Relationship between mean HDI and TCI values for pooled aspect classes 

HDI has significantly lower values on north-east aspects than all other aspects, 

particularly north of the CCL. Results of one way ANOVA and post hc test indicates 

both north and south of the CCL aspect class 0-90 had marginally lower HDI than 

class 90-180 (p = 0.049) but significantly lower HDI than class 180-360 (p = 0.00). 

Aspect vector 90-180 had significantly lower HDI than 180-360 (p = 0.00), 

suggesting that west-facing aspects suffered more damage than east-facing aspects. 

This is consistent with wind directions accompanying the cyclone tract. 

Relationship between binned aspect classes (converted to cardinal direction 

nomenclature) and mean and sd of HDI, in relation to three TCI classes north and 

south of CCL is shown in Figure 6.43. 
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North of CCL South of CCL 

 

 

 

 

 

 

 

Figure 6.43 Relationship between mean (sd) HDI and TCI classes  in relation to aspect 

north and south of CCL 

 

6.3.5 Cultural factors influencing housing damage and tree cover 

Socio-cultural factors are defined here by suburb and the age of streets linked to 

suburb development, as well as allotment size and house ownership. 

Suburban HDI and TCI relationships 

Suburbs represent a composite of socio economic, cultural, age and location related 

developmental factors affecting cyclone vulnerability. Figure 6.44 show the 

relationship suburbs ranked for mean HDI (and associated TCI values). 
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Figure 6.44 Mean values of HDI and TCI ranked by Darwin suburb and TCI 

 

The ranked HDI values by suburbs are consistent with patterns of suburban 

development from north to south. Superimposing the suburban mean TCI values 

suggests that although there is some suburban variability, as HDI increases TCI 

decreases. 

The data confirms that, apart from Rapid Creek, the higher allotment tree cover 

occurs in the southern suburbs. This is further reflected in the age data which shows 

a progressive increase in allotment cover from 1952 except for the anomalous high 

cover in 1968 (6yr old) in the southern suburbs which may be an artefact of the 

method used. 

M
ea

n 
H

D
I 

an
d 

T
C

I

0.8

0.6

0.4

0.2

0.0

Suburb

W
an

gu
ri

N
ak

ar
a

W
ag

am
an

N
ig

ht
cl

if
f

C
oc

on
ut

 G
ro

ve

M
oi

l

A
la

w
a

M
ill

ne
r

R
ap

id
 C

re
ek

Fa
nn

ie
 B

ay

Ji
ng

ili

St
ua

rt
 P

ar
k

Pa
ra

p

L
ar

ra
ke

ya
h

ci
ty

L
ud

m
ill

a

N
ar

ro
w

s

HDI

TCI

Darwin Suburbs 



Chapter 6: 

Page 456 

6.3.5.1 Building construction type and material and cover 
influences in house damage  

The relationship between HDI mean and variance (95%cl) and house structure 

(elevated and built under (ELBU) elevated and open (ELV) and ground level (GL), is 

plotted in Figure 6.45 north and south of the cyclone centreline (CCL).  

A univariate ANOVA and Dunnett’s c test for difference in HDI scores for house 

structures and materials reveals a significant difference (P<0.05) between all house 

types and all materials except between fibro-cement, cement and others. 

 

 

 

 

 

 

Figure 6.45 Mean and standard deviation of HDI north and south of cyclone centreline 

as a function of house structure and house materials  

 

Tree cover house type and house damage relationships 

The mean and variance of HDI associated with normalised allotment percentage tree 

cover (Arcsine transformed) data binned into five cover classes (see methods) is 

plotted for three house types separately for house north and south of Darwin in 

Figure 6.46. 

North 

South 
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Figure 6.46 Mean and standard of HDI and their relationship to five TCI classes for 

three house structures North and South of the Cyclone Centre Line 

 

Inspection of Figure 6.47 indicates that for north Darwin, particularly for the more 

sensitive elevated houses, HDI decreases as TCI classes increase. PCC for the 

relationship between HDI and Arcsine cover% (TCI) is significant and negative for 

houses which were elevated (ELVT) (r = -0.15, p = 0.00, 1453 dof), elevated and 

built under (ELBU) (r = -0.20, p = 0.04, 100 dof) and ground level (GL)  

(r = -0.24, p = 0.00, 1551dof). The trend south Darwin is less clear but appears to be 

reversed showing a significant positive correlation, particularly for ELVTD houses (r 

= 0.71, p = 0.00, 736 dof) but not for ELBU and GL houses. 

The role of tree cover on debris penetration induced damage has also been assessed 

for material using PCC for relationship between HDI and Arcsine cover%. Results 

show, as in the case of house structure, a highly significant negative correlation (p = 

0.00) for all cladding types north of the CCL including brick (r = -0.20, 1813 dof), 

fibrocement (r = -0.22, 2598 dof) and others (r = -0.22, 182 dof). In other words, 
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increasing tree cover appears to offer protection to houses from flying debris. For 

fibro-cement/brick the relationship was of lower significance (r = 0.18, p = 0.02, 147 

dof). South of the CCL there were no significant correlations suggesting that tree 

cover has little impact although Figure 6.34 suggests increased damage with cover 

for ELVTD (largely fibro-cement houses). 

6.3.5.2 Allotment ownership HDI –TCI relationships  

The relationship between mean HDI and TCI for government, housing commission 

and private ownership categories for pooled Darwin data is shown in Figure 6.47. 

 

Figure 6.47 Relationship between  mean HDI, TCI and three owner/builder categories  

There is an inverse relationship between HDI (decreasing) and TCI (increasing) from 

Housing Commission to government and private houses. 

The relationship between mean and sd of HDI of and Arcsinh TCI in three classes 

and for pooled government (government, housing commission) and private house 

ownership categories north and south of CCL is shown in Figure 6.48. 
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For the government and private houses, TCI is significantly lower in the north than 

the south. The relationship between HDI and cover for pooled government house 

(including housing commission and private house, both north and south of cyclone 

centreline), show an increase in HDI accompanying a decrease in TCI. HDI also 

decreases with tree cover class for the combined government houses but only in 

private houses with very low cover. 

North of CCL South of CCL 

 

 

 

 

 

 

Figure 6.48 Relationship between mean (sd) HDI for Government and Private house 

ownership and tree cover class  

 

Allotment area affects on HDI and TCI 

Allotment area provides an indication of inter-building spacing or density, but also 

the socio-economic circumstances of owners and potential tree cover. Allotment area 

provides an indication of inter building spacing or density, but also the socio 
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economic circumstances of owners and potential tree cover. The general relationship 

between HDI, TCI and allotment area is shown in Figure 6.49. 

 

Figure 6.49 Mean HDI, TCI in relationship to allotment area for pooled Darwin data 

 

Indications are of a general increase in mean TCI, at least up to 2.4 ha, and a 

moderate decrease in HDI.  

The relationship between allotment area and mean and standard deviation of HDI for 

three TCI categories, north and south of CCL, is shown in Figure 6.50. Pearson’s 

Correlation Coefficient (PCC) for the relationship between TCI and HDI appears to 

be significant and negative for allotments in Darwin north of sizes 400sqm (r = -0.10, 

751 dof), 800 sqm (r = -0.14, 2531 dof) and 1200 sqm (r = -0.10, 1128). On the other 

hand, PCC is significantly positive for Darwin south for allotments of 800sqm (r = 

0.13, 667 dof) and 1200m (r = 0.11 486 dof). There is no significant correlation 

between TCI and HDI for allotments 2000 sq m or larger. 
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There appears to be a weak negative correlation between allotment size and HDI (r = 

-0,036, p = 004, 6336 dof) but the split by ownership shows that this trend is much 

stronger for government than private houses for which allotment size made little 

contribution to HDI. 

North of CCL South of CCL 

 

 

 

 

 

Figure 6.50 Relationship between mean and standard deviation of TCI (Arcsinh 

transformed) and HDI and allotment area for house ownership categories 

north and south of CCL 

 

Street age relationship 

Figure 6.51 shows the general relationship between house damage and estimated age, 

derived from street naming dates. 

PCC for the relationship between HDI and age shows a significant negative 

correlation. 
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(r = -0.23 p = 0.00, 6345 dof). South of CCL this is from 22 to 11 years and north of 

the CCL from 14 to 7 years, HDI appears to be a decrease from age 7 to younger. 

HDI increases north of CCL, a trend also shown from limited data south of CCL. 

PCC for the relationship between estimated age and both HDI and TCI shows a 

significant inverse correlation (r = -0.14, p = 0.00, 6345 dof) with some variability. 

A one-way ANOVA and Dunnett’s C shows that 3 to 6 years had significantly higher 

HDI values than all others (except age 14 and 30). Between clusters of 7-11 yrs and 

17-20 yrs there are no significant difference in HDI, but there is a significant 

difference between these two clusters. Also shown are houses of the same age having 

a higher HDI north than south of Darwin. 

 

Figure 6.51 HDI and estimate allotment age for suburbs north and south of CCL 

These age events appear to be linked to phases of construction, possibly reflecting 

changes in building standards. Significant development in Darwin only commenced 

after 1944, increasing rapidly in 1952 and again from 1968. This development 



The ecology of Darwin cultivated arboreal communities 

 Page 463 

pattern gave rise to older suburbs and houses with larger trees in the south, and 

newer suburbs and houses with smaller trees in the north, with age also decreasing 

from the coast inland. 

6.3.6 Estimates of cyclone Tracy wind velocity pattern for house 
damage 

Bearing in mind the complex landscape factors influencing housing damage, there is 

broad relationship between wind impact velocities. This can also be extended to an 

understanding of the potential tree damage pattern, particularly where it is linked to 

estimates derived at the DBG. Figure 6.52 shows the least mean square estimates of 

wind velocity distribution (contributing to house and tree damage) derived for the 

relationship between HDI for different house types and the wind velocity derived 

from the Walker report (1975) and applying this to the damage data from the DRC 

survey. 

The maximum impact wind velocity occurred at the estimated eyewall zone north of 

the cyclone and appears to be about 65m/sec. South of the cyclone, the maximum 

winds appear to have been close to the centre line and along the coast and where the 

DBG is located and were in the order of 45-55 m/sec. This accords with estimates 

derived from tree damage data at the DBG for this location. It is also consistent with 

estimates derived from Walker team shown in Figure 1.1 in Chapter 1. 
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Figure 6.52 Derived impact velocity of Cyclone Tracy winds north and south of CCL 

based on house damage indicators 
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6.4 Synthesis and Discussion 

This study has assessed the structural states of trees and houses in Darwin’s northern 

and southern suburbs. Coincidentally, the east-west path of Tropical Cyclone Tracy 

(the Cyclone Centre Line) bisected Darwin broadly along the boundary between 

northern and southern suburbs. This study has analysed damage caused by TC Tracy 

to houses and trees north and south of the CCL, with additional tree data provided by 

the Darwin Botanic Gardens (DBG) in the south.  It identified a number of 

morphological, spatial, temporal, topographic and cultural regulators of houses and 

trees and how they were affected by TC Tracy. 

6.4.1 Tree growth and carbon storage 

Community tree cover, a function of both tree size and tree density, assessed for 

suburban gardens prior to the cyclone, was highly skewed towards the lower cover 

class with a median of 5% and a mean of 30%. This mean was at the lower end of the 

range of pre-urbanisation natural savanna communities. This cover is based on whole 

allotments area, which includes houses and other structures as well as paving which 

reduced the available land for trees by about 50-60%, so that the cover per unit 

garden area would have been higher. No tree cover estimates were undertaken for the 

Darwin Botanic Gardens. Here the slightly skewed height distribution of planted 

trees was at the low end of the range of the pre-existing SWL trees. The strongly 

skewed diameter distribution had median and mean values much higher than that of 

SWL and even MRF, probably due to dry season irrigation and wider tree spacing.  

The low height measurement may be an artifact of lower tree density reducing 

competition for light in DBG (and hence phototropism driving height growth) 

compared with SWL or MRF trees. Alternatively, post-cyclone assessments may 



Chapter 6: 

Page 466 

have introduced some measurement error, although such measurement was 

consistent across dicotyledon and palm species, which suggests that the measurement 

procedure was robust. Diameter was significantly lower in palms, consistent with 

differences in anatomical development discussed in Appendix 1.4.2. 

Mean taper values in DBG were much lower, also indicative of wider spacing. The 

rate variable for height vs diameter is fairly consistent across dicotyledon species and 

similar to that derived for young plantations and predominant adult and mean values 

of all six year old T.grandis plantation trees in Chapter 5. This generally supports the 

robustness of this measurement. 

6.4.2 Cyclone damage 

6.4.2.1 Inherent differences in damage 

Buildings and trees immersed within the shearing layers of roughness are subject to 

turbulent air flow effects contributing to higher top loading, which varies with height 

above the roughness surface relative to height. These forces on various structural 

elements of these objects, be they tree canopies or roofs, combined with internal 

pressure in the case of houses, interact to influence structural damage. The 

interaction between the various determinants of tree and house states, and subsequent 

cyclone damage, is complex, although some patterns have emerged from this study. 

Ranking of post-cyclone tree states by species shows some consistency across the 

criteria used, substantiated in the whole of Darwin and DBG subset evaluation. There 

was no clear distinction between species’ origins and their overall ranking, although 

lower rates of defoliation, uprooting and overall sensitivity scores were evident in 
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species local to the monsoonal Northern Territory (MNT), particularly when 

compared with exotic trees. This may be partially due to the possibility that these 

were uncleared remnants, although this assumption is only supported by anecdotal 

information. 

6.4.2.2 Morphological influences 

The DBG data, although showing increased sensitivity to cyclone damage of bigger 

trees, showed more complex responses when damage attributes are assessed 

separately. Palms also responded differently from dicotyledonous species, which is 

not surprising for these morphologically as well as anatomically contrasting groups 

of species. Similar morphological and structural differences exist between elevated 

fibro-cement and ground level brick houses, which also displayed significant 

differences in their cyclone response. Holmes (2001) attributes such differences to 

their location with respect to the aerodynamic roughness layer, the significance of 

roof loading, and their sensitivity to roof geometry and internal space. These factors 

in turn influence the interaction between internal and external pressure. 

House damage patterns appear to increase with the height of the house, but also the 

nature of house design and the cladding material.  For taller houses, particularly on 

the windward faces and edges of the sidewalls, “trailing” vortices contribute to 

suction. These dominate underneath eaves and gable end overhangs, amplifying 

pressure patterns, particularly on the windward faces, and increasing suction on the 

windward edges of the sidewalls (Holmes 2001). 

Similar aerodynamic, mainly external, forces influence trees. Dicotyledons show an 

overall sensitivity to cyclones that increases with height. The proportion of trees 
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standing post-cyclone appears to decrease with height (and diameter) for this 

subclass.  Palms appear to increase in sensitivity with increasing diameter, with the 

proportion of trees standing post-cyclone being inversely proportional to both 

diameter and height. Defoliation and disbranching also increased with height and 

diameter in dicotyledon trees, but appeared to decrease for palms although less 

markedly. 

It would appear that different wind loading on tree canopies, their shape and density, 

including leaf persistence, together with differences in rooting characteristics 

identified in Chapter 4, play a role in influencing different cyclone responses. 

Although roots were not evaluated here, there was evidence of higher root failure on 

shallower upslope soils by dicotyledon trees than experienced by adventitious 

rooting in palms.  Palms however may have been more sensitive to wetter, lower 

slope soils where root failure was greater. 

6.4.2.3 Influences of building materials 

Resistance of houses to wind-related forces is also a function of the nature of 

cladding material, internal structural members, windows and other modular units 

(Minor, 1978). Cladding damage to houses occurs where the magnitude of local 

pressures, which can act over small areas of cladding, are amplified (Holmes, 1978b). 

This occurs by repetitive loading due to suction pressures, in a reattaching shear 

layer (Minor (1978), causing fatigue failure as determined by the Modulus of 

Elasticity (MoE and Modulus of Rupture (MoR). Resonant dynamic effects (i.e. 

inertia loading), associated with pressure/cladding interaction mechanics are such 

that dynamic amplification normally does not occur with low buildings, but may be 
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more critical for taller, elevated buildings. As emphasised by Holmes (2001), debris 

penetration of cladding is the primary mechanisms by which internal pressure is 

rapidly increased. The properties of cladding therefore play an important role in 

providing structural integrity to such houses. Brick houses showed significantly less 

damage than fibro-cement in this and other studies. Typical of prevailing Darwin 

building practice in the early 1970s, elevated houses showing the most damage also 

tended to have more vulnerable cladding. 

6.4.2.4 Influences of plant phylogeny on structural properties of 
trees 

Meristematic vascular cambium in angiosperm species gives rise to xylem vessels, 

libriform fibres and fibre tracheids. Gymnosperms, with a longer evolutionary 

history, have more primitive anatomy of tracheids with longer fibre tracheids 

appearing particularly in latewood together with various parenchyma cells also give 

rise to softwood. These trees have secondary cell wall polymers more evident in 

latewood and heartwood than the earlywood and sapwood of dicotyledonous trees, 

thus increasing their rigidity. Reaction wood, involving asymmetric cell development 

and lignifications to counter the effects of tree leaning, develops in dicotyledons. The 

same phenomenon is called tension wood in angiosperms and compression wood in 

coniferous trees. Vessel narrowing to maintain water potential is more prominent in 

evergreen hardwood species in MNT than deciduous lightwood and softwood species. 

Palms grow in diameter largely through cell expansion rather than division. Vascular 

bundles, with met xylem tracery elements, are embedded in compacted parenchyma 

ground tissue with intercellular spaces. Vascular bundles, initially congested, become 
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more diffusely distributed in ground tissue. Reaction wood does not develop in palms, 

which explains in part their greater flexing ability (Tomlinson 1990, Winter 1996). 

Structurally meaningful mechanical properties of wood anatomy includes modulus of 

elasticity (MoE), a measure of internal resistance or stiffness, and modulus of rupture 

(MoR) a measure of maximum compressive or tensile stress in fibre at fracture or 

strength at which stems fails under bending (McMahon 1975). Both MoE and MoR 

vary as a direct function of density (D) and for the wood of conventional trees 

changes little with age so that these mechanical properties can be discussed in a 

fairly uncomplicated way. Assuming that cell wall elastic modulus and density are 

constant and using linear regression on logarithmically transformed data, the 

relationship between MoR and MoE can be expressed in general terms as:  

MoE or MOR = k (D)
 a  

Eqn 1 

 
where k and a are both constants 

Wood density values listed by Pearson et al. (1962) for eucalypts range from 1 to 1.3 

grams per cubic centimetre (g/cc), dry rainforest species 0.94 to 0.99 g/cc, softwood 

0.88 g/cc. In dicotyledonous trees, wood density, with accompanying reduction in 

conducting cells, increases with age and heartwood development. 

In palms, density is reported to increase from the periphery (wet 1.3 g/cc sapwood) 

to the centre (wet 0.01 to 0.03 g/cc heartwood) and also with height up the tree (Rich 

1987, Tomlinson 1990) increasing with age. 

The MoE and MoR of trees and their relationship to density were not evaluated in 

this study although a number of studies have established links between these 
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mechanical/anatomical tree attributes and stem failure (Putz et al. 1983, Asner and 

Goldstein 1997, Curran et al. 2008a, 2008b). Based on density-MoE relationship 

described by Mettem (1986), K.senegalensis (8000N/mm
2
 (or 8GN/m

2
) and 

T.grandis 10,000 N/mm
2
 (or 10GN/m

2
) are at the bottom of the range, possibly 

explaining their apparent higher vulnerability rating. 

Palms increase in density with increasing age more so than dicotyledons, which 

affects their relative MoE and MoR and behaviour in cyclones. For palms, the value 

for MoE k is 10.6 and the exponent "a" is 2.46 and for MoR k = 8.36 and a = 1.69. 

Palms have the ability of fibres to change at least their transverse dimension, and 

deposit additional wall strengthening material. This increases the density and rigidity 

of the tree axis with age without necessarily changing the form of the trunk. 

For East Asian dicotyledons (based on 18% MC) for MoE k is 26.6 and "a" is 0.91 

and MoR k = 0.08 and a 0.11 a much lower value. The combination of density and 

associated MoR with increased taper may also explain the observed increase in trunk 

breakage in palms associated with decreasing resilience with age. This also makes 

trees more vulnerable to root failure. 

6.4.3 Landscape environmental factors influencing tree 
morphology, houses and cyclone damage 

6.4.3.1 Tree cover distribution 

The study has identified age rather than density-related spatial variability in Darwin 

tree cover, which decreased from south to north and inland from west to east. This is 

consistent with the pattern of Darwin urbanisation, with the older suburbs beginning 

in the south, then development extending northward along the coast, then inland. 
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Spatial cyclone factors contributing to house damage have no doubt had a bearing on 

potential tree damage. Wind direction and estimated wind speed information derived 

for DBG are consistent with wind impact velocity data derived from house damage 

patterns. They are also consistent with anticipated wind direction associated with the 

cyclone path wind field shifting from northerly to southerly with the passage of the 

cyclone, but with a westerly (of sea) domination in the north and easterly (of land) 

domination in the south. This was reflected in the tree fall direction data. House 

damage and tree damage was shown to be much less south of the cyclone centreline 

relative to the north. This was evident in the more sensitive elevated and fibro houses 

in northern suburbs suffering greater damage, supporting the findings of Walker 

(1975) and Cameron at el. (1983). The eye wall radius of maximum winds (5-6km) is 

also consistent with HDI pattern. The wind regime impacting on houses within and 

outside the eye wall zone is more complex. Data in this study shows that both north 

and south of the CCL, HDI trends showed an increase with distance from the CCL, a 

correlation that is significant in the north and weaker to the south.  This trend has 

some similarity to radial wind velocity trends, from the eye centre towards the eye 

wall, then declining outside the eye wall. Although such a damage trend may equally 

have been the result of other regulating factors across this gradient, such as changes 

in the quality of dwelling construction. 

6.4.3.2 Topographic influences 

Landforms are known have varying moderating effects on wind. The Walker et al 

(1983) report identified that terrain factors north and south of the cyclone centreline 

may have played a role that was not fully explained. According to Reardon (1978), 

structures located on the crest of hills can be expected to experience wind speed 
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increases in the order of 20% to 50% depending upon the extent and slope of the hill.  

For small hills and rises or depressions, typifying the Darwin landscape during TC 

Tracy, topographic barriers of 3-6m may have served to reduce wind impact (Walker 

1975). 

The highest frequency of Darwin houses at the time of TC Tracy occur on sloping 

land units (units 2 and 4). There is also an apparent decrease in tree cover up slope 

with land facets which is consistent with a decrease in tree height in DBG trees. The 

Tree Cover Index (TCI) is however highest in mid-slope north of CCL. Slope 

influences vary with aspect, with north-facing aspects having low HDI, whereas 

house damage was significantly higher on south-east and west facing aspects south 

of the CCL. Increases in slope in the south appear to be indicative of possibly more 

wind exposure damage. In this study, topography has also been shown to override 

tree morphology as a regulator of damage.  Dicotyledon root failure increased with 

upslope location, although palms showed the reverse response. Highest HDI also 

occur on these more exposed plateau land units (3) such damage increasing with 

upslope location. As slope angle (related to elevation in this landscape) increases, 

there is a trend of decreasing HDI north of the CCL, but not to the south, where it is 

not highly significant if not reversed.  Trunk breakage in dicotyledon trees on the 

other hand was greater mid-slope (west-facing) possibly influenced by a combination 

of more favourable rooting environments and tree anchorage. Greater wind exposure 

to both down slope (easterly) and cross slope (southerly) winds have also been 

associated with mid slope locations. 
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6.4.3.3 The interactive role of tree cover and landscape attributes 
on house damage 

The study has identified both inverse and direct relationships between TCI and HDI. 

The interactions between houses and tree cover during cyclones are not simple. They 

are complicated by interacting spatial, topographic and cultural landscape factors as 

explored in this study. Both north-south and west-east trends for tree cover show an 

inverse pattern to that of house damage for open elevated house and, less 

significantly, for elevated built under and ground level houses for the northern sector 

of Darwin, where winds were stronger. In the northern suburbs, high tree cover 

tended to mitigate damage to houses during Cyclone Tracy. 

South of the Cyclone Centre Line (CCL) however, damage to elevated (open) houses 

showed a significant positive correlation with cover.  It is possible, but counter-

intuitive, that the younger, smaller trees exposed to the northern sector wind regime 

provided more protection against stronger winds, whereas older taller trees in the 

south sector performed less well under a weaker wind regime. It would appear that 

such composite wind regime had different net effects on house damage and that such 

damage patterns were further distorted by differences in topography. The relationship 

between HDI and TCI and elevation suggests that north of the CCL on the more 

protected mid-slopes, low cover classes are linked to high HDI, so a combination of 

slope and cover may have provided some house protection. At higher, more exposed 

elevations in the south, HDI is associated with higher tree cover. One possible 

explanation for this is that the trees that do grow larger here may be both more 

exposed and unstable due to shallow rooting, and therefore more likely to inflict 

damage to houses.  This is consistent with the tree fall direction in the DBG in 

Chapter 5, which had a strong south and east component. 
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The inverse relationship between TCI and HDI has also been demonstrated in the 3-

D of slope- and elevation contour plots. Overall, all intermediate slope angles appear 

to favour not only higher TCI but also lower HDI.  The aspect effects on exposure to 

both prevailing and cyclonic on-shore winds have been shown to play a role in 

damage. Although both north and south winds from the moving cyclone influence 

HDI, in the north greater upslope exposure to on-shore westerly winds contributed to 

increase upslope damage where tree cover is less. In the south, exposed west-facing 

slopes have high TCI of more vulnerable taller trees (see Chapter 5), and associated 

high HDI. The difference between cover classes decreases with elevation. Low 

elevation sites closer to the coast are more exposed to downslope-accelerated south-

easterly winds, possibly contributing to a more severe cumulative wind regime 

affecting taller more vulnerable trees more than would be the case further inland. 

6.4.4 Cultural factors and tree cover influences 

6.4.4.1 Suburb age and tree cover relationships 

House construction and tree planting and subsequent growth followed similar 

temporal patterns in Darwin. Tree cover decreases while house damage decreases 

(trees provide a protective service) and then increases (trees are a hazard) over the 

same time period. The history of forces influencing fatigue in house building 

materials, coupled with lack of maintenance or improvement in building and 

construction standards, would in theory suggest that older houses would suffer 

greater damage. This is evident in suburbs established up to 1967/8, but does not 

explain the subsequent reversing trend. The explosion in house building activity to 

service a rapidly expanding population may have been accompanied by a 

deterioration in building quality for some of the reasons identified in the Walker 
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(1975) report. For houses, changes in construction standards and building material 

quality as well as supervision, may have offset ageing building materials influencing 

elasticity and fatigue in house material such as cladding, coupled with lack of 

maintenance. 

6.4.4.2 Allotment area-house spacing effects 

Spaces around and between houses in cyclone-affected suburbs have different, often 

conflicting effects on damage. The Walker (1975) report suggested that brick houses, 

mixed among elevated houses may have provided some mutual protection. Building 

height/spacing ratio or house density is also considered a major parameter in 

shielding houses (Lee and Soliman 1977, Hussain and Lee 1980, Holmes 1994) 

Similarly, wind tunnel studies on flat-roofed, randomly-clustered buildings (Ho and 

Davenport 1990, Ho et al. 1991) have shown that the mean component of wind loads 

decreases and the fluctuating component increases with house density, resulting in a 

less distinct variation in peak wind loads with direction. Expected peak loads were 

therefore lower for buildings in clusters but the coefficient of variation of wind loads 

was found to be higher due to location factors.  For isolated buildings, such variation 

was found to be due to wind direction alone (Holmes 2001). The relevance of such 

observations to cyclonic winds is debatable although it does provide some insights 

into factors associated with allotment area and associated house density. In this study, 

where allotment area increased so did tree cover per allotment. In larger allotments 

with higher tree cover HDI also decreased, particularly for more vulnerable 

government houses north of Darwin. This supports the hypothesis that adequate areas 

with tree cover surrounding the house may have enhanced protection in a similar way 

to dense housing development. In the south however there was little change. 
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6.4.4.3 Allotment ownership/tenure relationships on trees and 
house 

Human influences on house and garden design, construction and maintenance as well 

as tree planting all contribute to cyclone vulnerability. There is no doubt that cultural 

practices such as irrigation and fertilisation have influenced the vulnerability of trees 

to TC Tracy, where taller trees generally appear to have been more sensitive. This 

applies particularly to trees with high taper, indicative of artificially accelerated 

growth. The contribution that nutrients and soil moisture distribution (both from 

rainfall and irrigation) make to tree stability in cyclones needs further assessment. 

Of the government houses, the Walker study (1975) noted that Housing Commission 

houses appeared from general inspection to have fared somewhat better than 

departmental ones. In this study, government and Housing Commission houses 

within suburbs were found to have significantly higher HDI values and lower TCI 

values than private houses. There were also significant differences between house 

ownership as well as time of construction against HDI. This could be explained by 

variability in the quality of design and construction influencing vulnerability.  For 

example, there were a greater number of more vulnerable hipped roofs amongst 

Housing Commission houses.  It also appeared that earlier brick houses with 

substantial bond-beams also performed well. 

It was also noted that later houses were built to a lower structural standard (with 

brick end walls only) and more vulnerable roof design and behaved accordingly 

during TC Tracy. There was also some criticism regarding the complacency of both 

home owners and governments in the implementation of precautions to buffer against 

the effects of cyclones. The Walker report also said that detailed supervision of 
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construction was not practicable in Darwin and that reliance on contractors and their 

tradesmen, often uncertified, was normal practice, indicating that quality control may 

have been problematic. Similar criticisms can also be levelled in relation to all 

aspects of tree cultivation and maintenance around houses. Both issues need to be 

dealt with if cyclone hazards are to be minimised and arboreal services optimised. 
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Chapter 7 Integration, discussion, conclusion and 

recommendation 

7.1 Introduction 

This thesis integrates complex information from atmospheric and earth science with 

natural ecological and various human sciences, to analyse the drivers and regulators 

of carbon accumulation and cyclone impact potential, among natural and cultivated 

tree communities. In analysing cyclone impacts using data from Tropical Cyclone 

Tracy in Darwin in 1974, it also examines the interactions between trees and houses. 

This has led to the emergence of new information and hypotheses, regarding the 

relationship between these spheres of influence and their relationship to carbon 

accumulation and cyclone impacts. 

The study has explored temporal and spatial relationships between these drivers and 

regulators of carbon assimilation and accumulation in tree carbon biomass, measured 

as responses to tree morphological and community structural indicators, or scalars. 

These have been assessed across a spectrum of arboreal ecosystems ranging from 

naturally evolved (with minimal human impact) (NEC) to cultivated (CC) the 

findings of which are integrated in this chapter. 

The study has questioned the relative adaptive capacity of tree species within this 

ecosystem spectrum to cope with anthropogenic influences, while providing arboreal 

services to deal with adverse change, particularly solar energy fluxes, and the 

associated hydrological and biochemical cycles that affect carbon capture in 

photosynthesis, and the cyclones and interrelated fire disturbance regimes that 

influence tree destruction and carbon release. 
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7.1.1 Composition of communities assessed for comparative 
analysis 

The study has synthesised and compared existing information from studies covering 

a range of naturally evolved communities (NEC), and cultivated plantations and 

orchards (CC), across Monsoonal Northern Territory (MNT) landscapes. It also 

considers fragmented NEC, interspersed with amenity plantings in Darwin with a 

focus on CC plantings in Darwin Botanic Gardens and suburban gardens, pre 

Tropical Cyclone Tracy. 

The NEC identified ranged from “patches” of monsoon rainforest (MRF) to a matrix 

dominated by savanna woodland (SWL) and open forest (OF) communities. 

Monsoon rainforest, generally free of fire but not wind disturbance, comprised at 

least 100 hardwood and softwood angiosperm, and some palm, species, (Table 1 

Appendix 4.2) 36 of which were assessed for damage by TC Tracy. Less diverse 

SWL and OF communities comprised about 46 arboreal species. Of the tree species, 

21 were assessed collectively.  Five Eucalyptus spp and Corymbia sp., dominated by 

E.tetrodonta and E.miniata, as well as six subdominant non eucalypts, particularly 

E.chlorostachys and T.ferdinandiana (Table 1 Appendix 4.2) were assessed 

individually across a range of overstory and understory life forms. Other understory 

trees, shrubs and various annual and perennial grass species were also recognised as 

having varying responses to disturbances from fire, storms, and grazing pressure, but 

were not identified individually. 

The cultivated arboreal ecosystems of introduced species, maintained by varying 

degrees of irrigation and understory ground cover control, ranged from ordered, 
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randomised, block-designed plantations of single species, at fixed initial spacing to 

unordered amenity plantings.   

Plantations ranging from 2-6yrs, comprised separate trials of six exotic and 18 native 

Australian species, located in 18 sites across MNT (Table 5.1 and 5.2); seven species 

native to Australia (Table 5.5); and one native and two exotic species (Table 5.4) 

located between Darwin and Katherine. These were assessed for early growth rates in 

relation to genetic and environmental influences. Adult plantations of two of the 

most vigorous exotic species in this trial, Kaya senegalensis (African Mahogany 

29yrs, 8 provenances) and Tectona grandis (Teak at 6 and 21yrs, 9 provenances), 

complemented by yield table data for the latter species in Trinidad, were also 

assessed for species and provenance influences on carbon accumulation (Table 5.8), 

particularly relative to the NEC communities they displaced.  

 In addition, eight varieties of four orchard tree species, in widely spaced (9m by 9m) 

planting in both MNT and North Queensland, were assessed to determine the 

influence of Dry Season irrigated water use on carbon accumulation, simulating 

urban parks and garden conditions. 

Finally, an assessment was made of Darwin urban trees, collectively 109 cultivated 

dicotyledonous and twelve monocotyledonous, mainly palm species, in open parks.  

Of these, twenty dicotyledon and six palm species were assessed in detail, together 

with urban garden plantings comprising 46 tree species, of which 28 were cultivated 

and the remainder were remnant natives, intermixed with houses. No information 

existed on the proportions within housing allotment boundaries. 

This thesis explores the interactions between several complex phenomena: 
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The adaptive response (spatial and temporal variability in relative species and life-

form frequency and vigour) of NEC species to climatic and edaphic landscape 

gradients of essential resources for carbon assimilation (growth); 

Inter- and intra-specific and life form competition for these resources; 

The influence of human management including fertilisation and dry season 

irrigation; and 

Episodic disturbance by fire and cyclones. 

Complex interactions were identified between species, genotypes and atmospheric 

and geospheric processes, and how those in turn influence the rate of carbon 

assimilation and photosynthetic conversion into carbohydrate sugars, starches and 

cellulose hydrocarbon and other products, and finally tree morphology and growth. 

For cultivated species, the role of genetic selection, landscape placement and 

subsequent management, including fire preclusion, have been shown to play an 

additional, and often more dominant ecological role. 

The study has integrated information from both natural and cultivated species groups 

to assess the emergence of new information regarding the ecology of the arboreal 

carbon cycle and the relationships this has with cyclone disturbances — both in 

terms of direct impacts and recovery processes.  Particular attention has been given 

to the cyclone performance of trees in the built environment (specifically in relation 

to houses) and what this means for the design and management of urban forests and 

their associated arboreal services in a changing climate. 
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7.1.2 Comments on statistics 

This Meta study has been partly inductive — generating hypotheses requiring further 

testing, and partly deductive — where existing theories have been tested. Some of 

the data used were disordered, nominal, categorical and binary, and were represented 

graphically and analysed using non-parametric statistics. Other data were ordered, 

ordinal or multistate without fixed distances and assessed using parametric statistics. 

Where continuous, interval or ratio data was used, incorporating distance information, 

these were represented in histograms or were converted to normalise probability 

curves with normality tested using a p-p plot. Where required, these were logarithmic 

or arcsinh transformed to remove the relationship between mean and variance or 

stabilize the variance. This also provided a mean and standard deviation, for which 

differences were assessed using parametric two way t test or ANOVA. 

For data with spatial and temporal concurrence and contiguity, correlation, 

regression, and autocorrelation analyses methods were used. For ranked data, with 

non-distance responses, non-parametric data correlation statistics were applied to test 

for multidimensional similarity. Here ranking was based on non-parametric 

multidimensional scaling techniques. Where such relationships involved two 

independent variables, they were assessed using least distance mean square 3D 

ordination techniques. 

These statistical tests, geared towards prediction of outcomes, were based on 

Popperian falsification of hypothesis and theories (Popper 1968, 1972) that a 

measured landscape pattern, or temporal relationship, does not exceed some 

threshold of a known probability distribution, called the null hypothesis. The 

concepts of Type I and II error were relevant to interpreting such statistical results 
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(Neyman and Pearson 1928, Neyman and Pearson 1933). Type I error occurs where 

Null hypothesis is rejected, or declared significantly different but it is true (alpha). A 

non-significant result does not mean that the hypothesis tested was true or that an 

alternative hypothesis is true, but that judgement should be reserved (Quinn and 

Keogh 2002) until further information is gathered — a process which hopefully 

follows on from this thesis. 

Errors in this study may have resulted from underestimated variance and 

overestimated degrees of freedom. These are generally associated with simultaneous, 

multiple comparison tests which were avoided in this study. Type II errors were 

likely to occur when the null hypothesis from such an analysis was accepted but was 

false (beta). This may have applied to some of the correlations which were not 

causally related. Causes or “attribution”, defined as the process of establishing the 

most likely cause for the detected change, with some defined level of confidence 

(particularly isolating internal from external causes), although ideal, and attempted in 

this study, is problematic. This requires constant adaptive adjustment to changing 

scenarios, and ongoing analysis. 

The probability of type II error depends on how different the effects are in relation to 

the variability within effects (coefficient of variance), recognising that the standard 

deviation of the mean increases with sample size (dof), which was often the case. It 

is recognised in particular that the time trend climate analysis undertaken in this 

study, although significant, has high variability, reflected in the generally low 

regression coefficient (r
2
). This poses a high risk of Type II errors in interpretation. It 

needs also to be remembered that such climate change scenarios, based on defined 

statistical parameters, are only valid where the likelihood of occurrence by random 
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chance alone is small.  This is unlikely to apply to the complex and chaotic 

interacting atmospheric circulation systems impinging on Darwin, assessed in this 

study, irrespective of the problems associated with reliability of climatic records used. 

Such complexity and uncertainty is amplified when combined other environmental, 

biological and human “spheres of influences” impinging on the carbon cycle and 

linked cyclone disturbance. 

The state of the science involved with modelling tropical cyclone in particular 

remains poor because of their relatively small extent and intense nature. Natural 

variability is also very large, so small trends are likely to be lost in the noise. Neither 

ocean interactions with the atmosphere nor change in the upper atmosphere are well 

treated in most models, which can only be enhanced by increased research. 

Type II errors may also affect the use of the large tree cover and house damage data 

sets.  The risk of this has been minimised by using two-tailed rather than one-tailed 

tests in ANOVA and by cautious interpretation, particularly drawing on related 

information from multiple sources to verify observations.  Errors can only be reduced 

by further research when opportunities arise. 

7.2 Comparative analysis of stand structural attributes 

Table 7.1 overleaf summarises mean values for a number of above-ground stand 

attributes, bearing on carbon stock and accumulation rates, for the range of natural 

and cultivated communities (NEC and CC) assessed in this study. 
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Table 7.1 Comparative summary of mean community attributes for naturally evolved 

and cultivated arboreal communities 

Site 

A
g

e 
/ S

iz
e 

cl
as

s 

T
o

ta
l d

en
si

ty
 (

n
o

 h
a-

1 )
 

M
ea

n
 D

B
H

  (
cm

) 

P
re

d
o

m
in

an
t 

h
ei

g
h

t 
(m

) 

M
ea

n
 b

as
al

  a
re

a 
(m

2  
h

a-
1 )

 

T
ap

er
 (

H
/D

B
H

) 

A
b

o
ve

 g
ro

u
n

d
 

C
ar

b
o

n
 s

to
ck

 (
t 

h
a-

1  
) 

M
ea

n
 D

B
H

  a
n

n
u

al
 

in
cr

em
en

t 
 (

cm
 y

r-
1 )

 

A
n

n
u

al
  C

ar
b

o
n

 In
cr

em
en

t 

(t
 C

 h
a-

1  
yr

-1
} 

Naturally evolved  PAI * Low High 

Katherine  J/S 
A 

nd 
5.5 

34.1 
5 

14 
 

(5.8) 
1.0 
0.5 

 nd   

SWLBerry Springs J/S 
A 

2625   
 

15 
 

(13.0) 
nd  

0.05e  
0.25ne 

  

SWL Kapalga J/S 
A 

912 
90 

4.4 
30.4 

 
13 

1.4 
9.1 

nd 
27 
55 

0.17e 
0.13ne 

0.83 2.49 

SWL dry MNT J/S 
A 

1330 
90 

2.7 
31.4 

 
13 

3.8 
9.5 

nd 58-112 nd 1.40 3.61 

SWL wet MNT J/S 
A 

1350 
100 

4.9 
31.7 

 
13 

4.6 
10.4 

nd 64-129 nd 1.59 3.86 

OF Humpty Doo J/S 
A 

547 
103 

5.5 
19.7  

5 
15 

1.3  
10.2 

0.9 
0.6 

38 
-60 

nd 1.26 3.11 

OF Howard Springs  414 
106 

10.0 
28.1 

 
15 

4.0 
6.9 

nd 
38 

-60 
nd 1.26 3.11 

OF Berry Springs J/S 
A 

3115   
 

16 
 

(16.5) 
nd (57-93) 

0.20 
0.25 ne 

  

MRF dry MNT J/S 
A 

2570 
  150 

  4.1 
27.3 

 
11 

6.2 
11.6 

nd 71-125 
0.89 

 
2.01 5.11 

MRF wet MNT J/S 
A 

2400 
   

330 

  5.2 
28.1 

 
23 

10.1 
27.2 

nd 162-317 nd 3.73 10.15 

Cultivated 

Plantations 
Young 6yrsMNT 

J/S 367 
-869  

10.7 7 
0.49-
6.03 

0.67 
0.85 

 1.5-2.5   

Adult .T.grandis 
Humpty Doo 6yrs 
                     21yrs 

 
J/S 
A 

 
 

957  

 
9.1 

20.1 

 
8 

19 

 
 

24.7 

 
0.77 
0.75 

 
5.9 

90.4 

 
1.75 

0.6  
2.4 4.6 

K.senegalensis   
Gunn Point (29yrs)  

A 
1020 24.7  14 27.5  0.52 71.1  0.6 2.9 4.4 

Orchards <8yrs 
                        >8yrs 

J/S 
124 

10.8 
24.8 

nd 
1.1 

 5.9 
nd  

2.5  
0. 5  

1.9 2.5 

Darwin Botanic 
Gardens 

 
Nd 49.5 9  0.27  nd   

pr is predominant trees  J/S  Juvenile /Sapling, A adults;  

(  ) for basal area indicates total community estimates from literature.  

Annual increment, p is periodic and m is mean; e -Eucalyptus sp, ne- non eucalyptus sp* 

combined ages 



Integration, discussion, conclusion and recommendation 

 Page 487 

7.2.1 Stand cover, density and basal area 

The density of juvenile and sapling phases of trees and associated basal area, 

increased from SWL to MRF.  The range was comparable to similar aged young 

plantations. The proportion of adults followed a similar trend, being higher in 

undisturbed than disturbed ecosystems. 

Tree cover described for Australian communities (Specht and Specht 1999) is a 

function of stand tree density and basal area, as well as age/size class distribution.  

This ranged from 25-35% for SWL/OF, equivalent to a leaf area index (LAI) of 

about 1, to 60-70% for MRF, equivalent to a LAI of a about 4-5, with an 

accompanying increase in tree density and basal area. 

Suburban allotment tree cover prior to TC Tracy showed a highly skewed 

distribution (Fig 6.9) peaking at 0-5% (minimal tree cover) with a long tail down to 

60% of mainly old and large trees.  Median values in the older suburbs ranged from 

30 to 35%, which was similar to the savanna woodland (SWL) communities that 

were in these areas prior to the establishment of Darwin and subsequent urbanisation. 

In the newer suburbs established just prior to the cyclone, tree cover was typically 

around 10%.  Tree cover increased with suburb age, allotment area and land tenure, 

from housing commission through government to private ownership. 

7.2.2 Predominant Height and mean diameter and frequency 
distribution and carbon stock 

Mean Diameter 

The scalar DBH (diameter at breast height [1.3m]) used in this study for 

biomass/carbon stock and cyclone vulnerability was mainly age-related for 
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plantations and orchards.  This was probably also the case for natural remnant 

communities (NEC) although no age data exist for these communities.  In both cases, 

particularly for mixed species communities, inherent vigour, influenced by 

environmental factors and competition, also had an influence, creating some 

interpretation difficulties. 

DBH class frequency distribution for NEC (Fig 4.6 and 4.7) fitted a highly skewed 

negative power function decay model, with varying rate parameters, indicative of 

recruitment history from fire disturbance  (Melillo et al. 1996, Woodwell 1995) but 

also TC Tracy impact (Eamus et al. 2001, O’Grady et al. 1999), evident in a 

coincidental DBH frequency peak and a decrease in the mean size of the largest trees. 

Darwin Botanic Garden plantings Pre-TC Tracy, showed a similar but less skewed 

height (H) distribution but a normal diameter (DBH) frequency distribution (Figure 

6.10) against age, suggesting inter-specific variability in vigour. The normal 

distribution of density-controlled, single species and single age plantations was 

indicative of intra-specific variability in vigour. 

Mean diameter in plantations decreased with increased tree density, being lower in 

natural communities and adult plantations, and higher in wider-spaced amenity 

plantings and orchards. 

Predominant Height 

Only limited data was available on tree height, a non density-sensitive scalar of 

carbon accumulation potential. Average predominant height (Hpr), shown in Table 

7.1, was correlated with cover for SWL/OF, with similar values to MRF at the very 

dry end, more than doubling that at the wet end of the moisture spectrum. Similar 
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values were found for trees in the Darwin Botanic Gardens (DBG) and 

K.senegalensis plantation and in the SWL/OF which they displaced. Similarly, 

T.grandis plantation values were comparable to displaced MRF, which suggests 

similar carbon accumulation potential for both on similar sites. 

Height was shown to be logarithmically related to diameter, the rate parameters for 

this relationship being similar for combined dicotyledonous NEC species, for which 

taper was higher, particularly for smaller trees than cultivated DBG trees. This rate 

variable was also higher for inherently more vigorous young plantation species, adult 

provenances and dominant trees within these. The resulting taper decreases 

logarithmically with diameter (and age) for most trees, values being higher for both 

younger/smaller as well as dominant individuals within species. 

Allometric parameters linking height and taper with diameter were significantly 

different for palms. 

DBH derived carbon stock estimates 

Where allometric relationships were not available, DBH, H and taper were used to 

estimate mean stem volume which, together with wood density and carbon 

conversion factor adjusted for canopy biomass, was used to derive total carbon stock.  

In general however, non-functional as well as functional (foliar) biomass of tree parts 

have been shown to increase logarithmically with diameter in natural communities. 

These were applied to DBH class frequencies, to provide estimates of carbon stock, 

as shown in Table 7.1. For wet and dry SWL, dry MRF and undisturbed OF and 

SWL, this encompassed the mean estimates of 73 t C ha
-1

, reported by the 
 
IPCC 

(2006), and 70 t C ha
-1

, reported by Keith et al. (2009). It falls below this value for 
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dry SWL environments and exceeds it for wet MRF sites. Adult plantation carbon 

stock is also within the upper part of the range similar to dry MRF. 

Photosynthesis and carbon accumulation rates 

Analysis of NEC tree species has shown significantly higher rates of carbon 

assimilation in deciduous species, with short leaf life such as is characteristic of 

Monsoon Rainforest (MRF) communities.  Whereas evergreen trees, particularly in 

the Myrtaceae family that dominates SWL and OF exhibit lower assimilation rates 

sustained over a longer period.  Carbon accumulation rates, indicated by PAI DBH 

for SWL/OF were approximately 0.2 to 0.5 cm yr
-1

, comparable to modelled un-

irrigated adult plantation species, and about half that of dry MRF (ranging from 0.5-

1.0 cm yr
-1

). For well-managed irrigated orchards, values ranged from 1.0-1.5 cm yr
-1

, 

which is comparable to young plantation trees.  

Significant genetic differences in growth were found between eucalypt and non 

eucalypt species and between plantation provenances — where genotypes most 

closely matching the moisture regime of the new growing environment showed 

highest rates of carbon accumulation.  Genetic variability was also evident within 

provenances, with dominant individuals, being taller relative to DBH, and with 

higher rates of diameter growth. There was also evidence of variability in DBH 

increment both between life formsand age classes in both NEC and CC. The decrease 

with age, modelled across single species and even-aged plantations and orchards, is 

expected for more uniform stands as indicated from yield tables for T.grandis from 

Miller (unpublished), and similar to that for Pinus radiata plantations (Lewis et al. 

1976). This age-related decline is also expected, with decreases in root/shoot ratio 
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and changes in leaf and wood anatomy trending towards increased xeromorphy, 

(contributing to increased density) identified by Werner and Murphy (2001). 

7.2.3 Below-ground root systems and carbon stock in stands and 
species 

Information on total below-ground biomass/carbon statistics, also related to DBH 

and bearing on root failure, was limited, particularly for cultivated communities. A 

number of MNT studies on natural communities suggest rooting depth ranged from 

6-8m (Cook et al. 1998) to 10m (Calder and Day 1982) for evergreen trees. This is 

consistent with the >5m determined by Eamus et al. (2002) and supported by studies 

of E. marginata (Dawson and Pate 1996, Kimber 1974, Dell et al. 1983). Root/shoot 

ratio in this study decreased with increasing diameter, ranging from 0.18 to 0.29 in 

high and 0.34-0.54 in low rainfall sites, similar to the range reported by Mokany et al. 

(2008). These indicate both reduced vigour and related H growth and/or  increased 

density dependent DBH (more than age). 

Fine root patterns 

Absolute coarse and fine root biomass in disturbed communities was higher for 

E.tetrodonata than the subdominant semideciduous legume E.chlorostachys, which 

also had a higher proportion of fine roots in the top 25cm (in the dry season) than the 

eucalypt. Both species also had higher values than the subdominant deciduous 

T.ferdinandiana and P.caryea, for which total rooting depth was also shallower 

(Eamus et al 2000). This preference for shallower soil niches for deciduous and 

semideciduous species and deeper soils for evergreen species minimises competition 

between these cohabiting phonological guilds. 
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7.2.4 Stand attributes and cyclone damage 

Community differences 

Subjectively assessed “cyclone tolerance”, being the proportion of trees standing but 

suffering stem (and branch) failure (and defoliation) and recovery, was highly 

correlated with objectively assessed ranking based on non-parametric 

multidimensional scaling across three axes. Conversely, cyclone sensitivity as 

expressed in root failure (trees blowing over) has a lower correlation with this 

ranking.  A comparison of post-TC Tracy tree states in denser MRF and those 

remnants and plantings in urban landscapes assessed in this study is illustrated in the 

box plot in Figure 7.1. 

 

 

 

 

 

Figure 7.1 Box plot of median proportions of post-Cyclone Tracy tree damage under 

cultivated conditions compared with monsoon rainforest  

Although there is a great deal of similarity in the damage patterns, some differences 

were detected. MRF had significantly1 lower root failure (p = 0.00, 72.6 dof), 

                                                      

 

1
  Independent t test for significance in damage between these two communities (equal variance not assumed, 

from Leverne’s test). 
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particularly if leaning trees were counted, and therefore a greater proportion of trees 

standing (p = 0.00, 56 dof) (higher tolerance) than for remnant and cultivated urban 

landscape trees. However no significant differences were found for trunk breakage 

normally associated with standing trees.  MRF species also had significantly higher 

post-cyclone recovery rate (17%) (p = 0.01, 75 dof) than planted urban trees. 

The differences in root failure in the more widely-spaced urban trees compared to 

MRF could be explained by increased wind exposure, but also possibly shallower 

roots linked to cultural practices such as dry season watering. A lower root/shoot 

ratio associated with higher DBH trees and reduced root fusion, found in low-density 

stands may also have an influence. 

Differences between taxa 

Relative species ranking and subjective tolerance and sensitivity rating for a 

composite of post-cyclone state variables were found to be consistent with that of 

Cameron et al. (1983) and Fox (1980). 

Remnant, non-legume MRF species had higher tolerance than legumes, as did 

conifer-related species, including Casuarina sp and those affiliated with SWL 

(Figure 6.18). Stocker (1976) also reported higher stem failure in SWL species of the 

Myrtaceae family, consistent with the mid to lower cyclone tolerance rating for 

remnant E.tetrodonta and E.miniata compared to non eucalypt species reported for 

storm-damaged SWL at Kapalga (Williams and Douglas 1995). 

Such differences may reflect evolutionary adaptation to the monsoonal cyclone-

dominated climate of the Holocene by rainforest species, which also have higher 

resistance to termites than eucalypts. 
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In the urban landscape, introduced species from wide-ranging origins also showed 

variable tolerance, with the fast growing T.grandis (Teak) and K.senegalensis 

(African Mahogany), analysed in this study, showing much lower tolerance than 

SWL and MRF species. Such cultivated dicotyledonous trees also showed different 

responses than palms, which is probably linked to different morphological and 

anatomical attributes, discussed further below. 

The influences of phenology on wind damage was not clear. A two way t test showed 

no significant difference in mean ranking between deciduous/semideciduous and 

evergreen monsoon rainforest species.  But it did show a slightly lower rating for 

urban trees, similar to that for storm-affected SWL. This suggests that deciduous 

species may have lower wind capturing potential, as proposed by Francis (2000). The 

differences in root depth and wood strength are discussed further below. 

Post-disturbance recruitment 

The mechanisms used by trees to recover from tree destruction by cyclones, involve 

regeneration from buds, in both the above or below-ground tree parts, and from seed 

banks in the soil. These are important adaptations to disturbance, whether from fire, 

cyclones or both. A large proportion of species reported as dead in MRF were mainly 

obligate seeders, such as A.auriculiformis. This may also have have applied for palm 

species in cultivated communities, although this was not recorded. Those standing 

and showing high recovery did so from reserve buds in branches, trunks or 

lignotubers. 
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7.2.5 Tree morphology, allometry, and anatomy and cyclone 
vulnerability 

Although genotypic attributes with taxonomic affiliation provided some indication of 

cyclone tolerance, phenotypic features, reflected in H, DBH and taper, were found to 

be more useful scalars. Morphological adjustments to mechanical (McMahon 1975, 

Asner and Goldstein 1997) and physiological demands imposed by the growing 

environment, including competition from trees, explain some of the variability in tree 

form, influencing behaviour during storms and cyclones. A number of studies have 

suggested that H is a significant scalar of tree susceptibility to wind damage 

(Cameron et al. 1983, King 1986, Williams and Douglas 1995). Potential MRF tree 

height (species defined), used in this study, showed no relationship to cyclone 

damage. Actual H, in the original Cameron et al. (1983) data showed more trees 

standing in the intermediate height classes, consistent with normal H class 

distribution of affected trees in the DBG data set. ithin these size classes, however, 

there was a significantly higher proportion of both tall and short trees standing (but 

also broken), relative to fallen (Figure 6.20). Separate phylum analysis of DBG trees 

showed trees standing (and inversely fallen) increasing with height for dicotyledons 

and decreasing for palms, collectively supporting the reworked Cameron et al. (1983) 

results. 

A positive correlation was also found between DBH and trees standing (and 

inversely fallen) for dicotyledons in the Darwin Botanic Garden — i.e. bigger trees 

were less likely to blow over or suffer stem breakage. This is consistent with findings 

from reworked MRF data, and that derived for storm damage at Kapalga (Williams 

and Douglas 1995), supporting findings elsewhere (e.g. Kanowski et al. 2008). 

However this pattern was less apparent for palms in DBG.  



Chapter 7: 

Page 496 

Unlike the SWL storm damage assessment of Williams and Douglas (1995) at 

Kapalga, both DBG phyla showed a relationship between tree damage and taper. 

This was more prominent for palms, where the trend was similar to H response but 

not DBH, suggesting that palms with a higher taper (i.e. more cone-shaped and less 

cylindrical) may offer less wind resistance, be more flexible and less prone to 

damage. For dicotyledons this trend was the reverse to both H and DBH — i.e. the 

trees with more cylindrical stems exhibited less cyclone damage. A similar 

curvilinear response in root failure was evident for both phyla peaking in the mid to 

upper taper range, which appears to be consistent with the original height-damage 

statistic of Cameron et al. (1983). Stem failure in standing trees also appeared to 

peak in the low to mid diameter range and then decrease with increasing DBH in 

both phyla. With increasing taper, stem failure showed a weak decrease for 

dicotyledons but a strong increase for palms. This may be explained in part by taper-

related root failure but no doubt influenced by anatomical attributes which were not 

assessed in this study.   

This suggests that taper, linked to flexing, may be a more reliable indicator of 

cyclone vulnerability than H or DBH. The broad relationship between taper values 

and cyclone damage potential for palms and dicotyledons is summarised in the table 

below. 

Taper Value 

Cyclone Damage Potential 

Dicotyledons Palms 

Low Low High 

High High Low 
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Anatomical influences 

Tree anatomy influences the modulus of elasticity (MoE), which is the deflection per 

unit of applied force, indicative of flexing or bending response, and the resistance 

and modulus of rupture (MoR), which is the unit force required to cause breakage, 

indicative of the failure threshold.  Both of these parameters are directly related to 

wood density. Density is generally higher in evergreen hardwood dicotyledons such 

as Eucalypts, than deciduous lightwood (ring porous) species (Tyree and Ewers 

1996), and much higher than in fast growing leguminous trees and softwood conifers.  

In this phylum, vascular bundles and pro-cambium strands occur as a ring, leading to 

cambium development and division into softwood, forming water-conducting xylem 

tissue of varying vessel diameter and lengths, mixed with fibre and other cells. These 

change with vigour and age, both of which are reflected in stem diameter (DBH). 

In other studies, positive correlations have been established between wood density 

(and MoE) and stem failure for these species outside Australia (Putz et al. 1983, 

Zimmerman et al. 1994, Bellingham et al. 1995, Asner & Goldstein 1997, Ostertag et 

al. 2005) and in tropical rainforest of north Queensland (Metcalfe et al. 2008, Curran 

et al. 2008). However these parameters are inversely related with root failure (Asner 

and Goldstein, 1997, Putz et al. 1983). In other words, trees with denser timber are 

generally more likely to break than blow over, assuming sufficiently strong winds to 

exceed the MoR. 

In this study, diameter was negatively correlated with stem failure (apart from very 

small trees), supporting the density relationship hypothesis, particularly where vigour 

rather than age is the main determinant. No such correlation, however, was found 

with lower density deciduous trees (Van Bloem et al. 2005 cited Curran et al 2008a).  
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This is possibly because their ability to shed leaves readily reduced stem tension 

from wind in canopy “sails”, or because shallower root systems predispose them to 

root failure (blowing over) before stem failure, even though one might expect less 

dense wood tissue to break more easily. 

In monocotyledonous palms, cell differentiation of conducting tissue from 

procambium cells occurs in vascular bundles, dispersed through ground parenchyma, 

with diameter increment involving cell division within these bundles, followed by 

expansion and parenchyma compaction. This, with accompanying changes in fibre 

dimension and deposition of transverse wall-strengthening fibres, increases wood 

density from the centre to the periphery, and also with height up the tree (Rich 1987, 

Tomlinson 1990) with associated change in MoE and MoR.  Thus palm wood is 

denser higher up the tree, and less dense (more flexible) at the base.  For all trees 

except small palms, a less prominent decrease in stem failure with increased DBH 

was evident, suggesting that this may be vigour rather than species-related. Taper 

increase (with reduced DBH) also appears to have a stronger influence, possibly 

interacting with reduced MoE to increase flexing and wind energy absorption, 

reducing stem failure. 

Wind impact is further complicated by the water regime associated with carbon 

accumulation affecting moisture content of both conducting and storage tissue.  This 

is inversely related to stiffness and MoE and possibly increased flexing but also 

strength, influencing MoR and stem failure. Well-watered trees have higher moisture 

content and higher stem strength, making them less prone to stem failure.  However, 

as was seen in Darwin in February 2011 with the impact of Tropical Cyclone Carlos 
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after several days of record rainfall, a fully saturated root zone is likely to make trees 

more prone to root failure and blowing over. 

7.2.6 DBH increment, water use and carbon accumulation rates 

The term water use, as applied in this study, refers to conducted water flow through 

stomata from tree leaf stomatal cavities linked via stem and root conducting cells to 

the soil. Of the continuous flow, only about 1% dissolves carbon dioxide from 

intercellular spaces, flows through cells to be assimilated in chloroplasts. Here light-

activated photosynthesis splits the water molecule, forming carbohydrates and 

oxygen. The carbon assimilated through stomata is correlated to conducted or 

transpired water use, influenced by water use efficiency (WUE) of tree species 

(Farquhar and Richardson 1984) (see Appendix1.3). This involves adaptive hydraulic 

architecture of conducting vessels (Duff et al. 1997, Myers et al. 1997, 1998, Eamus 

et al. 1999, Eamus et al. 2000) and capacity for Dry Season moisture storage in stems 

(Werner and Murphy 2001) evident in DBH shrinkage (Prior et al. 2003) shown in 

this study. More significantly it involves stomatal regulation of stomatal conductance 

of moisture vapour across the partial pressure gradient between the atmospheric 

boundary layer and stomatal cavities (Lloyd and Farquhar 1994), in response to 

available moisture and Atmospheric Vapour Pressure Deficit (AVPD), to ensure 

adequate cellular water. Carbon assimilation and chlorophyll mass were both shown 

to be moderately correlated with leaf moisture, suggesting that protoplasm 

dehydration plays some role in reducing photosynthesis, which is implicated in the 

reduced dry season carbon accumulation observed in this study. Deciduous species 

have higher water potential in the Wet Season and higher photosynthetic rate per unit 

dry weight than evergreen species. However the latter maintain this lower rate in the 
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Dry Season through the internal adjustment process postponing leaf dehydration. The 

negative correlation between assimilation mass and foliar chlorophyll and leaf mass 

per area and leaf thickness reported by Prior et al. 2003 supports this relationship. 

The observation that Water Use Efficiency (WUE) across seasons varied little 

between NEC species (Hatton et al. 1998, O’Grady et al. 1999, Hutley et al. 2000) 

within communities would therefore suggest a combination of different mechanisms 

which may vary between seasons and years, as suggested by the O’Grady et al. 

(1999) data assessed in this study. 

Differences in water use (and assumed carbon assimilation), and as well as carbon 

accumulation responses in various scalars, have been identified between species and 

life forms, across communities with different disturbance and management histories. 

The pooled data from Prior et al. (2003) and (2004) showed no correlation between 

foliar moisture and PAI DBH, although both independently were positively 

correlated with chlorophyll and assimilation mass, suggesting a moderately strong 

relationship. 

Annual water use and DBH increment of both Howard Springs eucalypts (data 

O’Grady et al. 1999) and irrigated orchard trees (Lu 2002) have been shown to 

increase with DBH, with identical power function exponents (1.62) but with constant 

for orchards treble (0.16) that of OF (0.05). The rate variable in the linear function 

similarly for orchards was more than double (1.29) that of OF (0.57). This also 

suggests a similar proportional increase in sapwood basal area for cultivated trees 

influencing MoE. 
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7.3 Environmental regulators of carbon accumulation 

Climate, including cyclone regimes interpreted from Darwin records, interacting with 

geology, regolith/soil and landform complexes identified across MNT, have been 

shown to influence the hydrological, biogeochemical and carbon cycle within 

arboreal communities, across latitudinal and topographic landscape gradients.  These 

interact in complex ways, impacting on tree and stand photosynthesis, and 

consequently on associated vigour and cyclone vulnerability analysed in this study. 

7.3.1 Spatial patterns of carbon accumulation and cyclone damage 
to trees and associated houses 

Latitudinal gradients across MNT have been correlated with climatic and edaphic 

variables, against tree and community carbon scalars. This study has shown that 

annual rainfall decreases with increasing latitude, while maximum temperature and 

atmospheric vapour pressure deficits, together with the fertility indicators clay, pH 

and base cations, increased. Predominant height of dominant SWL/OF eucalypts 

(Williams et al. 2005) as well MRF together with stand basal area (SBa)(Bowman et 

al. 1991) scalars of community carbon stock, showed a positive correlation with 

rainfall and soil moisture. This was accompanied by negative relation to the surface 

soil fertility indicators assessed by Williams et al. (2005) and by Bowman et al. 

(1991).  Lower surface soil fertility indicators have also been identified for the wetter, 

higher-carbon stock phase of MRF and SWL, than for each of the dry phases 

reported by Bowman (1992). Such differences may also be the result of local 

geospherical influences on hydrology, discussed further below. Young, generally 

irrigated, plantation species with minimal moisture competition, have carbon stock 

and increment scalars which were shown to increase with latitude. 
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Evidence of an increase in adult DBH for NEC species along this gradient also 

appear to be indicative of reduced impact from TC Tracy which, like most cyclones, 

decreased in intensity inland from the coast.  The impact of this cyclone at low 

latitudes within the cyclone tract was evident in a peak in the age class frequency, 

estimated to coincide with the TC Tracy event, as well as reduced mean DBH of 

large trees. 

At a smaller landscape scale, a spatial pattern of damage to houses within the cyclone 

eye zone wind-field was consistent with cyclone radial wind energy models. Impact 

wind velocity analysis showed this to be equally relevant for trees. The inland 

damage gradient suggested a moderating influence of topography on cyclone impacts. 

7.3.2 Topographic and associated microclimatic and edaphic 
effects 

Most of the SWL and OF tree species assessed in this study showed a strong 

association with one or two macro landforms, with ten tolerating a much wider range. 

The remainder showed more restricted relationships. Although spatial variability in 

adaptability of cultivated trees was evident, the link to topography was not. Tree and 

stand carbon stock and accumulation scalars, for NEC and CC, decreased in high 

relief terrain, suggesting soil depth limitations, and increased where relief was low, 

suggesting drainage limitation. 

The proportion of cultivated dicotyledon trees assessed as standing after TC Tracy, in 

reverse to DBH and H, decreased with elevation in the higher relief landscape of the 

Darwin Botanic Garden. This suggests that topographic influences on both tree 

morphology and rooting depth, together with cyclone exposure, may override 
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inherent age-related morphology as a determinant of cyclone damage. A similar 

relationship between damage and topographic elevation, demonstrated for post-TC 

Tracy houses, reinforces the role of cyclone exposure. The implications this has for 

the relationship between tree cover and house damage are discussed further below. 

7.3.3 Temporal atmospheric patterns driving and regulating tree 
water use and carbon assimilation/ accumulation 

Atmospheric phenomena contributing to tree photosynthesis along the spatial 

gradients mentioned, also impact on tree carbon states over daily, seasonal and 

interannual time cycles, varying in periodicity and amplitude. The long-term trends 

in such fluctuations, and associated extreme conditions, documented in this study, 

have greater implication for arboreal stress states than mean values.  

Fluctuations in atmospheric parameters, identified for the past 100 years of tree 

growth, suggest that, although these appear to be within the tolerance envelope of 

existing NEC and possibly CC species, longer-term trends may result in extreme 

values exceeding this envelope, assuming this is driven by changes in atmospheric 

carbon. 

7.3.3.1 Carbon dioxide and climate trends 

Underpinning this study, although not assessed directly, has been the well-

documented temporal increase in atmospheric CO2, shown in Keeling curves, (IPCC, 

2007) which together with changes to a number of climatic indicators influence the 

arboreal carbon cycle and associated water use essential for photosynthesis. Current 
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evidence suggest that atmospheric CO2 increased from about 295 to 310 ppmv in the 

period 1888-1940 and >390 ppmv since 1941 to the present2. In Darwin this has been 

accompanied by a pre-1940 decrease and subsequent increase, in dry season 

maximum temperatures, associated AVPD, and accompanying wind speeds towards 

increased potential evapotranspiration exacerbating seasonal moisture stress and fire 

hazard. A similar temporal trend reversal is also evident in wet season minimum 

temperature and rainfall, with accompanying increase in thunderstorms, and increase 

in the probability of more intense cyclones (IPCC, 2007), although less frequently. 

These indicate a critical threshold emerging form complex interaction between 

various atmospheric circulation systems influencing Darwin, identified in this study. 

Seasonal fluctuations in CO2, also evident in Keeling curves, resulting from 

increased wet season assimilation, metabolism and redistribution to cellular growth 

and then  recovery to near ambient levels or slightly higher in the dry season, with 

accompanying emissions from accumulated biomass decomposition and combustion, 

and reduced carbon assimilation, have been well documented (Buchmann et al. 1997, 

Woodwell and McKenzie 1995). A negative metabolic feedback on leaf 

photosynthetic response from various organs in plants (Bowes 1991, Luo et al. 1994, 

Sage 1994) with increased dry season CO2 (Oechel and Strain 1985, McGuire et al. 

1993), has been shown to decrease stomatal conductance. This has maintained, if not 

enhanced, carbon accumulation (Morrison and Gifford 1984),  with greater water use 

efficiency of species compensating for reduced water availability (Woodward 1992).   

The amplitude of this seasonal fluctuation, important to both tree carbon and cyclone 

                                                      

 

2
  391.80 ppm as measured at Mauna Loa Observatory, Hawaii by the US National Oceanic and Atmospheric 

Administration (NOAA), original data file posted on 5 January 2012.  http://co2now.org/ accessed 16 January 

2012 

http://co2now.org/
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ecology, appears to decrease globally with decreasing latitude (Jackson et al. 1996, 

Knorr and Heimann 1995), as demonstrated for MNT landscapes (Eamus et al. 2001, 

Berringer et al. 2007). Climate change influences on wet season CO2 assimilation 

and dry season losses from respiration, decomposition and combustion by fire of 

storm generated fuel, is likely to increase the amplitude of such fluctuations. 

7.3.3.2 Climatic patterns of solar energy and moisture regimes 
impacting on trees 

Solar and heat energy 

The diurnal and seasonal pattern of solar energy flux density is a critical direct driver 

of seasonal moisture and CO2 flux, and associated photosynthetic reaction with 

chloroplasts. Total direct long and short wave radiation for Darwin has been shown 

to increase from a minimum in June to a peak in the October equinox, when both 

solar inclination and radiation loads are at a maximum (Vardavas 1987). Sunshine 

hours, indicating length of surface radiation exposure, has shown a reverse seasonal 

pattern increasing from a minimum in February to a peak in August, influencing net 

radiation. The accompanying minimum heat load, measured as temperature, also 

occurs in June-July, increasing to a maximum in November which, together with 

lower latent heat, directly influences increased potential water use. Mean daily 

maximum temperature falls to a low also in February, coinciding with low sunshine 

hours, limiting photosynthesis, despite peak moisture availability. Apart from 

influencing water flux rates, temperature increases can also increase, up to a species 

defined optimum, the rate of photosynthesis, when light flux is highest in October. 

The higher temperatures predicted to occur during this time may lead to a decline in 
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photosynthesis, which, together with increased temperature driven respiration and 

fire loss, potentially reduces carbon accumulation. 

Moisture response 

Water flow within the soil-tree atmosphere complex, as identified in this study is 

influenced by complex interactions between availability of moisture from rainfall, 

groundwater and irrigation, offset by losses from evapotranspiration driven by 

temperature-regulated atmospheric vapour pressure deficits.  Although most tree 

water use studies have focussed on the latter, assuming water supply to be non- 

limiting, this study indicates that ecosystems without access to groundwater storage 

are more sensitive to both spatial rainfall gradients, but also temporal, interannual 

and seasonal rainfall and associated evapotranspiration patterns. 

A class Pan evaporation for Darwin airport in this study, and modelled evaporation 

for Howard Springs (Hutley et al. 2000), was lowest in February, progressively 

increasing through the dry season to a maximum in September-October when 

sunshine hours and AVPD were a maximum and solar radiation and wind speeds 

were increasing.  Actual ecosystem evapotranspiration for cyclone and fire-disturbed 

OF at Howard Springs showed a reverse seasonal relationship, with lowest values 

occurring in September-October when AVPD and pan evaporation was at maximum 

and available soil moisture at a minimum.  This was consistent with seasonal rainfall 

fluctuations, from a maximum in February to a minimum in June-July. Tree-only 

water use on an aerial basis, on the other hand was reported to be relatively constant 

between seasons (O’Grady et al. 1999, Hutley et al. 2000). Eamus et al. (2001) 

suggests that this is because LAI and stomatal conductance, regulating water use in 

these discontinuous and strongly-coupled open canopied communities, adjust to dry 
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season atmospheric demand. There was some evidence from the Howard Springs 

disturbed OF study of lower tree leaf water potential and hydraulic conductance per 

leaf area as well as total leaf area, accompanied by increased amplitude of the 

hysteresis of daily water use and ITE as LAVPD increases in the dry season 

(O’Grady et al. 1999, Eamus et al. 1999). 

Increased dry season water use rates were particularly evident for E.tetrodonta in a 

low rainfall year and more so for E.miniata in a wet year. Evidence of wet season 

water use from these studies suggests that these were higher than in lower rainfall 

years. A similar negative response to increased annual rainfall was reported for PAI 

DBH in SWL trees at Kapalga (Prior et al. 2006). These results suggest that 

excessive wet season rainfall may limit carbon accumulation, possibly due to 

increased cloud cover, water logging or more likely increased grass competition. 

This study showed that, for non-irrigated broadleaf deciduous T.grandis adult 

plantations free of grass competition, there was a positive correlation between mean 

PAI DBH and mean annual rainfall. 

A similar correlation was established between previous weekly rainfall (and 

inversely AVPD) and monthly DBH increment for 50% of species growing in 

undisturbed grass-free OF and SWl, the remainder being more sensitive to other 

moisture regulating factors such as ground water, as well as possible water logging, 

leading to a delayed wet season growth response. 

Data from Prior et al (2004) indicates that in deciduous, and many semi-deciduous 

and some evergreen tree species, DBH regrowth recommencement coincides with a 

peak period of leaf flushing beginning September/October into the wet season.  
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Whereas for other semi-deciduous and most evergreen trees, flushing, although 

spread throughout the year, was most marked throughout the drier months when 

DBH increment was lowest. This suggesting a redistribution of stored resources to 

both diameter and leaf growth. 

For young irrigated plantations, PAI DBH increased with greater weed control and 

more intense irrigation to similar levels as irrigated and weed-managed orchard trees. 

These orchard trees also showed higher wet (rainfall) than dry season (irrigation) 

water use (despite higher AVPD), suggesting either a genetic predisposition to wet 

season growth or more favourable edaphic conditions which, with reduced 

competition for more nutrients, may have stimulated such growth. Maintenance of 

dry season fine root growth, shown to be rainfall sensitive by Janos et al. (2006), 

may also have enhanced both Wet Season fine root production and therefore 

increased wet season water flux. 

7.3.4 Edaphic factors and root development influencing moisture 
uptake affecting carbon accumulation 

Physical, chemical and hydrological edaphic factors, interacting with genotypic and 

phenotypic tree attributes, influencing root activity in the soil/regolith complex 

(Adams and Moor 1983, Marschner et al. 1996), identified in this study, also impact 

on carbon accumulation and tree susceptibility to root failure.  The mechanical 

support provided by tree roots to above ground biomass is regulated, internally 

through tension resisting fibre, and more importantly, externally through soil 

adhesion and friction of tree roots. The development of such roots is influenced by 

both moisture and nutrient demands, and availability in the rhizosphere analysed in 

this study. 
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7.3.4.1 Water use and above and below ground carbon assimilation 

There has been much speculation regarding root development required to sustain tree 

water use in the dry season.  O’Grady et al. (1999), citing Cook et al. (1998), suggest 

that there was sufficient soil water in the upper profile to maintain transpiration in 

the disturbed OF at Howard Springs. Total ecosystem water use, from a 3m deep 

solum here, was shown to decrease linearly from a soil moisture content (SMC) of 

23% in March, when total ecosystem evapotranspiration (Ea) was 3mm per day, to 

14% in September when Ea from trees only was 1mm per day (Hutley et al. 2000). 

Over the same period, for this community in 1994, seasonal predawn leaf water 

potential shifted from -0.2  to -0.8 mPa dropping to a low of -1.8 mPa only in 

October (O’Grady et al.1999).  The resulting estimated soil moisture storage capacity 

of 9% was at the upper end of the range derived in this study, suggesting a surplus of 

available soil water. 

Evidence from studies of OF trees with understory replaced by the improved legume 

pasture Stylosanthes humilis from Calder and Day (1982), also assessed in this study, 

suggest that soil moisture (SMC) for 1.1m of similar soils, exceeds “field capacity” 

(above about15% SMC) in March falling to below Wilting Point of 5-8% by end 

April.  This was well below the Howard Springs figure, with evidence of ongoing 

water extraction at 50-90cm at this time. Their same data show surplus water 

available up to the end of the dry season. Williams et al. (1997) make similar 

observations for fire disturbed SWL trees with the original understory including 

native grasses. This suggests that ample surface moisture for fine roots activity is 

available in these disturbed communities thoughout the dry season. This may not 

apply to trees in dense, undisturbed communities with different fine root depth 

patterns. 



Chapter 7: 

Page 510 

7.3.4.2 Nutrient relationships influencing carbon accumulation and 
cyclone vulnerability  

Detailed analysis of nutrient gradients across the clay defined pedon group spectrum, 

as well as spatially and with soil depth extended to the underlying regolith, suggest 

that surface fine root development, known to relieve plant nutrient limitations 

(O'Neill 1994, Melillo et al. 1996), rather than moisture, may be a primary regulator 

of above and below ground carbon accumulation in the wet season. Deeper fine roots 

play a lesser role in the dry season. 

The specific functions of these nutrients in photosynthesis are shown in Table 1 

Appendix 1.3. They however function collectively within trees constraining growth 

according to the “Laws of the Limiting” (Liebig 1840). An indication of surface soil 

nutrient limiting carbon accumulation, identified by Karger (2002) for MNT sites is 

shown in Table 7.2 below. 

Apart from nitrogen fixed from the atmosphere, most nutrients are absorbed by fine 

roots from soil solutions in ionic forms, depending on mass flow or alternatively by 

ionic transfer between soil and roots through hydrogen ion exchange (Donahue et al. 

1983). Some, such as highly soluble nitrate, and to some extent sulphate and 

potassium, are very mobile. The remainder are dependent on the behaviour of fine 

roots as regulated by moisture availability. 
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Table 7.2 Rated nutrient status at 0-20 and 30-40cm for selected MNT pedon (from 

Karger 2002) 

Location Darwin 
Humpty 

Doo 
Batchelor Katherine Katherine 

Extractable nutrients 

Nitrogen  D D D D D 

Phosphorus  D D D D D 

Potassium D D D D O 

Sulphur D D D D D 

Iron (Reactive)  M H L O T 

Fe (extract) O O O O O 

Copper  L L L L L 

Zinc D D D D D 

Manganese D D D T O 

Boron D D D D D 

Aluminium  T M H O H 

Exchangeable nutrients  

Potassium D D D D O 

Calcium D D D D D 

Magnesium D D D D D 

Sodium  O O O O O 

K/Mg H D L/H H T 

Ca/Mg L/M O/L L H L 

K/(Ca+Mg) H L/H O L T 

 

D is deficient: L is low; O is optimum; H is high T is Toxic  

The majority of soils in this study showed a decreasing depth trend for most nutrients, 

particularly total N, P and S as well as the trace elements extractable Zn and Fe. This 

trend followed similar patterns to post-rainfall infiltration, root biomass and soil 

organic carbon (SOC). A minority of soils show an increase in nutrients with depth, 

particularly exchangeable base cations, consistent with clay concentration gradients 

and solute deposition from the capillary fringe of fluctuating base-rich ground water, 

weathering in the case of total K, Zn and Mn. Iron (Fe) is known to chemically bond 
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with P, and it shows a decrease with depth trend as extractable P increases, which is 

the inverse to total P. 

Access to surface nutrients appears to favour wet season growth responses and 

deeper strata more likely to be exploited by deeper dry season fine roots at the end of 

the wet season, when aeration and moisture states are more favourable. 

Macro anion nutrients 

Both NEC and CC pedons assessed in this study showed that total surface soil and 

foliar N (an important component of chlorophyll and amino acid) and P (important in 

phosphorylation enabling sugar cleavage), are positively correlated with each other, 

with foliar moisture, assimilation and chlorophyll mass.  These critical nutrients were 

also found at consistently higher concentrations in MRF (with higher carbon stock) 

than adjacent SWL in both wet and dry environments (Bowman 1992), with 

associated species showing higher PAI DBH.   

Photosynthetic nitrogen use efficiency (PNUE) has been shown to vary with species 

(Poorter and Evans 1998) and life forms (Field and Mooney 1986). Although 

phenology is considered to have a less important influence on PNUE (Eamus et al. 

1999b), foliar concentrations were found to be higher in deciduous than evergreen 

species within, but not between, MRF or OF communities (Prior et al, 2004, Medina 

and Francisco 1994). Similarly, significantly higher values were found in cultivated 

semi-deciduous S.album than evergreen A.indica plantations. Foliar N in these 

communities was positively correlated with surface total N. 

Foliar P concentration correlated with surface soils total P was significantly higher in 

deciduous than evergreen, particularly Myrtaceous species, and consequently in 
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MRF compared with SWL.  It was also higher in semi-deciduous cultivated S.album 

than the evergreen A.indica species.  P extracted, whether from total surface 

concentrated organic orthophosphate or from deeper mineralised forms, is recycled 

internally, particularly in SWL eucalypt species (Specht and Groves 1966, Crane 

1978), where foliar content is lower  It is also recycled externally via leaf drop in 

most MRF trees, with high foliar content increasing surface soil total P states and 

feedback effects on trees. 

Soil P concentration may influence tree root development and increase stem strength, 

possibly contributing to the greater cyclone tolerance in remnant MRF than SWL 

species observed in this study. Increased damage observed in larger cultivated forest 

stands treated with phosphate fertilizer (Herbert et al. 1999) on the other hand may 

explain the higher damage in cultivated than naturally occurring species noted in this 

study. 

N/P ratio, found to be higher in SWL than in both MRF and cultivated sapling tree 

species, did not correlate with indicators of carbon accumulation or to relative 

availability of total N and P in the surface soil. This suggests a homeostatic control 

mechanism, sensitive to phloem composition of N and P, rather than soil availability 

(Güsewell, 2004) playing a more important role. 

The strong relationship between surface soil and foliar N and P supports the 

dominant role played by these nutrients in regulating photosynthesis and carbon 

accumulation in the wet season when high moisture surface strata are accessible. 

Mutualistic microbiological activity by ectomychorriza, arbuscular mychorriza 

stimulating P uptake (Janos 1983, 2007) and nitrogen fixing bacteria in leguminous 
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trees (Bowen 1966, (Mosse 1976, Bowan 1981, de la Cruz et al 1990, Lacoint, 1990, 

Umali Garcia, 1990), and Casuarina spp, (Bowan 1993), influencing N assimilation, 

are most active in these horizons.  Both are dependent on pulsed decomposition of 

higher concentration of carbonaceous matter as an energy source in these aerobic 

surface horizons. Curtailed decomposition and microbiological activity in the dry 

seasons (Roy and Singh 1995,Wieder and Wright 1995) has been reported to 

immobilize microbial biomass (Singh et al. 1989), imposing a high carbon demand 

on host trees (Janos 2007). This, together with moisture, may have contributed to the 

observed dry season carbon accumulation reduction observed in this study.  

Total surface S, as with N and P, was also higher in MRF than SWL linked to similar 

external nutrient cycling. There was little evidence of S limiting carbon accumulation 

in MRF for Bowman et al. (1991) data. Soil Sextr and foliar S on the other hand have 

been positively correlated with each other and carbon accumulation for a limited 

number of young plantation species which may be more sensitive. 

Macro cation nutrients 

Significantly higher total K and, less significantly, exchangeable K, Ca, and Mg also 

have higher values in both wet and dry MRF than SWL communities. Young 

plantations PAI DBH, was also positively correlated with Mg, and K although 

negatively with Ca for reasons which were not clear. Mg, in particular, is a 

component of chlorophyll regulating carbon accummulation, which may explain the 

close relationship with foliar N observed in this study. 
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Micro nutrients 

No studies were taken on micro nutrient impacts on NEC. A positive MAI DBH 

correlation was however observed and with surface soils extractable Bo, Cu and Zn, 

although reversed for foliar Zn for some young plantation species.  Soil Fe, together 

with Mn, both important in chlorophyll production, showed a negative correlation 

with growth, although this was reversed for foliar Mn, suggesting that soil levels may 

inhibit other nutrients such as P. 

The contrast between surface soil and foliar growth relationships suggests that 

because of variable depth trend, surface soil data may not be a reliable indicator of 

carbon accumulation limitations or potential. Redistributed wet season-accumulated 

root carbohydrates enable access to lower concentrations of essential, or even higher 

concentrations of less essential, nutrients at depth in the dry season. This however 

yields small rewards relative to expenditure of energy, possibly inhibiting metabolic 

processes, as evident in reduced DBH increment in this study. 

7.3.4.3 Root production and depth distribution patterns 

Fine roots comprising about 2.5% of coarse lateral and vertical roots, has been shown 

to vary with depth, species and growing conditions, with some seasonal variability. 

In the wet season particularly, fine root biomass, considered to be predominantly 

from annual sorghum, in OF community soils was significantly higher in the top 

25cm of disturbed OF (Chen et al. 2004), declining from a peak biomass/carbon level 

in the wettest months February/April (coinciding with peak LAI and water use) but 

persisting at about 50% in subsurface 25-75cm in the dry season. This biomass is 

considered to be tree roots only. This pattern was consistent with total ecosystem, 
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and tree water use patterns described above. This suggests that the root mass of 

annual grasses may regulate tree density and seasonal dieback of these annuals 

conserves moisture for these trees at shallower depths. 

Where OF/SWL was undisturbed and grass-free, fine roots peaked at greater depths 

25-75cm through the wet season and increased with depth by the mid-dry season, 

with Janos et al. (2008) reporting complete disappearance in 2m subsequently. This 

suggests that higher tree density may force roots to develop at greater depth. 

Reduction in above-ground carbon increment, and even stem shrinkage, indicative of 

stem moisture withdrawal was reported by Prior et al. (2004).  This suggests that 

these deeper roots make little contribution to above-ground carbon accumulation, 

possibly because of the energy cost and the small benefits gained from resources 

extraction at depth, particularly if these already are limiting. 

Such root development, and associated moisture and carbon accumulation, is 

regulated by a range of edaphic factors which also affect potential cyclone responses. 

7.3.4.4 Clay content affecting moisture root development 

This study identified a relative gradient of shifting tree species frequency, with 

associated SWL/OF community cover and height, across a clay defined pedon group 

spectrum, in an inverse relationship with median moisture storage capacity and the 

concentration of most nutrients. The mid clay range of this gradient appears optimal, 

consistent with curvilinear moisture availability curves of Miller (in Donohue et al. 

1981) and spatial responses reported by Williams et al. (1996). 
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The sesquioxide and kaolinitic clays which dominate these upland MNT soils do not 

admit water between layers and release water more readily, contributing to the 

relatively low moisture storage capacity (compared to other landscapes such as 

Trinidad) identified in this study. Increasing clay content with depth, and the 

associated increase in bulk density in mid-clay range soils identified in this study, is 

likely to make some contribution to moisture availability at the shallower depth in 

the dry season. 

Root growth in these soils enhances mechanical strength by increasing soil 

compaction (bulk density) as roots expand in breadth and depth.  When wet however, 

these clays, which have regularly aligned plate structures, cannot resist slippage of 

tree roots when trees fall over, thus exacerbating the potential for root failure during 

periods of intense rainfall. 

Roots of introduced trees in cultured landscapes, where not hindered by 

establishment methods or soil compaction during urban construction and other 

cultural practices, are likely to show similar behaviour although this requires further 

exploration. 

7.3.4.5 Depth and drainage limitations on below ground biomass 
and tree stability 

Depth restriction, such as ferricrete (Matherick et al. 1997), with associated low 

permeability and fertility of mottled clay, appears to contribute to bimorphic roots 

(Werner and Murphy. 2001) with some possible macro-pore penetration (Hutley et al. 

2000). This limits above-ground carbon accumulation, as reported by Cook et al. 

(2005). The increase in a number of carbon scalars in both NEC and CC trees in this 
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study with increasing elevation in high-relief landscapes, and the associated increase 

in root failure at the Darwin Botanic Gardens supports the influence of depth 

limitations. 

The study has also identified a correlation between increased drainage and carbon 

scalars in SWL/OF linked to elevation in flatter landscapes. Restricted infiltration in 

LKR (Stuart) pedon, (from Calder and Day 1982) has been shown to contribute to 

increased surface soil moisture above saturation following intense rain, while 

maintaining levels below wilting point at depth, even in the wet season. This is 

consistent with reduced annual carbon increment with increasing rainfall noted by 

Prior et al. (2006), as well as delayed wet season growth response in Melaleuca spp 

and some rainforest species noted from Prior et al. (2003) data in this study. 

7.3.4.6 Cyclone tolerance implications of edaphic moisture factors 

As mentioned, soil moisture regimes — influencing both stem moisture content and 

root development — have implications for cyclone tolerance. The influence of soil 

moisture, influencing root/shoot ratio and exacerbated by impeded root development 

by impermeable strata and water logging, is considered to have had a significant 

impact on tree root failure experienced during storms at Kapalga (Werner and 

Murphy 2001) and also in the Darwin landscapes, as suggested anecdotally by recent 

(2011) impacts of TC Carlos. 

Moisture deficits contributing to xylem vessel elements narrowing (in order to 

maintain hydraulic conductivity, leaf water potential and avoidance of xylem 

embolism) (Eamus and Prior 2001, Prior et al. 2003, Prior et al. 2004, Tyree and 

Ewers 1996) increase wood density, strength and rigidity considered to increase stem 
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failure. Increased sapwood per unit basal area and greater porosity associated with 

increased available moisture, on the other hand contributes to a reduction in wood 

density and MoE. This increases flexing and also has been linked to increased stem 

failure (Curran et al 2008a), even though some flexing up to a threshold no doubt is 

responsible for absorbing wind energy. The shape of this response curve, and the 

nature of the threshold for various species under various conditions, requires further 

investigation. 

The influence of moisture on wood anatomy and cyclone tolerance cannot be isolated 

from nutrients and their role in carbon accumulation. 

7.4 Tree-house interactions in cyclone-affected suburban 
ecosystems 

The final part of this study has explored the ecological relationship between urban 

trees and houses, and how these influence cyclone damage patterns and arboreal 

services, with a primary focus on Darwin and its experience during Tropical Cyclone 

Tracy in 1974. 

This study illustrated a number of relationships between allotment development 

trends in Darwin from south to north, and west to east, and their relation to the 

pattern of house damage and tree cover statistics. These relationships are fascinating 

and complex, and while a number of correlations are apparent, determining causality 

is more problematic. 

The elevated houses (particularly with fibro cement cladding) in this study, in a 

similar pattern to to taller trees, showed significantly greater levels of cyclone 
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damage compared with ground level houses (particularly brick houses on concrete 

slabs). 

Correlations between damage to these houses and associated tree cover, assessed in 

this study, were generally inverted.  Increasing tree cover was generally associated 

with less damage to houses. This particularly applied for elevated houses, supporting 

the hypothesis that tree cover provided some protection services. This pattern was 

evident for Darwin as a whole when ranked by suburb, allotment age, area and 

ownership as well as aspect, slope and elevation and along spatial gradients.  This is 

an important finding of this thesis. 

This trend was less clear however when separating Darwin north and south of the 

cyclone centreline. For recent houses with younger tree cover north of the cyclone 

centre line (CCL), damage increased in a radial direction with wind velocity trend. 

South of CCL, larger (older) tree and more established houses showed a weaker 

reverse trend, possibly suggesting a positive correlation between cover and house 

damage. This relationship was particularly evident near the coast, where approaching 

cyclonic winds would have been strongest. The hypothesis of trees protecting houses 

during cyclones is therefore maintained only north of CCL. 
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7.5 Conclusions 

Although this study has focussed on cyclone damage, the often preceding or 

subsequent impact of fire cannot be ignored, particularly for naturally evolved 

communities (NEC). Fire exposure of soil, influencing chemistry and microbiology, 

and trees species and life forms disrupts the hydrological, carbon and nutrient and 

cycle in vulnerable ecosystems, potentially contributing to entropic decline, unless 

replenished by such processes as ash precipitation (Cook, 1994) or microbiological 

fixing.  

Present climatic data suggests that increased rainfall, and potentially stronger winds 

and cyclones, and hotter and windier dry seasons, is favouring more intense fires 

influencing community structure, composition of tree species, life forms and the 

proportion of grasses. Such disturbances appear to contribute to a reduction in tree 

density, the altered demographics hindering recovery of trees from sprouts and 

seedlings (Setterfield 1997, 2002) as well as evolutionary adaptation to changing 

environmental conditions. The resulting shift from trees to grasses and other 

herbaceous plants, limits wet season tree carbon accumulation. This imbalance will 

increase with rainfall and temperature rise, increasing competition in favour of the 

photosynthetically more efficient C4 grasses. Resulting higher fuel loads, coupled 

with more severe dry season fire weather, will place further stress on trees, 

particularly those not adapted to a changing climate. Early dry season burning, which 

redistributes carbon to older trees, maintaining growth from shallower roots at this 

time, also reduces the opportunity for natural selection and adaptation from seedlings. 

 Fire impacts are less likely, but not impossible, in MRF and cultivated communities, 

particularly those in more protected irrigated urban landscapes. These communities, 
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like NEC, are not immune from cyclones, projected to increase in intensity. These 

can create higher levels of carbon debris and, in the case of MRF, open such 

communities to grass colonisation and fire threats. 

Although not assessed in this study, it is recognised that a number of other biotic 

factors impinging on the carbon cycle, are both affected by, and weaken, tree 

resistance and resilience to cyclone disturbance. It is well understood that stems can 

become brittle due to fungal attack associated with stress cracking aggravated by fire 

and storm, leading to stem and branch failure. Diseased roots also influence root 

failure. Insects play a similar role. Termites in particular have been reported to affect 

up to 80% of trees in SWL, contributing to an estimated live tree carbon loss of about 

25% (Cook et al (2005) while also increasing vulnerability of trees, evident in stem 

failure in storm damage reported by Williams and Douglas (1995). These stresses are 

likely to be greater in NEC than CC, where species selection and management can 

potentially deal with these. 

7.6 Final comments and recommendation 

7.6.1 Research implications 

Despite the statistical limitations discussed in 7.6.1, findings from this study have 

significant implications for further research, urban planning and landscape 

management for arboreal services.  This will become increasingly important with 

likely adverse changes in global macro, and local, micro-climate regimes on the 

arboreal biosphere. Action research needs to further explore the complex interaction 

between such atmospheric change and both the geosphere of landforms and soils, and 

the anthroposphere of human activity and structures.  These in turn influence the 
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hydrological, biogeochemical and carbon cycles and consequently the impact of 

cyclones, particularly as cities grow in cyclone-prone regions. 

Management strategies are required for native bush outside the urban landscape to 

ensure that fire regimes allow for recruitment of arboreal genotypes adapted to the 

changing environment, while increasing the store of carbon and minimising 

emissions. 

Bearing this in mind, cyclone modelling limitations, the probability of more intense 

cyclones impacting on urban landscapes appears to be underrated in the current 

building code (Cook and Nicholls (2009), requiring the implementation of alternative 

protection measures. Adopting a precautionary principle would suggest that urban 

trees can potentially contribute to ameliorating some effects of extreme climate 

phenomena, and in particular buffer against cyclone-generated debris. 

The retention of remnant natural tree communities in the built environment, 

especially in cyclone-prone regions, is most desirable. Ideally this should be 

complemented by the strategic selection and location of introduced species, adapted 

to the changing atmospheric, geospheric and anthropogenic characteristics of the 

landscape.  Strategic vegetation retention and strategic design of new plantings need 

to be coupled with sound management to ensure that beneficial effects are optimised 

and hazards minimised. 

Well-managed trees can also play a positive role in intercepting solar radiation, 

provide evaporative cooling, and channel wind for enhanced air circulation while 

also assimilating carbon dioxide. There can be trade-offs between some of these 

outcomes, underlining the need for further research and careful planning. 
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7.6.2 Recommendations for further research 

This study has emphasised the need for an integrated landscape research, design, 

planning and management approach based on a dynamic, holistic landscape 

ecological model. Such a model needs to be capable of accommodating 

multidisciplinary information and understanding changing environmental, social and 

economic needs. 

A landscape drainage basin ecosystems approach, of land units and land systems, 

incorporating actual tree vegetation states from natural to cultivated, would provide a 

useful conceptual framework for such an approach. 

Within such a framework there is a need to: 

Assess contemporary land cover in cultured landscapes, particularly Darwin, to 

assess carbon stock and potential environmental amelioration such as heat cell 

development and cyclone buffering. 

Collate data on relationships between climates - soil/regolith related moisture 

regimes and associated above and below ground biomass in both naturally evolved 

and cultivated communities to determine carbon distribution and cyclone 

vulnerability. 

Assess  the role played by precipitation and atmospheric moisture vapour state on the 

overall annual soil moisture budget and the relationship this has to root activity 

during periods of both moisture excess (above field capacity) and deficiency (below 

wilting point moisture) in natural and cultivated communities and the relationship 

this has with potential and actual root failure. 
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Analyse the nutrient cycle, of nutrient uptake, tree storage and redistribution, 

including links to moisture during periods of moisture stress. This will require the 

development and application of a more consistent soil sampling and analytical 

protocol which enables more effective comparative landscape analysis. 

Develop a classification methodology for and undertake a survey of the structure and 

composition of parks, gardens and road verges relevant to assessing carbon 

accumulation and cyclone impacts. 

Develop and implement a program of post cyclone storm tree damage assessment, 

when opportunities arise, involving local government agencies and researchers to 

evaluate species, age morphology, site and management factors and spatial 

distribution and types of damage. 

Assess under more controlled conditions the relationship between actual or potential 

cyclone stem and root failure and 

Genetic/Age variability based on post storm surveys and mechanical stress test of 

MoE and MoR, using salvage wood and standing trees due for removal. 

Monitored tree growth rates and associated wood density influencing MoE 

Measured root and stem development in relation to competition from trees and 

grasses 

Fire regimes impacts on stand structure, competition. 

Irrigation and fertilisation regimes influencing both MoR and root development. 
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Attention also needs to be given to enhancing human perceptions, aspirations, needs, 

fears and understandings (Appleton 1975, Gallager 1977, Jackson 1986, Zube 1976) 

of climate change and cyclone hazards and the role of trees in the built environment 

and closely settled areas. This includes sociological surveys of the culture, subjective 

experience, meaning and emotions of these who live in, own and manage urban and 

peri-urban settlements. Such outputs enable a better systems understanding of what 

are sometimes called "interacting behaviour systems" or “places” (Barker 1968). 

This is an important precursor to the development of a landscape management 

strategy. 

7.6.3 Management guidelines 

The arboreal services provided by trees range from sequestering some of the carbon 

affecting climate, to buffering against the climate changes, particularly heating, 

flooding and storms.  Strategic urban forestry based on a number of principles 

emanating from this study can both maximise benefits and minimise harm both to 

and from trees in urban landscapes. 

Fire-protected monsoon rainforest and well-managed plantings of suitable introduced 

species in parks, can sequester and store carbon at rates dictated by total basal area 

and available moisture from rainfall, groundwater and irrigation, which potentially is 

higher in urban landscapes. 

Dense clusters of slower growing trees, with deeper roots and greater root fusion, 

particularly located in low but not waterlogged parts of the landscape, are better able 

to cope with cyclones and filter flying debris than open-grown and remnant trees on 

shallow uplands or waterlogged lowland soil, particularly with a grass understory. 
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Where these communities are fragmented and more exposed, cyclone tolerance 

(lower root failure) appears to be greater for non-legume rainforest species, 

particularly where they are deciduous, compared with faster-growing evergreen 

legumes and conifer softwood species. 

Savanna woodland remnants, particularly termite-affected eucalypts, also appear to 

be more vulnerable to both root and stem failure than MRF species, and deciduous 

SWL species. This merits further investigation. 

Introduced genotypes (species and provenances) from environments most closely 

matching the planting site, bearing in mind cultural practices such as irrigation, 

accumulate carbon at much greater rates. However rapid growth may hinder deep 

root development, fostering lower wood density and MoE, which may increase 

flexing but shallower root systems may increase the risk of root failure. 

When selecting planting sites, soils prone to waterlogging and shallow soils should 

be planted with small trees or shrubs, less prone to root failure related problems. 

Although there is evidence that tree cover can play a role in minimising cyclone 

debris damage, risk from tree damage can be minimised by fostering deep root 

development, and limiting tree height near vulnerable structures such as houses and 

exit routes, either by lopping or periodic removal and replacement. 

Managing a balance between carbon accumulation and cyclone damage minimisation 

can be achieved through an urban harvesting strategy which allows for both tree 

protection and carbon storage and strategic conversion into wood products when 
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trees reach a hazardous stage, thereby providing both carbon sequestration and 

protection benefit. 

In applying research information to such an urban planning/landscaping and 

management strategy, it is important to develop an appropriate urban silviculture 

program to minimise potential tree harm and maximise environmental benefits. Such 

a strategy is not easy and needs to be underpinned by a long-term commercially 

viable plantation and utilisation operation base into which harvested urban trees from 

parks and gardens (both public and private) can be drawn.  This is already happening 

with the harvesting and utilisation of K.senegalensis logs in Darwin, while reducing 

the hazard from this cyclone-sensitive species.  This will require a significant cultural 

shift in how trees are perceived and managed in urban landscapes, recognising them 

as entities undergoing progressive changes in ratio of benefits to cost and risk which 

are high in storm/cyclone and flood-prone environments like Darwin. 

Such an integrated human ecological research and management paradigm will 

involve cooperation between the natural, earth and biological sciences, disciplined 

from engineering, planning and the humanities — particularly environmental 

psychology, anthropology and sociology. 

Therein lies the challenge. 
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Appendices 

Appendix 1.1 Notes on Non Parametric Multidimensional 
Scaling and Autocorrelation and 
Autoregression 

Box 1 Non Parametric Multidimensional Scaling 

 

  

The NMS models are defined by a set of ordination scores for one to three axes, along with 

the original data used to derive the scores. The input data are one or more new sample units 

in the main matrix sharing some or all of the variables with the original data set. These are 

standardised so that value for any variable for each object is expressed relative to a maximum 

value of that object in the data matrix (equal row totals) ensuring that most abundant does not 

dominate. It also relieves the zero truncation problem of heterogeneous count data sets 

generally associated with such analysis. 

Ordination of this data is based on iteratively ranked distances, linearizing distance 

relationships between “driver” or “regulator” entities and “response” entity (which are the 

cluster of attributes which define such response point in ordination space). This method 

combines information on the concentration of object attribute abundance in a particular group 

and the faithfulness of occurrence of an object with that attribute in a particular group. 

The method involved an iterative search for a ranking and placement of response data that 

minimises stress of k-dimensional configuration. Stress is a measure of departure from 

monotonicity in the relationship between dissimilarity (distance) in the original p-

dimensional space (driver and regulator rows and response columns) and the selected 

distance, which, in this study, is the Sorensen or Relative Sorenson distance in the reduced k-

dimensional ordination space. The position and dimension which minimizes stress is derived 

in a hierarchical way through an iteration process covering a number of dimensions or axes. 

This analysis produced indicator values for each object in each group. These are tested for 

statistical significance using a Monte Carlo technique. 

An autopilot iterative procedure is used involving 

1. Multiple runs with real data each with a random starting configuration, each run 

consisting of a series of solutions stepping down in dimensionality from the higher 

number of axes to one 

2. Multiple runs with randomised data 

3. Selection of the best solution for each dimension based on the lowest stress for a 

real run 

4. Selecting the dimensionality by comparing the final stress values among the best 

solution. 

The output consists of ordination scores (positions on the ordination axes) for each of the 

new sample units. NMS scree plot describing the curvilinear change of fit as dimensions, 

added to a description of a multivariate data set was used to determine the selection of the 

ordination dimension or axis. If more than one axis (dimension) is generated for optimum fit, 

the axis showing minimal departure from linearity is selected. 
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Box 2 Notes on Autocorrelation and Autoregression analysis 

 

 The procedure displays and plots the autocorrelation function and the partial autocorrelation 

function among the values of a series at different lags. It also displays the Box-Ljung statistic 

and its probability level at each lag. If the relationship is cyclic or not independent, 

particularly where strongly influenced by similar factors along the temporal gradient, 

autocorrelation coefficients can be established between pairs of observations at given 

distances along such gradients (Diniz-Filho et al. 2003). 

Parametric tests of statistical significance used are based on degrees of freedom, defined as 

the record length divided by the span between independent events. This may be based on the 

autocorrelation function (AC) (e.g. see Trenberth 1984) depending on the extent to which the 

series is filtered (Harrison and Larkin 1997). In this study the span between recording events 

is assumed to be one year. 

Auto regression (AR) procedures estimate regression models when the error from the 

regression is correlated between one time point and the next. It estimates true regression 

coefficients from time series with first-order auto correlated errors. This procedure estimates 

non seasonal and seasonal univariate ARIMA (Autoregressive Integrated Moving Average) 

models (also known as “Box-Jenkins “models) with or without fixed regression variables and 

maximum-likelihood estimates. The time series to be modelled needs to be stationary, (has a 

constant mean and a constant variance over time) and is tested accordingly. 

The exponential smoothing procedure produced fit values and residuals for one or more time 

series, using an algorithm that smoothes out irregular components of time series data (Box 

and Jenkins 1994). 
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Appendix 1.2 Back ground statistics on NT cylones and Tropical cyclone Tracy 

Table 1 Summary of data for Cyclone dynamics and disturbances for the  top end NT Coast (based on data from Lourensz, 1977, Murphy 1984 and 

Unpublished records from NT ES, Darwin) 

Yr Mth Code Location Zone Wind strength Path 

Bearing 

re 
Darwin 

Coast 
cross 
angle 

Speed 

Km/hr 

Lowest 
pressure 
(mb)11 

Rainfall 

mm/hrs 

sea 

Surge 
flood 

Structural 
damage 

Rank Vegetation destruction Rank lives lost 

1827 3 A Fort Dundas  Severe gales         
fenses, 
warf, 
houses  

5 Garden demolished 5  

1839 11 B Port Essington  Cyclonic     965  3.2  Building  5 
Swathe cut through 
trees   

5 8 

1882 1 C Darwin  Strong gales ews N   994    Building  4    

1891 2 D Borroloola  Strong gales      H        

1897 1 E Darwin  Cyclonic wes W    T   Building  5 tree damage 5 28 

1898 3 F 
Darwin/Daly 
River  

 Strong winds        S      

1909 3 G Borroloola  Cyclonic               

1910 4 H Darwin  Gales      H        

1913 2 I 
Darwin- Melville 
Isl 

40 Strong Gales ew S 245 14 985 H        

1914 1 J Roper Mission 53  ew S 250 19 994    House s 4 Widespread tree  4  

1915 2 K 
Croker Isl - Port 
Essington 

 Cyclonic ew N    250 /8   Building  3 Trees uprooted 4 6 

1915 12 L 
Charles point-
Grose Isl 

44  we N 120 14 977 T  S   Severe tree damage 4  

1917 3 M Darwin ?       996 364/24   Building  2 Many 3 3 

1919 3 N 
Bathurst Island-
Cape Don 

45 Cyclonic we N 120 11 988    Building  4 Thousands of trees 5  

1920 12 O Cape Don -  Gales ew N    H H      1 
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Charles Point 

1921 1 P Vanderlin Isl 55 Cyclonic ew S 255 17     
Fenses, 
Buildings  

5 Garden demolished 5  

1922 3 Q 
Darwin -
Wyndham  

 Strong winds      H        

1923 3 R 

Groote Eylandt, 
Roper River 
Torres Straight 
Isl 

57 Cyclonic se S 255 15 994  6.7  Buildings  5 
Vegetation 
destroyed 

5 20 

1929 2 S* 
Groote Eylandt-
Roper River 

 Gales* ew S 270 23 995 498/62  S      

1930 1 T* Roper River 57 
Strong 
winds* 

  270 15 996         

1931 1 U Groote Eylandt  Gales      T  M      

1931 3 V Groote Eylandt  Cyclonic      539/48 6.5 M Building s 5    

1935 1 W Cape Don  Cyclonic sew E   994 340/14 H   Building s 2 Trees destroyed 5  

1937 3 X Darwin 43 Cyclonic 
nes
w 

S 200 7 955  H  Building s 4 tree damage 4 1 

1938 2 Y 
Borroloola, 
Vanderlin Isl 

 Cyclonic      300/24        

1940 1 Z Roper Valley 56 Gale force we S 265 53 996 T  VS flood      

1940 3 AA Groote Eylandt  Gales ew S            

1943 12 BB Vanderlin Isl  Cyclonic   250 17 1000         

1945 12 CC 
Goulburn Isl, 
Milingimbi 

 Gales       H        

1948 2 DD 
Elcho Island- 
Borroloola 

54  ws E 125 10 996 T    Building  5 Trees stripped  3  

1948 6 EE Vanderlin Isl         3.7  House  5 Severe damage 4  

1948 12 FF 
Bathurst and 
Melville Is/ 
Darwin 

39 Strong gales   185 9 1000    Building  4   10 
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   Groote Eylandt           Building  3    

1950 4 GG Darwin  Gales      H        

1950 12 HH 
North Coast- 
Groote Eylandt 

 Gales       H       

1952 1 II Groote Eylandt  Gale force       H       

1952 4 JJ Yirrkala  Cyclonic      T   Building 4    

1953 4 KK 
Goulburn and 
Crocker Isl 

 Severe gales ew N         
Gardens, crops, 
scrubland 

  

1954 4 LL 
Caped Don-
Darwin 

44 Severe gales sth N 160 13 985 H   Building  4    

1956 3 MM 
Elcho-
Goulbourne 

50 
Near 
Hurricane  

ews  225 10 998      Gardens, Bushland   

1958 3 NN 
W Gulf of 
Carpentaria  

 Strong gales      399/24     
Many tree blow 
down 

3  

1959 1 OO Groote Eylandt   Gales              

1959 4 PP Port Keats 41 Gales ews  175 13 990 H        

  PP North coast  *   250 9          

1959 12 QQ  45   N 105 40 992         

1961 1 RR   Gales       R       

1963 4 SS 
NE  coast-Elcho 
Island  

52 Gale force   205 7 988  R       

1964 1 Audry 
Gulf - barkly 
table lands 

  wse E    100/1      0  

1964 2 Dora 
North East 
Arnham 

 Gales 
wew

s 
N    

289/24 

248/1 
   0  5  

1964 3 Carmen 
Gulf of 
Carpentaria  

41    180 6 996     4    

1964 12 Flora  48  
ews

e 
S 245 8 1000 

400/48, 

125/1 
     0  

1964 12 Flora North Coast- 46    245 9 1000     0    
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elcho island 

1964 12 Flora  44    205 9 998         

1965 1 Judy  48    155 10 1002         

1965 1 Judy*  53    105 17 1002         

1965 2 Marie  48    250 8          

1965 2 Marie*  46    250 8          

1965 3 Marie    ews S    125/24 R     0  

1965 3 Marie Noonamah            1    

1965 12 Amanda  47 Gales 
wew

s 
S 225 13 997 

437/48, 

583/1 
  

 Radio 
tower  

  0  

1967 3 Cynthia Groote Eyland 58 Gales   235 9 1002 425/1    Bridge  1  0  

1967 3 Cynthia Bonopart Gulf 54    335 11 994     0    

1968 1 Bertha    ew S    130/1      0  

1968 2 Bonnie 
North and West 
coast 

55    265 8 1004     0    

1969 3 Audry*  52 Gales ew S 20 15 1002 250/1   Building  1 Some tree damage 1 4 

1969 3 Audry 
Groote Eylandt- 
Barkley 

50    250 7 992     1    

1969 3 Audry*  41    245 20 994         

1969 3 Audry  38    225 18 988         

1970 3 Cindy  56    255 12 995 280/1  S warf    1  

1970 3 Cindy* Milingibi-Yirrkala 57    35 7 1000     2    

1970 11 Beverley  50 Gales ew N 180 5 995 344/1     Little tree damage 0  

1971 2 Aggie 

Gulf of 
carpentaria Sth,  

Vanderlin Isl 

58 Gales ew E 275 12 986 161/1    1  0  

1973 1 Adeline 
Gulf of 
carpentaria Sth, 
Vanderlin Isl 

59 Gales s E 205 7 970 159/1    0  0  

1973 2 Leah Groote Eylandt 55 Gales es N 260 18 996 231/1    0  0  
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1973 3 Madge Groote Eylandt 55  ew S 290 20 996 421/1   Building  3 Trees uprooted 4  

1973 3 Bella 
Gulf of 
Carpentaria W 

 Gales we N    259/1    5    

1973 11 Ines 
Crocker-
Bathurst Isl 

  wse N    533/1   House  3 Trees uprooted 4  

1974 3 Jenny 
Darwin-Bathurst 
Island 

53    270 12 995     5    

1974 12 Selma   Gales ews N    258/1        

1974 12 Tracy Darwin 43 Cyclonic  ews N 110 6 950 
217/1 

280/24 

1.7-2 

 
      

11Notes 0900 standard time Minimum pressure in 5
○
 lat /long squares (1950-1974) otherwise obtained from closest observing station  

Coastal crossing, coast line linearised and segmented into 100km segments, speed of translation  
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Table 2 Cyclone Tracy statistical summary (based on Bureau of Meteorology 1977)  

Pre land fall based on Dvorak (1974) 

Date Time  
Vmax 

(Dvorak) 

Rainfall per 3 
hrs(mm) 

Dvorak values 

 

     T number CI number 

21
st
 1002  56 0 2.0 2.0 

 2223  65 0 2.5 2.5 

22 0902  102 0 3.5 3.5 

 2123  120 0 4.0 4.0 

23 0957  167 .4 5.0 5.0 

 1200   12.6   

 2218  189 0 5.5 5.5 

24 0857  189 0 5.0 5.5 

 2313  189 0 4.5 5.5 

Post landfall 

 

Time 
Central 

pressure 
(hPa) 

Maximumwin
d gusts 

Measured 

and 
calculated 

Rain fall 
Per 3hrs 

(mm) 

Radar based estimates of pressure 
gradients and gradient wind profiles 

∆P ∆R R Vg Loc 

 0300   .8      

 0600   1.0      

24
th
 Dec 0900 1200   1.42.2      

 1200 1500   1.8-2.2      

 1500 - 1800   8.5      

 1800 - 2100   8.6-12.0      

 2100 -2400 996.4   25      

          

 0001   26      

25
th
 Dec 0030 993.8        

 0045 - 0115    1.8 3.5 24.4 117 A 

 0100 

0130 

 

991.6 

988.4 

  2.1 

2.1 

3.4 

4.6 

4.3 

4.6 

22.2 

20.2 

20.4 

105 

129 

129 

A 

B 

A 

 0130 

0200 
 

 

984.5 

  3.6 

3.9 
4.5 

3.7 

3.7 
3.7 

18.1 

16.3 
16.3 

141 

139 
148 

A 

 O200 

0230 

 

979.0 

  5.3 

5.5 
8.5 

4.1 

3.7 
4.6 

14.2 

12.6 
12 

144 

144 
157 

A 

A 
A 

 0230  

0300 
 
0245 

0315 
0305 
0300 

0330 

 

968.9 
 
 

 
 
956.5 

 

 
 
 

 
 
217-236  

 

 
 
 

 
 
105mm/hr 

 

13.2 

10.1 
16.1 
 

15.5 
12.4 
 

9.2 

4.3 

2.8 
3.5 
 

3.7 
2.2 
 

3.9 

10 

9.3 
7.9 
 

6.1 
6.8 
 

4.3 

189 

194 
202 
 

168 
207 
 

105 

A 

B 
A 
 

A 
B 
 

A 

 0400 959    144.5mm      

 0410         

 0430 967        

 O455 981.6 140       

 0530 987        

 0600 992.5         

 0630  60       

 

Rainfall is mean sg and Gauge and Pluviograph. 

Pressure Mercury Barometer 

Radar statistics  

Vg geotrophic wind 

∆P change in pressure  

∆R cyclone displacement  

R radius of maximum wind 

Location A Darwin weather service office BOM 

B Darwin regional office BOM 
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Appendix 1.3 Tree Physiology involving water use, carbon 
assimilation and nutrition 

The proportion of carbon assimilated to water used by trees is termed the Water Use 

Efficiency (WUE) (Box 3) 

Box 3 Estimation of Water use Efficiency (Farquhar and Richardson 1984) 

 

 

 

 

 

 

 

 

 

 

 

 

Water use efficiency (WUE) (mol C assimilated per mol of water transpired) is 

negatively correlated with community isotope discrimination (Δ). 

 

WUE=((1-φ) pa 1- pi/ pa))/1.6 Δe 

Where φ is the proportion of carbon fixed but later respired 

pi/pa is the ratio of intercellular and atmospheric partial pressure of CO2 

Δe is the ratio of intercellular and atmospheric vapour pressure 

The ratio pi/pa is calculated from the isotropic discrimination equation (Farquhar et al. 

1982) assuming negligible difference between total partial pressure of CO2  and 
13

CO2. 

The :first products of photosynthesis, is derived from 

 

Δ
13

Cp = a + (b-a) pa 

Where Δ 13Cp is isotopic discrimination of plant tissue  derived from δ13Cp (Farquhar 

et al. 1982) 

a is discrimination in air associated with difference in diffusion rate of 13C and 12C 

(4.4‰) 

b discrimination in the carboxyl reaction assumed to be 27‰ (Marshall and Monserud 

1996) 
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The ratio of instantaneous assimilation rate (A) to transpiration rate (E) for leaves 

yield the instantaneous transpiration efficiency (ITE) which, if large, represents an 

optimization response in water limited environments. The inverse relationship δA/δE 

is the marginal unit water cost of plant carbon gain. This is calculated from ratio Ci 

(internal carbon dioxide) to Ca (external atmospheric carbon dioxide) in leaves 

(Lloyd and Farquhar 1994) which fluctuation from high in the wet season 

(independent of LAVPD) to low in the dry season where both A and (Ci/Ca) 

declined with increase LAVPD. 

The accompanying moisture exchange process is regulated by stomatal conductance, 

which is linearly related to leaf atmospheric vapour pressure deficits (LAVPD) 

which is much higher, with strong negative trend, in xeric environments or in the dry 

season (Eamus et al 1999). This is accompanied by Xylem water column tension and 

possible cavitation and decreasing stem hydraulic conductivity depending on water 

availability in the rhizosphere. Abscisic acid level in xylem and leaves also increases 

as moisture decreases generally leading to stomatal closure (Gowing et al. 1993). 

Mineral nutrition essential for photosynthesis and conversion into cellular carbon 

accumulation are summarised in Table 1 and maximum recorded levels in arrange of 

tree species in Table 2. 
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Table 1 The role of plant nutrients in metabolism (source Curtis and Barnes 1989, 

Donahue, et al. 1983) 

 Role in metabolism Other role 

Nitrogen  

 

Nitrate 

Ammonia 

Components of Chlorophyll, amino acids, 
nucleotides, co enzymes, nucleic acid  

Carbon break down and microbial 
activity  

 

Growth 

Flowering 

Phosphorus  Component of energy-carrying compounds 
(ATP,ADP) phospholids, nucleic acid , essential 
enzymes 

Root membrane integrity  

shoot and root development.  

Potassium  Important for translocation, water relations, 
energy relations, stomatal opening, regulation 
of cellular pH, osmoregulation, cation anion 
balance, enzyme activation 

Flowering and fruit set 

Calcium  Component of cell wall, enzyme factor, involved 
in cell membrane permeability and transport of 
ions and hormones  

cation-anion balance, osmoregulation, second 
messenger in environmental signals 

For soil microorganisms stimulating 
root activity and biological activity 
in soil  

membrane maintenance cell 
division and elongation,  

cell wall stabilization 

Magnesium  Part of chlorophyll molecule, enzyme activator 
Properties and reactions as calcium. Involved in 
carbon dioxide assimilation, regulation of cell 
pH, cation -anion balance, protein synthesis, 
carbohydrate partitioning  

 

 

Sulphur Sulphur is essential for complete proteins 
synthesis and function, energy transfer and 
structure. Component of amino acids, proteins, 
and co enzyme A 

 

Iron Chloroplast development, component of 
cytochrome. Important in oxidation- reduction in 
electron transport and nitrogenase activity 

 

Chloride Cl- Involved in osmosis and ionic balance, 
essential in photosynthesis in the reaction 
where oxygen is produced 

 

Copper Involved in protein and lignin synthesis terminal 
oxidation in redox reactions, Activator or 
component of some enzymes 

Strong shoot and stem 
development  

Pollen formation as well as fungal 
pathogen control. 

Toxic level can interfere with 
beneficial fungi, as well interfere 
with phosphate, zinc and iron 
uptake. 

Manganese  Important for chlorophyll production, 

Lignin development enzyme activator, 
carbohydrate and nitrogen metabolism: 
Required for carbon dioxide assimilation  in 
photosynthesis in oxidation reduction in 
electron transport, oxygen release in 
photosynthesis :Activator of some enzymes, in 
chloroplast membrane  

Essential in seed formation and 
seed germination 

continued 



Appendix 

Page 614 

Zinc Essential for P uptake and an activator or 
component of many enzymes. Governs 
production of the natural growth hormone 
auxin; Plays an important role in the formation 
and activity of chlorophyll, and is involved in 
protein and nucleotide synthesis. It is important 
for carbohydrate metabolism and membrane 
integrity playing a major role plant water 
relationships enhancing drought tolerance  

Controls leaf and shoot 
development deficiencies leading 
to stunting and multiple stem 
development in trees 

Boron Linked to calcium, nitrogen (including 
nodulation) nutrition, nucleotide synthesis: 
carries starch from leaf to fruit, cell wall 
development and structure, plasma membrane 
and membrane integrity 

Cell development and elongation 
flowering seed and fruit set. 

Cobalt  Important in Nitrogen fixation by Rhizobium but 
also appears to stimulate other soil bacteria. 

 

Molybdenu
m Mo+ 

Required for nitrogen metabolism It is required 
for the synthesis and activity of the enzyme 
nitrate reductase (reduces nitrate to ammonium 
in the plant) and is involved in electron 
transport in plant metabolism. Linked to 
organically bound phosphorus uptake in the 
plan 

This is important in nitrogen fixation 
by Azotobacter and Rhyzobium. 
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Table 2 Maximum recorded foliar nutrient levels for various selected tree species  

Species N P K S Ca Mg Na Zn Cu Mn Fe Bo Mo Source 

 Macronutrients % (to 1 decimal) 

Eucalyptus  
calophylla  

0.4 0.05 1.1 0.1 0.7 0.4 0.3 7 3 8    
O'Connell et al. (1978) 

E marginate  0.8 0.04 0.6 0.1 0.6 0.4 0.3 6 3 18    O'Connell et al .(1978) 

Acacia 

harpophylla 
1.7 0.06 0.7  0.9 0.2 0.2 14 9 9    

Moore et al. (1967) 

A pulchella 2.1 0.04 0.9 0.2 1.2 2.4 0.3 8 5 1    Moore et al. (1967) 

A. auriculiformis  2.8 0.3 1.0 0.1 1.2 0.5  22 9 83 126 32  Zech (1990) 

A.mangium 

3.0 0.2 1.0  0.8 0.2  29  325    

Amir et al (1993); 
Mead  

and Miller (1991) 

Tectona grandis 

2.8 0.2 2.4 0.2 2.3 0.4  25 12 112 320 15  

Zech 
1990.;Kauenjohann  

and Zech (1990,19 92) 

Gmelina arborea 
3.2 0.3 1.6 1.0 1.0 0.3  40 7 205 135 50  

Evans 1961 Smitt 
(1987) (1) 

Casuarina . 

cunninghamania 
2.6 0.9 0.6  1.4 0.4 0.3.  10 1    

Sanginga et al. (1991) 

Grevillea robusta 1.3 0.1 0.6  0.5 0.1   18 611 105 17  Smitt 1987 (1) 

Paw Paw 2.5 0.4 0.6 0.8 2.5 1.5 0.2 30 10 150 80 50  Robinson et al. (1997) 

Citrus 2.6 0.2 1.5 0.4 6.0 0.6 0.2 80 10 80 120 100 0.3 Robinson et al. (1997) 

Mango  1.5 0.2 1.2 2.2 3.5 0.4 0.2 100 20 200 100 100 1.0 Robinson et a.l (1997) 

Avacado 2.6 0.3 2.0 0.6 3.0 0.8 0.2 50 15 500 200 100 1.0 Robinson et al. (1997) 

U/s grass 0.4 0.02 0.2 0.03 0.2 0.1  15 2.5     Cook(1994)  

u/s leaves 0.7 0.02 0.2 0.06 0.9 0.3  13 3.5     Cook (1994) 

HEALTHY , 
WHOLE 

PLANTS  
1-4 

0.1 

-0.8 

0.5 

-0.6 

0.05 

-1.0 

0.2 

-6.0 

0.10 

0.8 
Tr 

15 

-100 
4-30 

15 

-800 

25 

-300 

5 

-75 

0.1 

-5.0 

Curtis and Barnes. 
(1989) 
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Appendix 2.1 Atmospheric composition 

  

Table 1 State of atmospheric strata of relevance to the MNT landscape (based on White 

et al. 1984, Lovelock 1987b, 1991) 

 
Composition 

Temperature 

Altitude Gradient 
Primary Process 

Exosphere 
 

Increase Stratification 

Ionisation 

 

HETEROSPHERE 

 

Thermosphere 

O, N, H, He 

High 

Increase 

Stratification 

Ionisation 

Near vacuum 

HOMOSPHERE 

Mesosphere 

O,O2, O3, N, N2 

CO, H,  

Hydroxyl radical 

Decrease Molecular diffusion 

Ionisation 

Molecular 
breakdown into 
atoms and radicals 

Stratopause    Boundary 

Stratosphere O,O2, O3, N, N2, CO2,  

Methane, Nox 

Acids  

OH2O vapour, ice 

Increase due to 
ozone assimilation 
of ultraviolet light 

Molecular diffusion Little vertical 
mixing 

Ozone 
accumulation and 
deterioration 

Tropopause     

Troposphere Major gasses  

CO2 (0.03%), O2 (21%) 

N2 (71%) Minor gasses  

(e.g. SO2, H2S, C2H4,  

O3 NOx Dimethyl 

sulphide,  

Methyl iodide) 

Aerosols (e.g. dust, soot, 
pollen, spores and salt)  

Moisture Vapour  

Decrease Molecular diffusion 

Circulation  

Extensive 
turbulent mixing 
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A B 

Appendix 2.2 Some recorded climate trends for NT from BOM 

 

 

 

 

Figure 1 Northern Territory annual maximum (A) and minimum (B) temperature 

anomaly (base 1961-90) showing average trend line (source Bureau of 

Meteorology 2008) 

 

 

 

 

Figure 2 Rainfall trends for the Northern Territory showing average trend line (Source 

Bureau of Meteorology2008)  

 

 

 

 

Figure 3 Cloud cover trends for Australia showing average trend line for the period 

1955- 2000 (Source BOM web site 2008)  
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Figure 4 Cyclone density trends for the northern tropics of Australia (source BOM. 

2008) 

 

 

 

 

 

 

 

 

Figure 5 Wind rows showing monthly variation in direction wind velocity and 

frequency of occurrence (BOM data) 
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Appendix 3.1 Geological ages and attributes bearing on landform 
and associated soils 

 

Table 1 Geological features of land systems in MNT (based on Needham, 1980;Rossiter, 

1980; Pietsch, 1983; Pietsch, 1987; Williams, 1969) 

ERAS 

PERIODS 
UNITS Types of Rocks and Sediments 

Processes and resulting landscape 
attributes 

CAINOZOIC  

0-70m yrs 

QUATERNARY(Q) 

0-1m yrs 

 

 

 

 

 

 

 

 

 

 

 

 

Coastal alluvium 

Blacksoil 

Plains 

Cherniers 

 

 

Alluvium 

 

 

 

 

Mud,Silt,Clay 

 

Clay,Mud,Silt 

 

Sand,shelly sand,coralline 

Sand. 

Gravel,sand, silt 

Sand,silt, clay 

 

 

 

Deposition of alluvium  in flat coast  plains  

 

Erosion of Tertiary land surface by wind and 
water  giving rise  dunes, levees  

 

Sea level and climate fluctuations associated 
with glacial and interglacial events 
contributing to cycles coastal exposure  and 
erosion   

 

Weathering and Laterisation of  older rocks 
and sediments  

 

TERTIARY (T) 

1-70m yrs 

 

 

 

 

Colluvium 

Soil 

Laterite 

 

Unconsolidated sand,ferruginous and clayey, 

Sandy and gravelly soils. 

 

Lateritic illuvial deposits and elluvial stata 

Weathering of older rock to form pisolitic laterite,   

Wave hill and Koolpinya surface –(north lowlands) , 
Maranboy and Tipparary surface  (Daly basin) 

Bradshaw surface Arnham - Plateau  

 

Laterisation of new surface  

Reworking of weathered zone to form   

 

Erosion and deep weathering of older rock,  

and deposition of fluvial  sands   

In situ reworked of Mesozoic rock  

Possible uplift and warping of land surface 

MESOZOIC 

70-225m yrs 

CRETACEOUS (C) 

70-135m yrs 

Bathurst Island 

Formation. 

Wangarlu member 

 

Darwin member 

(Mullaman Beds)  

Kaolinitic with minor silty claystone 

 

 

 

Basal conglomerate with minor bioturbated white 
siliceous siltstone, sandy claystone and clayey 
sandstone  

 

  

Marine regression and uplift or warping  

Deposition of marine sediments (Mullaman 
beds) 

 

Marine transgression (Aptian sea) and 
bevelling of older rocks 

Deposition of freshwater sediments 

Rifting and downwarping with collapse of 
continental margin 

JURASSIC-
CRETACEOUS 

70-180m yrs 

Undivided Immature conglomerate, 

Conglomeratic sandstone, sandstone and sandy  

Claystone; 

Limonitic sandstone. 

Fragmentation of Gondwanaland  

 

PALAEOZOIC 

225-600m yrs 

 

CAMBRIAN 

 

 

 

 

Daly River Group, 

Dolerite 

 

 

 

Fossiliferous Limestone  

Prolonged erosion  

No major faulting and folding, continental 
arching  

Some localised tilting and folding 

Marine intrusion  

Breakup of Pangea  

Continued  
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PROTEROZOIC 

600-2,300m yrs 

Late or Upper ) 

(Neo) 

 

 

 

Middle (Meso) 

 

 

 

 

 

 

Early or Lower  

(Paleo) 

 

Katherine river 
group 

 

 

 

Edith river group 

 

McAddens River 
and Henwood 
Creek Volcanic  
member of 
Kombolgie 
Formation    

 

Cullen Granites 

 

Finnis river group 

 

 

Burrell Creek 

Formation.South 
Alligator  

River group 

 

Mount Partridge 
Group 

 

 

Wildman Siltstone  

Mundogie 
Sandstone 

 

Grace Creek 
Granites   

 

Sandstone and conglomerates (Kombolgie 
Formation) 

 

 

 

Larva, tuffaceous sediment and conglomerates 

 

Antrim Plateau, 

 

 

 

 

 

 

Hornblende Biotite Granite 

 

Shale, greywacke ailtstone,phyllite:fine to very 
coarse sandstone:quartzite;quartz pebble 
conglomerate; 

Quartz mica schist and gneiss to the west 

 

Mainly laminated reddish brown shale and  

Siltstone. With some tuffs, cherts greywacke and 
dolomite 

Mainly laminated shale; silty shale; silt stone; 

Sandy siltstone with some volcanics, quartzite  

And quartz sandstone 

Granite, granite porphyry and adamellite 

 

Ice age and marine retreat  

Subsidence and marine transgression 
and sedimentation  

Uplift, metamorphism and erosion  

 

Basalt extrusion  

Igneous basalt intrusion, local 
metamorphism 

 

 

 

 

I 

 

Igneous Granite and Dolerite  intrusion,  

 

Warping , metamorphism erosion  and 
depostion 

 

Metamorphisms  

 

Sedimentation  

 

 

Deposition of alluvial and shallow marine 
sediments  in geosyncline with some 
volcanism 

 

ARCHAEAN (A) 

2,200m + yrs 

 Granite, leucogranite 

Gneiss, schist, metasediment, dolomite 

Formation of Pine Creek Geosyncline  
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Box 1 Major soil orders found in MNT (after Isbell 1992, 2002) 

Rudosols 

Rudosols are soils with little if any (rudimentary) pedological organisation which were very shallow 
(<25cm) and directly overlying either hard unweathered rock or weathered rock. 
Lithic Rudosols generally equate to lithosols (commonly referred to as skeletal soils), extensive in 
rugged and steeply sloping terrain in the top end,  are about 80% stone and gravel 10 %.  
Arenic Rudosols, common on lower slopes and depressions of the plateau and as broad ridges (dunes) 
of the littoral landscape of the coastal sandplains are uniform siliceous and calcareous non-gravelly, 
structureless loamy sands to sandy loams with negligible pedological organisation, deep often with 
mottling (due to waterlogging because of their location in low lying areas) or shallower overlying 
ferruginous material 
Shelly Rudosols, formed in cherniers along parts of the top end coast are loose or only weakly coherent 
calcareous, uniform sand-sized fragments of shells. 

Tenosols 

Tenosols generally have only weak pedological organisation apart from the A horizons. The most common of these soils are  
Orthic Tenosols are uniformly siliceous sands which are loose,  porous and single grained, and earthy 
sands and  sandy textured red and yellow earths with weakly developed (tenic) B horizons, or B2 
horizons not exceeding light sandy loam (15%clay). The B horizons commonly have strong red or yellow 
colours 
Leptic Tenosols which have A2 horizons that are not conspicuously bleached, directly overlying 
unweathered or weathered rock. 
Other less common Tenosols are  
Bleached-Leptic Tenosols –sandy conspicuously bleached A2 horizons directly overlying unweathered 
and weathered rock and  
Bleached-Orthic Tenosols -conspicuously bleached A2 horizons overlying weakly developed B horizons, 
or B2 horizons not exceeding light sandy loam. 

Kandosols 

Ferric, Petroferic Red and Brown -moderately deep equal proportions of coarse to medium textured 
sandy loams over clay loam and subrounded ferruginous gravels and 10% clay underlain by indurated 
ferricrete pan with equal proportions of ironstone concretions (lateritic red earth)  
Grey Kandosol have grey sandy surface and mottled and ferruginous often cemented subsoil  
Bleached –ferric Mesotrophic yellow Kandosol yellow sands with low clay extensive nodulation 
increasing with depth (Lateritic yellow podzolic)  
Dystrophic either acidic brown a yellowish brown, deep earthy sand with 20-50% ferruginous gravel and 
mottle, or mottled yellow with clay increasing from 10-30% with depth  with some mottling (yellow earths) 
or ferric-acidic sandy surface with ferruginous gravel throughout (red earths)  
Haplic Mesotrophic Earthy or porous texture, 60-70% of varying proportions of coarse and fine sand 
about 10% silt and the remainder clay increasing with depth constituting 50% of the pedon, forming well-
developed massive B2 horizons (red earths) 

Chromosols 

Chromosols have strong texture contrast between A and B horizons. .B horizons are non-sodic and not strongly acid.  
Red, Brown, Yellow and Grey Chromosols occur on weathered  granite generally with dark high organic 
medium textured brown surface over bleached A2 and medium to heavy mottled  acid clay subsoil with 
some ferruginous gravel. 

Vertosols  

Clay soils with slickensides and/or lenticular peds in the profile which crack when dry .Vertosols are 
classified on either prolonged wetness or dominant colour of the B2 horizons. 
Aquic vertisols in the top end are Massive deep ,uniform medium to heavy dark grey to black, acidic and 
alkaline cracking clays with slickensides and/or lenticular peds in the profile,comprising 30-40%clay and 
25% silt the remainder sand becoming lighter and mottled with depth and prone to hard surface when 
dry. 
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Dermasols  

These have well developed B2 horizons which are moderately to strongly structured, and lack strong 
texture contrast between the A and B horizons. 

Hydrosols 

Redoxic Hydrosols include the range of soils which are either seasonally or permanently wet. have a seasonal 
non-saline water table and mottles in the major part of the B horizon.  
This order combines a diverse range of soils including ranging from kandosolic and tenosolic Kurosolic, 
Sodosolic and Dermosolic and chromolsolic  
Tenosolic surface sand sandy and bleached mottled subsurface  
Kandosolic loamy surface grading to bleached mottled clay poorly drained 

Chromosolic, Range from sandy loam to light sandy clay surface with unbleached A2 horizon grading to 
yellowish brown to yellow mottled light to medium clay with about 20% silt to a hard apedal mottled yellow 
duplex soil comprise sandy to loamy shallow surface over deep strongly contrasting clay subsoil, constituting 
about 50 % of the pedon, (gleyed podzolics, hard yellow mottled duplex soils). 
Dermasolic clay loam surface grading to clay bleach mottled subsoil poorly drained. 
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Appendix 3.2 Soil orders forming pedon groups and estimated 
Great Soil Group equivalents, Landform 
classification, soil nutrient sampling intensity and 
summary of analysis 

 

Table 1 Soil nomiclature using Australian Soil Classification (Isbell 1996) and Great 

Soils Group equivalents (Stace 1968) 

Soil Order Summary 
Pedon 
Group 

Great Soil group 
equivalents 

Organosols Soils dominated by organic 
Materials O 

Neutral to alkaline acid 
peats  
Organic soils  

Vertosols Massive acid and alkaline deep cracking clays 
Deep, uniform medium to heavy becoming lighter 
and mottled with depth . Prone to hard surface   
Aquic Vertosols are often characterised by mottles 
and gley colours 

V 
 

AV 

Black earths  
Deep cracking clays  
Humic gleys, 
Grey gley soils  

Hydrosols Soils which are either seasonally or permanently 
wet  
Kandosolic hydrosol 
 
 
Chromosolic Hydrosols  
 
 
 
Tenuosolic hydrosol 
Sodosolic  

 
HK 

 
 

HC 
 
 
 

HT 
HTS 

 
Yellow earths 
Yellow mottled massive 
earth 
Yellow Duplex Soil  
Yellow podzolic  
Yellow, hard mottled 
duplex soils, 
Gley podsolic 
Solonized solonetz 

Kurosols Soils with strong texture contrast 
Between A and B horizons, 
B horizons are strongly acid 
Kandosolic  
 
Tenosolic 
 

KuK 
 
 

KuR 
KuY 
KuB 

Latertic podsolic soil 
Red podsolic soil 
Yellow podzolic soil 
Gravelly red earths   
Gravelly yellow earths,  
Red brown earths  
 

Sodosols Soils with strong texture contrast between A and B 
horizons, 
B horizons are sodic and not strongly acid 

S 
Solodized solonetz  
Solodic soils  

Chromosols Chromosols have strong texture contrast between 
A and B horizons. Red, Chromosols 
 
Yellow Chromosols  Medium textured brown 
surface over bleached A2 and medium to heavy 
mottled  acid clay B 
Friable mottled yellow duplex with dark high 
organic, acid over light clay subsoil with some 
ferruginous gravel. 

 
CR 

 
CY 

 

 
Lateritic podsolic soils  
Red podsolic soils 
Yellow podzolic soil 
 
Hard apedal mottled 
yellow duplex soils  

Dermosols Clay with well developed B2 horizons ,moderately 
to strongly structured,and lack strong texture 
contrast between the A and B horizons  

DG 
DB 
DR 

Grey clay 
Brown clay  
Red clays  
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Table 2 Continuation from table 1 of soil nomiclature using Australian Soil 

Classification (Isbell 1996) and Great Soils Group equivalents (Stace 1968) 

Kandosols 

 

 

 

 

 

 

 

Earthy texture grading from loamy sand to sandy loam in 
the surface,to sandy clay loam to light clay in the subsoil  

Weak B horizons which are massive or 

Only weakly structured, 

B horizon texture exceeds heavy 

Sandy loam 

The dominant colour of the B2 horizon is used to further 
classify these soils.  

 

 

KY 

KYG 

KY 

 

 

 

KRL 

KK 

KR 

KR 

KRA 

KRG 

 

 

KG 

KGG 

KBG  

KB 

Yellow massive earth  

Lateritic yellow, earths 

Yellow earths (may be 

mottled 

Gravelly yellow massive 

earths  

lateritic red earths  

shallow lateritic lithosols 

Deep red earths 

Red massive earth 

Alluvial red earths 

Gravely red earth 

Gravelly red massive earth 

Grey massive earth,  

Grey gravelly soil 

Gravelly or not Brown 

massive earth,  

Brown gravelly soil 

Rudosols Little if any (rudimentary) pedological organisation very 
shallow (<25cm) and directly overlying either hard 
unweathered rock or weathered rock. 

Leptic  

Shallow coarse textured grey, grey yellow, yellowish to 
yellow brown loamy, stony and gravelly soils. 

 

Arenic 

uniform siliceous and calcareous non-gravelly, structureless 
loamy sands to sandy loams may have mottle are laterite at 
depth 

 

 

 

RL 

 

 

 

RA 

 

 

 

Lithosols 

Gravelly silicious sand 

Red brown loam 

Red gravely sands 

Silicious sand 

Calcarious sand 

Tenosols Little if any (rudimentary) pedological organisation 

Bleached-Orthic Tenosols –conspicuously bleached A2 
horizons overlying weakly developed B horizons,or B2 
horizons not e xceeding light sandy loam. 

 

 

 

 

 

Leptic  conspicuously bleached A2 horizons directly 
overlying unweathered and weathered rock and  

 

Kandosolic weakly developed (tenic) B horizons, or B2 
horizons not exceeding light sandy loam (15%clay). The B 
horizons commonly have strong red or yellow colours 

 

 

TO 

 

 

 

 

 

 

 

 

TL 

 

TK 

 

 

 

 

Red calcareous earths 

Earthy sands 

Siliceous sands 

Brown sillicious sand 

Sandy red earths 

Sandy yellow earths 

Red silicious sand  

Sand 

Yellow sand 

Lithosols 

 

Gravelly or not 

Red earths, 

Yellow earths 

Grey earths 
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Table 3 Macro landform attributes and nomiclature (modified from McDonald 1983, 

1998)  

Modal terrain slope 

 Level Very gently Gently Moderately Steep Very steep 

Relief  Inclined Inclined Inclined   

Slope  <1% 1%-3% 3%-10% 10%-32% 32%-56% 56%-100% 

High 

90-300 m 

(About 
150 m) 

  HPL 

(high 
plateau , 
undissected 

HPU HPD  

Rugged 
dissected 
plateau, 
scarps 

SH  

Steep 

Hills 

(Rocky hills) 

VH  

Very steep 

Hills,  

(Rugged hills 
and strike 
ridges) 

Low 

30-90 m 

(About 

50 m) 

  UL 

Undulating 

low hills 

(gently rolling 
hills, 

undulating 
terrain 

  VL 

Very steep 

low hills and 
scarps 

(low broken 
plateau) 

Very low 

9-30 m 

(About 

15 m) 

LP 

Low plateau  

(Very gently 
undulating 
upland 
surface)* 

GR Gently 

undulating 

rises, (gently 
undulating 
terrain, 
depression 
and shallow 
valleys 

shallow 
drainage 
floor 

UR 
Undulating 

Rises 

(Low ridges 
and hills, 
rolling terrain, 
undulating to 
rolling low 
lands  

RR 

Rolling 

Rises 

(Broadly 
undulating 
terrain) 

SR 

Steep 

Rises 

(Rugged 
dissected 
uplands, 
steep 
dissected 
rises) 

 

Extremely 
low 

<9 m 

(About 

5 m) 

AP 

Level 

Plain 

(low coastal 
plains, 
floodplains 

broad alluvial 
floodplains,  

tidal flats 

swampy 
plains  

GP 

Gently 

undulating 

plain 

(Gently 
undulating 
low hills, 
upland, or 
plateau  
surface,  

sand-plain, 

swampy 
depressions  

UP 

Undulating 

Plain 

(Undulating 
terrain Very 
low ridges 
and hills, 
broad 
shallow 
valley and 
side slopes 

river 
drainage 
floor 
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Table 3 Number of stata(S) per pedon group assessed for relative nutrient content and 

distribution in the PGS and number of pedons in each group (P) assessed for 

depth trends 

    N 
T 

P 
T 

S 
T 

K 
T 

S 
extr 

P 
extr 

K 
extr 

K 
exch 

Ca 
exch 

Mg 
exch 

Na 
exch 

Cu 
T 

Zn 
T 

Mn 
T 

Zn 
extr 

Cu 
extr 

Mn 
extr 

D. S 16       16 16   16 16 16 16       16 16 16 

  P 1       2 1   2 2 2         2 2 2 

HC S 55 38 24 38 37 33 22 51 51 51 51       56 56 30 

  P 7 7 5 7 4 4 4 7 7 8         4 10 4 

HC ca S 8 5 6 6 3 5 5 14 14 14 14       6 10   

  P 1 1 1 1 1 1 1 2 2 3               

HTG S 5 6 5 5 4   2 5 6 5 5       5 5   

  P 1 1 1 1       1 2 1               

LKB  S 7       8 8   8 8 8 8       11 11 8 

  P 1       3 2   1 1 2         1 2 1 

LKBca S               4 4 4 4             

  P                 1                 

LKR S 19 6 6 6 23 19 4 20 20 20 20       17 17 11 

  P 3 1 1 1 3 6 1 6 4 7         2 3 3 

LKRG S 6 4 4 4 5 5 5 4 4 4 4 6 6   5 5   

  P  1         1 1 1   1   2 1         

LKRca S               4 4 4 4             

  P                                   

LKY S 25 13 14 15 21 16 9 23 23 23 23 7 7   29 29 8 

  P 3 4 4 4 3 3 3 5   5   1 1   3 4   

MKR S 5 12 21   8 8 7 8 8 8 8       12 12 5 

  P 1 3 3   2 2 1               2 1 1 

SHC/ 
HTS 

S 8 8 8 10 8 6 4 8 8 8 8 8 8 4 7 7 3 

  P   1 1 1 1 1 1 1 1 1   1 1 1 1 1   

SKB S 8 5   12 6 6   5 5 5 5       5 5 13 

  P   1   1 2 2                 1 1 1 

SKR S 30 20 10 12 38 24 13 21 21 21   5 18   33 33 7 

  P   5   3 5 10 8 2 4 2 2   1     3 3 3 

SKRca S 9 2 15 13 9 15 14         14 14 4 24 24 11 

  P 3 1 1 4   3           4 4 1   3 1 

SKY S 11 5 5 16 11 11 4 11 11 11   5 5 5 15 15 6 

  P  1   1 1 1 3 1 1 1 1   1 1 1 1 1   

TO S 8 1   5 8 8   8 8 8         8 8 8 

  P       1 1 2   1 1 1         2   2 

TR/RL S 4 4 4 4 4 4 4 4 4 4   4 4 5 4 4 4 

  P 1 1 1 1 1 1 1         1 1 1   2 1 
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Table 4 Number of strata(S) per pedon group assessed for relative clay, soil reaction 

(pH) cation exchange capacity (CEC) and soil organic carbon (SOC) 

distribution in the PGS and number of pedons in each group (P) assessed for 

depth trends 

 

 Clay 

  

pH 

  

CEC  

  

SOC 

  

 Pedon group S P S P S P S P 

D. 16 2 16  1 16 2 16 2 

HC 40 7 40 10 55 8 53 7 

Hcca 8   14 3 6   8 1 

HTG 2   5       5   

LKB 3   8 1 8 2 8   

LKBca  8   4           

LKR  4 1 17   6 17 3 17 2 

LKRG     6 1 6   2   

L/MKY 18 3 5 1 4 1 24 5 

MKR 15 2 26 8 26   12 3 

SHC/hts 8   12 1 8 1 6 1 

SKB 6 2 8   5 1 5 1 

SKR 39 8 5 1 23 5 30 3 

SKRca     30 4 15 3 17   

SKY 6 1 24 5 11 1 11 1 

TO 6 2 11 2 8   8   

TR     8   4   4   
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AAS: Atomic absorbtion Spectophotometry FES Flame emmission spectrometry, XRF: Xray Flourescense spectrometry, ICP: CEC cation exchange capcity, Extr extractable: Exch Exchangable 

meq/100gms converted to cmols kg-1 

 

Table 6 Pedon attributes and analysis methods used in solum oil depth and spatial gradient analysis 

Name Method Description Quant Unit 
Data source (1) 

Method Source 
5 3 7 9 2 6 4 1,10 11 

Soil particle 

analysis ,clay 
Sieve   % * *  * *    + (Coventry and Fett 1979, Rayment and Higginson 1992) 

PH Aqueous 1:5, electrode 0.1 1-14 * * * * * * * *  (Rayment and Higginson 1992) 

Electrical Conductivity  Electrical Conductivity 1:5 solution 0.01 mS/cm *      * * * * * *   (CSIRO 1982, Rayment and Higginson 1992) 

Total  CEC (TCEC) Ammonium absorbed at pH7 0.1 Cmolss(+) kg-1  * * *  *    (Juo et al. 1976) 

Exch CEC (SCEC) Exch. (Ca+Mg+Na+K) 0.1  *        # (Rayment and Higginson 1992) 

Organic Carbon, Autoanalyser after Walkley-Black digets colorimetry 0.01 % * * * * * *  * * (Rayment and Higginson 1992) 

Total Kjeldahl Nitrogen Autodistilation after mod Kjeldahl digestion, colorimetry 0.01 % *     * * * * * * * *+ (Keay and Menage 1969, Rayment and Higginson 1992) 

Nitrate Nitrogen,  Aqueous as NO3-N,colorimetry 0.65 Mg/kg        *  (Rayment and Higginson 1992) 

Total Phosphorus Total P pressed powder, and XRF 0.006 %  * * *     * (Rayment and Higginson 1992) 

Extr Phosphorous  
Carbon dioxide extraction (Olson) 0.01 Mk/kg     *     (Lindsay and Norvell 1969, Rayment and Higginson 1992) 

0.5M NaHCO3 extr. PH 8.5 colorimetry(Colwell) 1 Mg/kg * * * *   * *  Bowman, 1992 

Total Sulfur,  Total S pressed powder and  XRF 0.005 %  * * *     * (Rayment and Higginson 1992) 

Sulphate Sulphur  0.01M Ca (H2PO4)2 extr. ICP 0.6 Mg/kg * * * *   * *  (Barrow 1967, Rayment and Higginson 1992) 

Total Potassium,  Total K pressed powder, XRF 0.05 %  * * *     * (Rayment and Higginson 1992) 

Extr potassium  
0.5M NaHCO3 extr. PH8.5 and FES  0.01 Mg/kg  * * *      (Rayment and Higginson 1992) 

Carbon dioxide extraction  0.01 Mg/kg          Lindsay and Norvell (1969) 

Exch Potassium Exch. aqueous NH4Cl (pH 7) 0.02 Cmolss(+) kg-1  * * *  * * *  (Rayment and Higginson 1992) 

 Perchloric/nitric acid digestion and AAS  Cmolss(+) kg-1         * Bowman, 1992 

Exch Calcium 
Ammonium  acetate  0.026 Cmolss(+) kg-1     *     Juo et al 1976 

Exch. aqueous NH4Cl (pH 7) 0.026 Cmolss(+) kg-1 * * * *  * * *  Burrows, 1967(Rayment and Higginson 1992) 

 Perchloric/nitric acid digestion and AAS  Cmolss(+) kg-1          Bowman, 1992 

Exch Magnesium 

Exch. aqueous NH4Cl (pH 7) 0.01 Cmolss(+) kg-1 * * * *  * * *  (Rayment and Higginson 1992) 

Perchloric/nitric acid digestion and AAS  Cmolss(+) kg-1         * Bowman, 1992 

Ammonium acetate  0.01 Cmolss(+) kg-1     *     (Juo et al. 1976) 

Exch Sodium Exch. aqueous NH4Cl (pH 7) 0.012 Cmolss(+) kg-1 * * * *  * * *  (Rayment and Higginson 1992) 

 Perchloric/nitric acid digestion and AAS  Cmolss(+) kg-1         * Bowman, 1992 

Copper, Total Perchloric/nitric acid digestion and AAS   Mg/kg    *      Day, Fogarty et al (1983) 

Extr Copper 
1:2 soil -0.01M EDTA and 1M NH4CO3solution (pH8.6)  Mg/kg  * *       (Trierweiler and Lindsay 1969) 

0.005M DTPA extractable, ICP 0.1 Mg/kg *     *   * *  (Follett and Lindsay 1971, Rayment and Higginson 1992) 

Zinc Total Perchloric/nitric acid digestion and AAS  Mg/kg  *  *      Day, Fogarty et al (1983 

Extr Zinc 
1:2 soil -0.01M EDTA and 1M NH4CO3solution (pH8.6)  Mg/kg  * *       Trierweiler and Linsay 1969,(Rayment and Higginson 1992) 

0.005M DTPA extractable, ICP 0.02 Mg/kg *  * *   * *  (Follett and Lindsay 1971, Rayment and Higginson 1992) 

Extr Manganese  
1:2 soil -0.01M EDTA and 1M NH4CO3solution (pH8.6)  Mg/kg  *        Trierweiler and Linsay 1969,(Rayment and Higginson 1992) 

0.005M DTPA extractable, ICP 0.1 Mg/kg *      * *  (Follett and Lindsay 1971, Rayment and Higginson 1992) 

Extr Iron 0.005M DTPA extractable, ICP 0.1 Mg/kg       * *  {Rayment, 1992 #9898 

 

* 
5 Napier and Steen  (2002)              9 Calder and Day                       4.1, 4.2  Van der Sommen (E TAB 

3 Day Fogarty et al (1983)               2  Aldrick and Robinson            1,10    Karger  (TERTHFP 

7 Fogarty, Lynch et al (1984)          6 Wilson and Bowman                   11 *(Bowman 1992) +Bowman, Cook et al (2004) 
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Appendix 3.3 Detailed results of pedon depth trend analysis 

 

Table 1 Regression model depth trend (t), and maximum levels in pedons for total 

nitrogen (NT) , phosphorus (PT) and Sulphur (ST) (+ Box 3.2 in Methods * 

mg/kg. **%)  

\Pedon No 
NT 

t
+
 

R
2
 Df 

Max

** 

PT 

t
+
 

R
2
 Df Max* 

ST 

t
+
 

R
2
 Df Max* 

D 46 Cn 0.92 3 0.02         

HC 16 C- 0.94 2 0.07 C- 0.83 3 160  ns  9 

HC 17 C- 0.99 2 0.08 C+ 0.65 2 160 C- 0.82 2 17 

HC 18 C- 0.98 2 0.09 C- 0.98 2 190 C+ 0.98 2 77 

HC 19 C- 0.99 2 0.07 C- 0.83 2 220 C- 0.92 2 18 

HC 20     P+ 0.98 2 130 P- 0.85 2 50 

HC 31 Cn 0.82 3 0.01 C- 0.58 3 70     

HC 32 Cn Ns  0.02 C+ 0.99 4 90     

HC 34 C- 0.90 4 0.04 C- 0.95 1 100     

HCca 23 Cn 0.99 2 0.03 C+ 0.98 1 100  Ns  100 

HTG 21 Cn 0.95 2 0.07 C- 0.91 1 400 C- 0.94 2 23 

HTS 22     Q- 0.95 1 70 C- 0.98 1 90 

LKB 36     C- 0.73 1 80     

LKR 6     C- 0.98 1 130 P- 0.46 2 70 

LKRca 5 Cn 0.97 2 0.05 C+ 1.00 3 110 C- 0.95 2 27 

LKY 12 C- 0.99 1 0.08 C- 0.90 1 190 C- 0.99 1 20 

LKY 13 C- 0.99 1 0.05 C+ 0.80 1 170 C- 0.95 1 20 

LKY 14 C- 0.98 1 0.04 C- 0.98 1 225 C- 0.92 1 20 

LKY 15     Q- 1.00 2 90 P- 0.99 1 70 

SKRca 2 C- 0.93 2 0.06 C+ 0.96 1 170 C- 0.53 2 18 

SKRca 3 C+ 0.88 2 0.06 C- 0.91 2 350 C+ 0.94 2 16 

SKRca 4 C- 0.95 2 0.13 C+ 0.92 2 275 C- 0.94 2 39 

SKY 11 C- 0.87 1 0.03 C+ 1.00 1 80 C- 0.65 1 40 

SKR 8 P- 0.95  0.04 C+ 0.30 2 190 P- 0.81 1 60 

SKR 9 C- 0.87 2 0.06     C- 0.99 2 120 

SKR 10     C- 1.00 3 75 C- 1 1 52 

SKR 48 P- 0.93  0.03         

SKR 49 P- 0.91  0.03         

SKR 50 P- 0.99  0.03         

RL 1 P- 0.97  0.07 Q- 0.99 3 160 P- 0.83 2 110 
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Table 2 Regression model depth trend (t), and maximum levels in pedons for 

extractable sulphur, phosphorus and nitrogen. (
+
 Box 3.2 in Methods,* mg/kg)  

1 pt No 

S 

ext 

t+ 

R2 df Max* 
P 

extt+ 
d+* Df Max* 

N 

Ext 

t+ 

d+* Df Max* 

D 46 C- 0.51 4 35 C+ 5.47 7 5     

D 47 C- 0.51 4 50         

HC 20 C+ 0.69 1 14.5 C- 4.89 7 4     

HC 31 C- 0.58 3 16 C+ 
-

3.55 
4 11     

HC 32 C- 0.51 4 33 P- 6.58 2 5     

HC 33 C- 0.47 4 50 P- 22.1 2 7     

HCca 23 C- 0.81 1 5 C+ 2.53 7 7     

HTS 22 Cn 0.83 1 1.6 Cn 7.73 7 7     

KRS 48 C+ 0.67 1 15         

KRS 49 C+ 0.80 1 24         

LKB 36 C+ 0.83 2 14 P+ 0.76 1 8     

LKB 37 C- 1.00 1 35 C- 2.86 4 2     

LKR 6 C+ 0.99 1 20 P- 3.72  3     

LKR          P- 
0.5

8 
1 0.05 

LKR 38 C- 0.51 4 10 Cn 1.65 7 2     

LKR  Q- Ns  11 C- 9.19 5 8     

LKRca 5 Cn 0.59 1 11   2 3.2     

LKY          Pn 
0.0

3 
3 0.03 

LKY 15 C+ 0.94 3 8.8 C- 3.73 3 4     

LKY 43 C- 0.34 4 20   2 8     

MKRca 2 C+ Ns  6   2 7     

MKRca 3 C- Ns  13 P+ 0.37 2 5     

MKRca 4 C+ 0.88 1 4 Cn 6.35 4 6.2     

MKY 11 C- 0.99 1 5.5 C+ 5.7 4 14 Pn 
0.0

4 
3 0.06 

RL 1 C- 1.00 0 4.1    1 P- 
0.1

3 
1 0.07 

SKB 35 C- 0.87 1 30 C- 5.51 7 5 p- 
0.0

6 
1 0.04 

SKR 8 Cn 1.00 1 2.7 C+ 4.3 4 4.5 p- 
0.1

3 
3 0.03 

SKR 9 C+ 1.00 -1 5 C- 2.62 4 4     

SKR 10 C- 0.97 1 20 C+ 2.06 4 7     

SKY 42 C- 0.71 4 15 Cn 2.69 7 6     

 

  



Appendix 

Page 631 

Table 3 Results of regression model (M) depth trend (t) analysis, and maximum levels 

in pedon for extractable (Kext) and total (KT) potassium.  

(+ Box 3.2 in Methods * mg/kg)  

Pedon No 
K 

Extt
+
 

R
2
 Df Max* 

KT 

t
+
 

R
2
 Df Max* 

HC 16 C- 0.31 2 25 C+ 0.97 2 12450 

HC 17 C+ 0.63 2 20 C+ 0.85 2 6480 

HC 18 C- 0.90 1 65 C+ 0.96 1 27700 

HC 19 C- 0.55 2 30 C+ 0.98 2 8270 

HC 20     C+ 0.95 2 420 

HC 31     C+ 0.99 3 1800 

HC 32     C- 0.88 4 1500 

HCca 23 C+ 0.95 2 15 C+ 0.95 2 2750 

HTG 21 Q- 1 2 50 C+ 0.99 1 300 

HTS 22 C- 0.98 4 103 C+ 0.98 1 1010 

LKR 6     C+ 1 1 600 

LKR 41     C+ 0.98 4 3200 

LKRca 5 C- 0.91 1 55 P+ 0.98 2 3000 

LKY 12 Q- 1 2 25 P+ 0.96 1 2560 

LKY 13 C- 1 3 55 C+ 0.99 1 1100 

LKY 14     P+ 0.93 1 1700 

LKY 15     C- 0.7 1 700 

MKRca 2     C+ 0.66 1 1900 

MKRca 3     C+ 0.98 2 1080 

MKRca 4 C- 0.99 2 5 C+ 0.89 1 1050 

MKY 11 C- 0.99 1 37 C+ 1 1 425 

RL 1 C- 0.85 3 44 C+ 0.98 1 600 

SKB 35     P+ 0.95 4 4250 

SKR 7 C- 0.99 1 27 C- 0.99 1 100 

SKR 8 C+ 1 3 77 C- 1  550 

SKR 9 C- 0.98 2 127 C- 0.99 2 700 

SKR 10     C- 1  850 

SKR 40     C+ 0.99 4 500 

TO 44     C+ 0.78 1 5825 
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Table 4 Regression model depth trend (t), and maximum levels in pedon for 

exchangeable potassium (Kexc), calcium (Caexc)and magnesium (Mgexc) 

(
+
 Box 3.2 in Methods (* cmolss(+) )kg

-1
) 

Order  

K 

exch 

T
+
 

R
2
 Df Max* 

Ca 

exch 
+
 

R
2
 Df 

Max

* 

Mg 

exch 

t
+
 

R
2
 Df Max* 

D 46 C+ 0.93 4 0.30 C+ 0.33 4 0.30 C+ 0.93 4 0.30 

D 47 C- 0.53 4 0.19 C- 0.53 4 0.19 C+ 0.52 4 0.19 

HC 16         C- 0.87 2 0.33 

HC 17 C+ 0.41 2 0.08 C- 0.94 1 0.30 C+ 0.95 2 2.17 

HC 18 C- 0.99 2 0.18 C- 0.98 2 0.15 C+ 0.96 2 1.00 

HC 19         C+ 0.98 2 0.33 

HC 20 P+ 0.67 1 0.12 P+ 0.60 1 1.10 Q+ 1.00 2 1.70 

HC 31 C+ 0.70 2 0.15 C+ 0.70 3 0.16 C+ 0.70 3 0.16 

HC 32 C+ 0.88 4 0.25 C+ 0.88 3 0.25 C+ 0.88 3 0.25 

HC 33 C+ 0.64 4 0.13 C+ 0.64 4 0.13 C+ 0.64 4 0.13 

HC 34 C+ 0.97 4 0.22 C+ 0.97 4 0.22 C+ 0.97 4 0.22 

HCca 23 C- 0.99 1 0.05 C+ 0.83 2 3.70 C+ 0.93 2 10.92 

HCca 29  Ns  0.60  ns  0.60 C+ 1.00 3 0.60 

HCca 30 P+ 0.59 2 0.70 P+ 0.59 2 0.70 C+ 1.00 3 0.70 

HTG 21 P- 1.00 1 0.13 C- 0.96 1 1.75 C- 0.99 1 1.50 

HTS 22 C- 0.45 2 0.11 C- 0.58 1 0.16 C+ 0.91 1 0.54 

LKB 36  Ns  0.16  ns  0.16 C- 1.00 3 0.16 

LKB 37 P+ 0.39 1 0.22  ns  0.22 C- 1.00 3 0.22 

LKR 6 C- 1.00 1 0.21 C- 0.94 1 1.07 C+ 1.00 3 0.90 

LKR 24 P+ 0.88 1 0.20 P+ 0.88 1 0.17 Q+ 1.00 2 0.17 

LKR 27         C- 1.00 3 0.63 

LKR 28 P+ 2  0.60  ns  0.60 C- 1.00 3 0.60 

LKR 38 C- 0.8 4 0.40 C- 0.80 4 0.40 C- 0.80 4 0.40 

LKR 39 P+ 0.75 1 0.14  ns  0.14 Q- 1.00 2 0.14 

LKR 41 Cn 0.92 3 0.32 C- 0.92 4 0.32 Cn 0.92 4 0.32 

LKRca 5     C- 0.84 2 0.90 C- 0.97 2 0.92 

LKY 12 Q- 0.87 1 0.05 C- 0.91 1 0.25 C- 0.99 1 1.00 

LKY 13  ns  0.03 P- 1.00 1 2.50 C- 0.91 1 0.83 

LKY 14         C- 0.99 1 0.90 

LKY 15 P+ 0.7 1 0.05 C+ 0.98 1 5.35 Q- 1.00 2 0.90 

LKY 43 C+ 0.69 4 0.18 C+ 0.69 4 0.18 C- 0.69 4 0.18 

MKRca 2  ns 1 0.03 C- 0.98 2 1.15 C- 0.91 2 1.50 

MKRca 3 P- 0.63 2 0.03 C- 0.85 2 0.15 C- 0.96 2 1.17 

MKRca 4 Cn 0.89 2 1.00 C- 1.00 2 1.20 C- 0.89 2 1.00 

MKY 11 C- 0.74 1 0.06 C- 0.99 1 1.25 C- 0.99 1 0.32 

RL 1 P- 0.74 2 0.11 P- 0.95 2 1.10 C- 1.00 3 0.70 

SKB 35 C+ 1 1 0.19 C+ 1.00 4 0.19 C+ 1.00 1 0.19 

SKR 7 C+ 0.81 1 0.03  ns  2.10 C+ 0.97 1 0.33 

SKR 8 Cn 0.51 2 0.21 C- 0.6 1 4.00 C- 1.00 3 0.63 

SKR 9 C- 0.99 2 0.28 P- 0.99 2 2.15 C+ 0.94 2 1.67 

SKR 10 C- ns  0.15 C- 0.90 1 0.12 C+ 1.00 3 0.65 

SKR 25  ns  0.2 C+ 1.00  0.21 Q- 1.00 2 0.22 

SKR 26  ns  0.65  ns  0.63     

SKR 40 Cn 0.93 1 0.35 C- 0.93 4 0.35 C- 0.93 1 0.36 

SKY 42 C- 0.94 2 0.3 C+ 0.94 2 0.30 C+ 0.94 1 0.32 

TO 44 P+ 0.73 2 0.23 P- 0.91 2 0.22 C- 1.00 3 0.22 

TO 45 P+ 0.23 2 0.70 P- 0.91 1 0.70 C+ 1.00 3 0.70 
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Table 5 Regression model depth trend (t), and maximum levels in pedon for total 

copper (CuT), zinc (ZnT) and manganese (MnT) (
+
 Box 3.2 in Methods * 

mg/kg) 

 No 
CuT 

t
+
 

R
2
 Df 

Max

* 

ZnT 

t
+
 

R
2
 Df 

Max 

* 

Mn

T 

t
+
 

R
2
 Df 

Max 

* 

HT 20     P+ 0.84 1 15     

HTS 22 C+ 0.99 4 23 C+ 1 1 19 C- 0.99 4 29 

LKY 15 C- 0.71 4 25 C+ 0.63 4 15     

KR 3 C+ 0.98 5 20         

MKY 6 C+ 1.00 1 3 C+ 0.97 2 20     

SKR 7 C- 0.92 4 10 C- 0.99 2 26     

SKR 8 C- 1.00 1 3 C+ 0.94 2 150 C- 1 3 350 

SKR 9 C+ 0.99 5 40 C+ 0.71 2 55     

SKR 10     C+ 0.24 8 15     

RL 11 C- 0.65 4 10 C+ 0.99 2 11 C- 0.98 4 35 
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Table 6 Regression model depth trend, and maximum levels in pedon for extractable 

copper (Cuext), zinc Znext) and manganese (Mnext) (
+
 Box 3.2 in Methods * 

mg/kg) 

Pedon N 

Cu 

Ext 

t
+
 

R
2
 

D

f 
Max* 

Zn 

ext 

t
+
 

R
2
 Df 

Max

* 

Mn 

Ext 

t
+
 

R
2
 Df Max* 

D 46 Cn 0.78 7 1 C- 0.91 4 0.7 C+ 0.78 7 25 

D 47 C- 0.97 7 0.6 Cn 0.29 4 0.2 Cn 0.74 7 22 

HC 16 Cn 0.97 5 3.9               

HC 17 C- 0.85 5 3.6               

HC 18 C- 0.98 5 4.6               

HC 19 Q- 0.9 5 2.7               

HC 20 P- 0.63 1 0.5 P- 0.63 1 0.3        

HC 31 C+ 0.76 6 0.3 Cn 0.56 3 0.2 Cn 0.84 6 6 

HC 32 C+ 0.9 7 0.8 C- 0.69 4 0.2 C+ 0.8 5 6 

HC 33 Cn 0.87 7 0.6    ns 0.3 C+ 0.89 7 8 

HC 34 C+ 0.89 7 0.5 C+ 0.63 4 0.2 C+ 0.91 7 8 

HTG 21                      

HTS 22 C- 0.96 4 1.2 C- 0.99 1 0.3        

LKB 36 C- 0.99 4 1.7 P- 0.85 2 0.2 C- 0.99 4 5 

LKB 37  Ns  0.3 P- 0.59 2 0.4 P- 0.95 2 27 

LKR 6      0.2             33 

LKR 38 C+ 0.8 2 1.4 C+ 0.39 4 0.3 C+ 0.75 2 0.8 

LKR 39 C+ 0.66 7 0.5 P- 0.58 1 0.2 Cn 0.96 7 196 

LKR 41 Cn 0.98 1 0.3 Cn 0.82 4 0.5 P- 0.98 1 32 

LKRca 5 C+ 0.76 7 0.7 C+ 0.96 2 0.4 C- 0.97 7 60 

LKY 12 Cn 0.9 2 1 C+ 0.74 1 1.8        

LKY 13 C- 0.92 4 2.9 C- 0.74 2 1.4        

LKY 14 C- 0.98 4 1.2 C+ ns            

LKY 15 C+ 0.77 5 4 C+ 0.92 2 0.4        

LKY 43 C+ 0.76 6 1.5 C- 0.45 4 0.1        

MKRc

a 

2 Cn 0.62 7 0.4        C- 0.74 7 40 

MKRc

a 

3 Cn 0.92 2 1.8               

MKRc

a 

4 Cn 0.85 2 1.8               

MKY 11 Cn 0.99 2 3.0 Cn 0.91 1 1.4        

RL 1 C+ 0.78 4 0.8 C- 0.9 2 0.5 C- 0.97 4 14 

SKB 35 C+ 1 0 1.9 C- 0.78 1 0.2 P- 0.93 2 45 

SKR 7 C- 0.87 4 0.7        C- 0.95 4 35 

SKR 8 C- 0.92 2 0.6 P- 0.8 2 0.3        

SKR 9 C+ 1 3 1.5 C+ 0.92 2 0.4 P- 0.82 2 150 

SKR 10        C+ 0.23 8 0.4        

SKR 40 Qn 0.89 1

1 

0.5 C- 0.84 1 0.2 C- 0.77 4 25 

SKY 42        C+ 0.86 2 0.3 C+ 0.84 5 25 

TO 44  Ns   0.1  ns 1 0.2 P- 0.86 1 50 

TO 45  Ns  0.2  ns 2 0.2 P+ 0.56 2 16 
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Table 7 Results depth regression model analysis (CLt), and maximum recorded levels 

in pedon (
+
 Box 3.2 in Methods *%) Table 7 For clay 

Pedon No Clt + R2 Df Max* 

D 46 C+ 0.82 4 52 

D 47 C- 0.86 4 53 

HC 16 P+ 0.77 2 32 

HC 17 C+ 0.97 1 65 

HC 20 P+ 1 1 57 

HC 31 C+ 1 3 55 

HC 32 C+ 0.95 4 50 

HC 33 C- 0.96 4 65 

HC 34 C+ 0.97 4 58 

HCca 23 P+ 0.81 2 50 

HCca 29 P+ 0.73 2 55 

LKB 36 P+ 0.71 2 21 

LKB 37 P+ 0.89 2 27 

LKR 6 P+ 0.85 2 7 

LKR 24 P+ 0.59 2 40 

LKR 41 P+ 0.8 2 45 

LKR 38 C+ 0.98 5 42 

LKR 39 P+ 1 1 24 

LKR 41 C+ 0.98 4 23 

LKY 14 C+ 1 1 22 

LKY 15 P+ 0.99 1 21 

LKY 43 C+ 0.95 4 42 

MKRca 3 P+ 0.93 2 40 

MKRca 4 C+ 0.99 2 33 

SKR 10 P+ 0.98 2 25 

SKR 26 P+ 0.89 1 43 

SKR 40 C- 0.99 1 45 

SKY 42 C+ 0.98 2 14 

TO 44 P+ 0.43 2 10 

TO 45 P+ 0.77 2 11 

Table 8 For OC % 

Pedon No OC 

t+ 

R2 Dof Max* 

D(AV) 46 C- 0.93 4 1.2 

D (AV) 47 C- 0.93 4 3.0 

HC 16 C- 0.91 2 3.5 

HC 17 C- 0.89 1 0.5 

HC 19 C- 0.97 2 1.4 

HC 31 C- 0.91 3 0.55 

HC 32 C- 0.86 4 1.4 

HC 33 C- 0.90 4 2.0 

HC 34 C- 0.97 4 0.7 

HCca 23 C- 0.93 2 1.4 

HTG 21 C- 0.99 1 1.0 

HTS 22 C- 1 1 1.3 

LKR 38 C- 0.87 3 4.2 

LKR 41 C- 0.82 4 1.3 

LKY 12 C- 0.99 1 0.5 

LKY 13 C- 0.99 1 1.9 

LKY 14 C- 0.99 1 1.4 

LKY 43 C- 0.88 4 1.8 

MKRca 2 C- 0.89 2 1.3 

MKRca 3 C- 0.99 2 1.8 

MKRca 4 C- 0.97 2 2.4 

MKY 11 C- 0.96 1 1.4 

SKB 35 C- 0.97 1 1.4 

SKR 7 C- 0.99 1 0.8 

SKR 9 C- 0.98 2 1.3 

SKR 40 C- 0.97 1 2.2 

SKY 42 C- 0.71 2 2.5 
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Table 8 Results of pH depth regression model (M) depth trend (t), and maximum levels 

in pedons (
+
Box 3.2 in Methods + pH units) 

Pedon No pHt
+
 R

2
 Df Max* 

D 47 C- 0.97 4 8 

HC 16 C- 0.99 2 5.8 

HC 17 C+ 0.99 2 6.6 

HC 18 C+ 0.66 2 6.1 

HC 19 C+ 0.66 2 6.6 

HC 20 Q+ 1.00 2 5.2 

HC 31 C- 0.99 3 8.2 

HC 32 C+ 0.99 4 9.5 

HC 33 C+ 0.99 4 7 

HC 34 C+ 0.99 4 9 

HCca 23 C+ 0.98 2 8 

HCca 29 C+ 1.00 3 8.5 

HCca 30 C- 1.00 3 7 

HTG 21 C- 0.98 2 5.6 

HTS 22 Cn 0.99 1 6.4 

LKB 36 C- 1.00 3 5.6 

LKB 37 C- 1.00 3 5.9 

LKR 6 C- 1.00 3 5.6 

LKR 24 Q- 1.00 2 6.5 

LKR 27 C+ 1.00 3 6.8 

LKR 28 C+ 1.00 3 6.9 

LKR 38 Cn 0.35 4 6.2 

LKR 39 Q- 1.00 2 5.5 

LKR 41 Cn 0.47 4 6.5 

LKRca 5 C- 0.88 2 5.9 

LKY 12 C- 0.88 1 5.7 

LKY 13 C+ 0.89 1 5.2 

LKY 14 Cn 0.71 1 5.7 

LKY 15 Qn 1.00 2 5.9 

LKY 43 C- 0.85 4 6 

MKRca 2 C- 0.80 2 5.9 

MKRca 3 C- 0.73 1 6 

MKRca 4 C- 0.93 2 5.9 

MKY 11 C- 0.94 4 5.7 

SKB 35 C- 0.99 4 6.6 

SKR 7 C+ 0.99 1 6.8 

SKR 8 Qn 0.99 3 6.8 

SKR 9 C- 0.70 1 6.6 

SKR 10 Qn 0.92 1 6.7 

SKR 25 Q+ 1.00 2 6.7 

SKR 26 Q+ 1.00 2 6.5 

SKR 40 Q+ 0.99 4 6.5 

SKR 48 Q+ 1.00 2 6 

SKR 49 Qn 1.00 2 5.5 

SKR 50 Q+ 1.00 2 5.6 

SKY 42 C- 0.95 2 6.3 

TO 44 C- 1.00 3 6.2 

TO 45 C+ 1.00 3 6.1 

TR 1 Q+ 1.00 3 5.5 
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Table 9 Results of sum of cations CEC regression model depth trend (t), and maximum 

levels in pedon for CEC (+
 Box 3.2 in Methods *mols(+) Kg

-1
)  

Pedon No CECt
+
 R

2
 dof Max * 

D 46 C+ 0.82 4 17 

D 47 C+ 0.94 4 13 

HC 16 C+ 0.88 2 10 

HC 17 C+ 1 2 11 

HC 18 C- 0.94 2 11 

HC 19 C- 0.97 2 7.5 

HC 31 Q+ 0.64 3 11 

HC 32 C+ 0.97 4 20 

HC 33 C+ 0.93 4 8 

HC 34 Q+ 0.95 4 13 

HCca 23 C+ 0.91 2 16.5 

HTG 21 C- 0.91 1 13.5 

HTS 22 C- 0.91 1 9 

LKB 36 P+ 0.38 2 2 

LKB 37 P+ 0.39 2 2 

LKR 6 P- 0.89 2 5.8 

LKR 38 C+ 0.88 4 4 

LKR 41 C+ 0.82 4 2 

LKRca 5 C- 0.96 2 5.5 

LKY 12 C+ 0.99 1 7.4 

LKY 13 C- 0.99 1 6 

LKY 14 C- 0.84 1 3.7 

LKY 43 C- 0.87 4 2 

MKRca 2 C- 0.97 2 6.8 

MKRca 3 C- 0.97 1 13 

MKRca 4 C- 0.98 2 14 

MKY 11 C- 0.99 1 3.5 

SKB 35 C- 0.9 1 2 

SKR 7 C- 0.93 1 3.5 

SKR 9 C+ 0.95 2 9.7 

SKR 10 P- 0.96 2 4.4 

SKR 40 C- 0.99 1 4 

SKY 42 C+ 0.96 2 3 
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Appendix 4.1 Natural ecosystem evolution 

Table 1 Summary of evolutionary events leading the contemporary tree composition 

and structure of the natural WMNT landscape  

Period Environment Vascular arboreal plants Source 

Devonian Pangaea supercontinent Peridosermas 
Primitive Gymnosperms 

 

Early 
Carboniferous  

Gondwanaland and Laurasia 
separation, warmer climate 

Conifereae, Cycads, pines  

Late Carboniferous Glacial conditions Conifereae, Cycads, pines  

Mesozoic - 
Early Permian 

Gondwanaland and Laurasia 
reaggregation, ice melting 

Glossopteris flora  (White, 1970) 

Late Permian Volcanic activity , increased 
oxygen 

Gymnosperms dominate (White, 1970) 

Triassic Warm wet seasonal climate, 
Australia near arctic latitudes 

Temperate rainforest, 
Agathis, Podocarpus, 
cycads, first flowering plants 

(White, 1970) 

Jurassic Super continent  exists   

Cretaceous Rifting, of plates warm dry 
conditions 

Confers ferns and cycads 
continue to dominate, proto 
angiosperms (Cycodyphte, 
Williamsonia) 

(White, 1970) 

Tertiary 
 
Early Palaeocene, 
 
 
 
 
 
 
 
Eocene,  
 
Oligocene 
 
 
 
 
Late Miocene 
 
 
 
 
Middle Miocene 
(15mBP) 

Drift towards equator 
 
Australia and Antarctica 
connected but starting to rift. 
Very Warm wet azonal climate 
at high latitudes deep 
weathering 
 
 
Sudden increase by 6-10oC  
Glaciations and cooling and 
lowering of precipitation  
Australia separates from 
Antarctica, enters low latitudes, 
circumpolar circulation initiated 
increasing temperature 
gradients, aridity and cooling  
Australian Plate contact with 
Sunda island arc system, with 
possible continuous connection 
to SE Asia. Onset of cycles of 
aridity and humidity 
Breaking of Sunda island arc 
contact. Tectonic instability 
separation of Australia and 
Antarctica and drying conditions 
Pliocene warming then cooling 

 
 
Broad leaf rainforest, 
Casuarinacea,Proteaceae, 
Restonaceace, Rutaceae, 
Thymalaceae, 
Euphorbaceae, Mytaceae, 
Conifereae, 
Eucalyptus and Casuarina 
and Acacia sp increasing 
Minor extinction 
 
 
 
 
 
 
 
Invasion of new, and re-
entry of Ancient 
Gondwanaland rainforest 
species 
 
 
Rainforest differentiation, 
(temperate and tropical 
deciduous and evergreen) 

 
 
(White, 1970; 
Kershaw, 1991; 
Pole, 1993; 
Ladiges, 1997; 
Rozefelds, 1996 
Barlow 1981)  

Quaternary 5X106 
Pleistocene  
1.80-1.60x105   
1.26-1.15 x105 
1.15-0.86 x105 
0.38-0.26 x105 
0.26-0.10 x105 
Holocene  

 
Glacial cool and low rainfall 
cycles with inter glacial cycles 
of rainfall and warmer periods  
 
 
 
Contemporary interglacial 
phase 
 

 
Cycles of decline from 
Cunoniaceae mesophyll to 
podocarpus notophyll vine 
forest replacement with 
Araucaria and Casuarina 
dominated forests followed 
by progressive increase in 
Eucalyptus species. Human 
impacts begin 

 
(White, 
1970;Kershaw, 
1991;Pole,1993;
Ladiges, 
1997;Rozefelds, 
1996) 
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Appendix 4.2 Background notes tree species 

Table 1 Species identified and assessed in Land Resource Survey data (various 

NREATA) , Prior et al. (2003, 2004, 2006), and Williams et al. (2005) 
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Acacia auriculiformis Cunn.ex Benth x x x x x x x    

A. mimula Pedley       x    

A. latescens Benth        x   

Alstonia actinophylla (Cunn.Shumann x x x x x x x    

Barringtonia acutangula (L.)Gaertner x x  x x  x    

Buchinania obovata Engle. x x x x x x  x x  

Brachychiton diversifolia R.Br.        x   

B. megaphyllus Guymur         x  

Corymbia bella KD Hill &LAS Johnson       x    

C. bleeseri (Blakely)KD Hill &LAS Johnson       x x  x 

C. disjucta KD Hill &LAS Johnson       x    

C. foelscheana KD Hill &LAS Johnson       x  x x 

C.grandifolia (RBr ex Benth)KD Hill & LAS 
Johnson 

      x    

C. latifolia (F.Muell.) KD Hill & LAS Johnson       x x   

C. polysciada (F.Muell.) KD Hill & LAS Johnson        x   

C. porrecta        x x  x 

C. tintinnans (Blakely & Jacobs) L.A.S.Johnson 
& K.D.Hill 

      x    

Callitris intratropica R.T. Baker& H.G Sm.         x  

Chochlospermum fraseri Planch         x  

Eucalyptus alba Reinw.ex B.ume x x x   x x    

 E. apodophylla Blakely& Jacobs       x    

E  bigalerita F. Muell       x    

E. camaldulensis Dehnh       x    

E. clavigera       x    

E. confertifolia F.muell   x x x x x    

E. microtheca F.muell       x    

E. patellaris F.muell       x    

E. polycarpa x x x x x x x    

E. tectifica F.Muell       x x  x 

E  tetrodonta F.muell x x x x x x x x  x 

E. miniata Cunn.ex Schauer  x x x x x x x  x 

Erythropleum chlorostachys (Fmuell.) Baillon x x x x x x  x x  

Ficus racemosa L.         x  

Grevillea pteridifolia Knight       x    

Gyrocarpus americanus Jacq.       x    

Livistonia humilis R.Br.        x   

Melaleuca viridiflora Sol. ex Gaertn.       x  x  

Pandanus spiralis  R.Br, x x x x x x x x   

Planchonia careya (F.Muell.) Knuth x x x x x x  x x  

Sysygium suborbiculare (Benth.) Hartley&Perry x x x x x x   x  

S. eucalyptoides (F.Muell.)B Hyland x x x x x x   x  

Terminalia carpentariae C. White  x x x x x   x  

T.grandiflora F.Mell       x x   

T.ferdinandiana Excell       x x x  

Tristania lactiflua       x    

Xanthostemon paradoxus F.Muell x x x x x x x x x  
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Table2 Attributes of species in six rainforest and transition to savanna communities including basal area (m2 ha-1 ) and no from Bowman (1992) and 

related monsoon rainforest species identified by Fox, (1980) and presence noted by Prior et al. (2003, 2004) 

Tree species Family 
Max. Ht. 
Class(m) 

Habit Phenology Foliage density 

No. in 
DMRF 

WMRF WOF WSWL DOF DSWL DMRF 

No Fox 1980 
Prior et al 2003, 

2004 
Bowman et al  1991 
basal area ( m2 ha-1 ) 

Acacia auriculiformis A.Cunn.exBenth Mimosaceae 20 S E D 11 0.23 2.33 1.96 0.42 0.29 0.47 38 X 

Alstonia actinophylla (A.Cunn) 
K.Schum. 

Apocynaceae 15 E E D 5 0.08 0.88 0.21 1.24 + 0.45 7  

Antiaris toxicaria var macrophylla 
Lesch. 

Moraceae 20 S D         11  

Bombax ceiba L var leiocarpum Bombaceae 20 E D         20  

Breynia cernua (Poir.) Mull.Arg. Euphorbiaceae 5 S E D 8  0.25  0.21 0.02 0.34 4  

Bridelia tomentose Blume Euphorbiaceae 5 S S S 10 + +  0.02 0.02 0.02 16  

Canarium australianum F.Muell Bursariaceae 25 S D D 25 0.13 0.81 0.08 0.80 0.29 0.64 27  

Croton schultzii Benth (C argyratus 
auct. non Blume) 

Euphorbiaceae 3    25 0 0.01 + 0.03 0.01 0.06 29  

C. verrauxii ?(no id) Euphorbiaceae 5           5  

Cupaniopsis anacardiodes (A.Rich.) 
Radlk. 

Sapindaceae 10    22 + 0.01 + 0.13 0 0.20 13  

Diospyros.maritima  Blume(D. 
calycantha 

Ebenaceae 8 C E D 12 0.01 0.06  0.04 0.02 0.14 20  

Diospyrus compacta (R.Br. 
Kostermans 

Ebenaceae 5 S E D 9 0.01 0.01  0.12 0 0.08 4  

Drypetes. lasiogyna (F.mell.) 
Pax&O.Hoffm 

Euphorbiacea 5 C S D 33 + 0.22 0.08 0.26 0.07 0.37 76  

Dysoxylum acutangulum Miq Meliaceae 15 S  D 5 0.03 + + + + 0.06 9  

Erythrophleum chlorostachys 
(F.Muell.)Baill. 

Caesalpiniacea 18 S S D 9 0.07 0.46 0.57 0.42 1.00 0.19 5  

Exocarpus latifolius R.Br. Santalaceae 5 C   27 + 0.01 0.01 0.12 0.02 0.07 17  

Ficus scabina Benth Moraceae 8    10 0.01 0.05 0.04 0.12 0.01 0.13 1  

Ficus  racemosa  L.              X 

Ganophyllum falcatum Blume Sapindaceae 25 S  D 7  0.01  +  0.28 15 X 

Glochidion xerocarpum (O.Schwarz) 
Airy Snaw 

Euphorbiaceae 5  S D        2  

Ixora timorensis Decne. I.klanderana Rubiaceae 5    16 + 0.11  0.01 + 0.03 2  
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F.Muell 

Litsea glutinosa (Lour.) C.B.Rob. Lauraceae 15 C D MD 23 0.01 0.10 + 0.09 + 0.13 36  

Mallotus nesophilus Muell. Arg. Euphorbiaceae 10   D 7 + 0.03 + 0.03 0.03 0.04 25 X 

M. disperses P.I. Frost. Or Euphorbiaceae 10    7 + 0.03 + 0.03 0.03 0.04 1  

Melaleuca leucondendron (L.)L Myrtaceae             X 

Mimusops elengi L. Sapotaceae 15 E E D 12 0 0 0 0.04 0 0.43 13  

Polyalthia australis (Benth.) Jessup 
syn Holtzeana 

Annonaceae 20 E  D 14 0.02 0.28 0 0.03 + 0.17 44  

P. nitidissima (Dunal) Benth Annonaceae 10           94  

Pongamia pinnata L. Pierre Fabiaceae 10 S D D        28  

Pouteria sericea (Aiton.)Baehni Sapotaceae 10 S   39 + 0.24 0.10 0.12 0.11 0.53 2  

Psychotria nesophila F.Muell. Rubiaceae 6 S S  12 0.01 0.03 0.01 0.09 + 0.08 3  

Sterculia quadrifida R.Br Sterculiaceae 10  D O 24 0.03 0.24 + 0.24 0.05 0.35 50  

Strychnos lucida R.Br Loganiaceae 5 C   37 0.05 0.21 0.01 0.54 0.06 0.40 32  

Terminalia macrocarpa Combretaceaee             X 

Vitex acuminata R.Br (Vitex glabrata 
R.Br ) 

Verbenaceae 15 S S  13 + 0.02 0.02 1.02 0.10 0.33 19  

Wrightia pubescens R.Br Apocynaceae 7  S  13 0 0.01 + 0.07 + 0.16 43 X 

 
Distribution and origin 

E endemic to northern Australia only  

ER endemic to northern Australia and Papua New Ginea 

NE wide spread in other tropical land masses  

N Native to Australia but no NT 

Ex Exotic to Australia  

Density 

D dense MD  middnse S sparse O open 

Leaf Habit 

D deciduous SD semi deciduous E evergreen 

Stem Habit 

 S single (erect) LB single but low branching M multiple spreading  

DMF dry monsoon rainforest WMF wet monsoon rainforest  

WOF wet open forest W SWL wet savanna woodland  

DOF dry open fores DSWL dry savanna woodland  

?  unsure, possibly related species 
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Table 3 Stand, guild, leaf longevity, morphology, carbon accumulation,  nutrient data for selected tree species from Prior et al. ( 2004) 

Species Stand Guild 
Leaf life 
(months) 

Leaf 
area 
(cm2) 

Leaf 
Thick 
(mm) 

LMA 
g m-2 

density 
Kg m-3 

Aarea 
µmol 
m-2s-1 

Amass 
nmol 
g-1s-1 

Chl 
area 

mmol m-2 

Chl 
mass 

mmol kg-1 

Leaf 
Water 

% 

Soil 
TKN 

% 

soil 
TP 
% 

N 
mass 
mg g-1 

P 
mass 
mg g-1 

N/P 

W. pubesence  DMF d 6.80 27.00 0.20 52 268 9.60 182.00 0.41 7.96 2.57 1.25 0.27 3.24 0.16 19.76 

T.  microcarpa DMF d 7.00 41.00 0.19 83 336 13.30 167.00 0.48 5.91 1.52 1.25 0.27 2.28 0.17 13.57 

M. nesophilus DMF sd 5.00 42.00 0.24 150 311 13.20 175.00 0.38 5.14 1.35 1.25 0.27 2.24 0.15 15.24 

F. racemosa DMF sd 6.00 72.00 0.18 83 361 16.40 250.00 0.50 7.68 2.07 1.25 0.27 2.41 0.17 13.85 

F. scobina DMF sd 4.80 39.00 0.30 76 275 12.30 152.00 0.44 5.35 2.44 1.25 0.27 3.01 0.19 16.18 

M. leucodendron DMF e 8.20 24.00 0.45 52 336 18.70 129.00 0.54 3.68 2.31 1.25 0.27 1.05 0.08 12.80 

B. obovata OF d 11.00 157.00 0.37 165 450 10.60 64.00 0.55 6.34 1.62 0.69 0.11 1.15 0.07 15.97 

E. chlorostachys OF sd 9.50 22.00 0.21 100 477 10.90 110.00 0.44 4.42 1.16 0.69 0.11 2.28 0.08 28.15 

T. ferdinandiana OF d 5.20 121.00 0.26 10 397 9.40 94.00 0.38 3.75 1.76 0.69 0.11 1.51 0.09 16.78 

P. careya OF d 7.00 68.00 0.23 84 360 10.60 127.00 0.4 4.76 2.08 0.69 0.11 1.82 0.11 16.40 

S. suborbiculare OF sd 9.50 63.00 0.37 138 378 11.10 82.00 0.51 3.77 1.67 0.69 0.11 1.20 0.06 19.05 

E. tetradonta  OF e 8.20 85.00 0.38 101 476 11.10 62.00 0.44 2.47 1.43 0.69 0.11 0.71 0.03 21.52 

B. megaphyllus OF d 7.00 304.00 0.31 98 323 10.60 108.00 0.49 5.02 1.49 0.69 0.11 2.02 0.13 15.91 

A.auriculiformis  Swamp e 10.00 40.00 0.25 105 415 14.40 136.00 0.62 5.97 1.68 0.22 0.03 2.48 0.12 20.67 

L. lactifluus Swamp sd 8.70 54.00 0.29 121 421 8.40 68.00 0.48 4.11 1.37 0.22 0.03 0.96 0.05 19.59 

M. viridiflora Swamp e 9.80 32.00 0.48 225 233 14.10 64.00 0.67 3.09 1.37 0.22 0.03 0.61 0.03 21.79 

C. fraseri WL d 3.30 82.00 0.16 60 387 9.40 157.00 0.3 5.07 1.93 0.24 0.05 1.76 0.08 22.00 

T. ferdinandiana WL d 4.80 166.00 0.28 121 439 12.90 108.00 0.4 3.29 1.60 0.24 0.05 1.52 0.08 18.77 

P. careya WL d 8.50 64.00 0.25 101 411 10.20 100.00 0.6 4.35 1.75 0.24 0.05 1.60 0.09 18.82 

C.foelscheana  WL sd 9.80 91.00 0.41 101 541 12.90 59.00 0.54 2.47 0.99 0.24 0.05 0.78 0.04 21.08 

M. viridiflora WL e 6.10 24.00 0.56 221 466 14.10 61.00 0.6 2.59 1.59 0.24 0.05 0.77 0.04 20.81 

X. paradoxus WL sd 11.50 102.00 0.36 137 387 11.70 85.00 0.4 2.89 1.52 0.24 0.05 1.15 0.05 23.47 

S. eucalyptoides   WL sd 11.30 45.00 0.42 126 301 8.30 66.00 0.4 3.22 2.18 0.24 0.05 1.16 0.06 18.13 

 Guild;  d, deciduous; sd, semi deciduous; e, evergreen LMA leaf mass per area A area  assimilation rate per unit area  
Amass  assimilation per unit mass  (Aarea/LMA) TKN total Keldjahl nitrogen PT total phosphorus   
Chl mass-   mass based chlorophyll content Chl area  -  area based chlorophyll content  
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Appendix 4.3 Tree frequency in size classes 

Table 1 Tree frequency in size classes for a range of communities 
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Wet MRF Dry MRF Wet SWL Dry SWL Werner Williams 

 N ba N ba N ba N ba  N ba N ba N ba 

1 550 0.04 750 0.06 400 0.03 390 0.03        

2 420 0.13 500 0.16 200 0.06 300 0.09 2.5 700 0.01   140 0.07 

4 500 0.6 580 0.73 250 0.31 310 0.39        

6 300 0.85 300 0.85 150 0.42 150 0.42        

8 200 1.00 190 0.96 110 0.55 90 0.45 7.5 120 0.08 50 0.53 231 1.02 

10 150 1.18 100 0.79 100 0.78 80 0.63 12.5 53 0.2 75 0.64 135 1.66 

16 280 4.95 150 2.65 140 2.47 100 1.77 17.5 40 0.36 55 0.96 84.5 2.03 

20 200 6.29 80 3.51 30 0.09 40 1.26 22.5 30 0.57 45 1.19 48.4 1.93 

25 50 2.45 30 1.47 25 1.23 15 0.74 27.5 26 0.82 25 1.57 25.4 1.51 

30 25 1.77 20 1.41 20 1.41 10 0.71 32.5 10 1.11 10 0.83 17 1.41 

40 20 3.27 10 1.26 15 1.89 15 1.86 37.5 15 1.43 5 1.66 7 0.77 

43         42.5 5 1.79 4 0.71 3 0.42 

45         47.5 2 2.19 1 0.35 2 0.35 

55         55 1 2.85  0.88 1 0.24 

60 15 2.95 5 0.98 5 0.98 5 0.98 60 1 3.33  0.88   

100 15 11.8 5 3.93 5 3.93 5 3.93        
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Appendix 5.1 Details of pre TC Tracy house construction 

 

Back ground construction details of Government houses up to the time of TC Tracy 

(Walker et al 1975) 

Pre 1968 all houses, were normally timber-framed albeit in most cases mounted on 

an elevated platform. The platforms consisted of steel columns with steel tie bracing 

supporting heavy timber beams connected by moment-resisting connections. 

Storerooms and laundries were often built into the under floor areas but they were 

timber-framed and had no structural significance at this time.  Framing above the 

platform was traditional nailed construction of studded walls with inset timber braces, 

roofed sometimes with bolted trusses and sometimes with orthodox framing.  Roof 

sheeting was everywhere traditional galvanised-iron, fixed to normal standards of the 

time. Houses built between 1968 and 1972 houses were essentially the same 

structurally as pre 1968. Framing above platforms was still nailed and studded but 

"Gang-Nail" trusses were introduced along with "Triple-Grip" connectors for purlin 

to truss connections. Platforms were changed by the substitution of concrete posts for 

steel posts and by steel beams for timber beams although the latter were still 

admitted as alternatives. Storerooms and laundries in the under floor areas were built 

in concrete block work and tie-braces were omitted between columns in the belief 

that the "core" would provide stability. 

According to the Walker Report, from July 1972, houses had cyclone provisions 

although the traditional framing was retained. These cyclone provisions included 

cyclone bolts to tie roof trusses down through walls to the underside of floor joists 

and screw fixings which substituted for roofing nails with double fixing at eaves and 

ridges (i.e.) one screw every second corrugation. Purlin straps were also introduced 
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to replace triple-grip connectors. ‘Ramset’I studs were used to fasten nailing strips to 

steel beams. The final connection of the total house framing to the platform 

substructure was through the floor joists resting on the nailing strip which was fixed 

with Ramset studs to the steel main beams.  The floor joists were nailed to the strip 

in most cases but more recent houses were provided also with straps passing between 

the nailing strip and the steel beam. Timber braces were replaced by hoop-iron straps 

to avoid recessing of timber braces into wall studs. Bond-beams were introduced 

around the concrete block under-floor core areas (storeroom/laundry) to provide a 

more positively connected bracing system to the platform substructure. 
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Appendix 5.2 Notes on Darwin and Botanic Gardens trees at the 
time of TC Tracy 

Table 1 Mean and sd of tree height diameter tapet (height/diameter ratio) recorded for 

trees in the Darwin Botanic Gardens 

Sp  DBHOB (cm) HT (m) Taper 

Acacia auriculiformis 4 46.25 (33.26) 12.25(4.03) 0.32(0.11) 

Adananthera pavonine 1 60.00 11.00 0.18 

Adansonia digitata 2 107.50(45.96) 12.50 (2.12) 0.12(0.03) 

Adenanthera pavonine 5 50.00(25.49) 13.20(2.17) 0.30(0.11) 

Adensonia gregorii 3 108.33(56.20) 10.00(2.64) 0.10(0.04) 

Aegle marmelos 1 10.00 5.00 0.50 

Aiphanes caryotaefolia 1 10.00 5.00 0.50 

Albizia procera 2 47.50(38.89) 12.50(2.12) 0.42(0.39) 

Albizzia lebbeck 1 120.00 15.00 0.12 

Alstonia actinophylla 4 47.75(31.41) 10.25(3.77) 0.25(0.09) 

Alternanthera bicolour 3 48.33(5.77) 8.67(2.52) 0.18(0.05) 

Antocarpus heterophylla 1 20.00 6.00 0.30 

Araucaria bidwillii  12.00 5.00 0.42 

Araucaria heterophylla 1 12.00 5.00 0.42 

Areca catechu 3 25.00 10.00 0.40 

Artocarpus communis 1 10.00 3.50 0.35 

Artocarpus heterophyllus 1 16.00 4.00 0.25 

Bauhinia blakeana 1 25.00 7.00 0.28 

Bauhinia hookeri 1 30.00 10.00 0.33 

Bauhinia purpurea 11 17.36(17.91) 4.45(2.42) 0.35 

Bolusanthos speciosus 1 25.00 5.00 0.20 

Borassus flabellifera 20 28.50(26.21) 13.25(4.13) 0.94(0.51) 

Callitris intratropica 1 90.00 14.00 0.15 

Calophyllum inophyllum 25 60.20 (20.44) 10.32(2.48) 0.19(0.05) 

Canarium australianum 2 57.50(10.61) 7.00(7.07) 0.13(0.15) 

Carallia brachiata 3 20.00(10.00) 8.67(2.89) 0.25(0.22) 

Carpentaria acuminate 30 19.70(2.83) 9.57(2.79) 0.48(0.12) 

Cassia fistula 9 32.22(8.70) 8.44(1.94) 0.27(0.05) 

Cassia grandis 1 25.00 10.00 0.40 

Cassia marginate 2 25.00().00) 6.00(1.41) 0.24(0.06) 

Casuarina equestifolia 1 24.00 11.00 0.46 

Celtis phiilppensis 1 10.00 6.00 0.60 

Chickrassia revolute 1 8.00 5.00 0.62 

Citherexylum spinosum 1 30.00 6.00 0.20 

Cleistocalyx operculata 2 55.00 (55.57) 11.00 (5.65) 0.31(0.22) 

Cocos nucifera 42 33.59 (5.12) 8.57 (4.07) 0.23 (0.10) 

Colvillea racemosa 2 35.00 (7.07) 10.00 (0.00) 0.29 (0.06) 

Corypha umbraculifera 1 55.00 15.00 0.27 

Cratera nurvala 1 60.00 13.00 0.22 

Cycas media 1 15.00 2.50 0.17 

Dalbergia latifolia 3 21.67 (2.86) 8.67 (1.15) 0.40 (0.00) 

Dalbergia sisso 5 42.00 (13.04) 10.80(1.30)  0.27 (0.04) 

Delonix regia 29 42.24 (18.78) 8.10 (3.14) 0.21 (0.09) 

Denhamia obscura 4 32.50 (11.90) 8.50 (1.29) 0.28 (0.07) 

Dillenea indica 1 30.00 9.00 0.30 

Dryptes laslogyne 1 6.00 4.00 0.67 

Elaeis guineaensis 8 43.13 (7.53) 7.88 (3.36) 0.18 (0.07) 

Enterolobium cyclocarpum 2 107.50 (3.54) 14.00 (0.00) 0.13(0.00) 

Erythrophloem chlorostachys 11 33.91(12.04) 9.73 (1.49) 0.31 (0.07) 

Ficus benghalensis 2 275.00 (176.780 11.50 (0.71) 0.05 (0.04) 

Ficus hillii 1 140.00 5.00 0.03 
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Ficus religiosa 1 10.00 8.00 0.80 

Flindersia laevicarpa 1 95.00 16.00 0.17 

Guaiacum officinale 1 15.00 7.00 0.46 

Jatropha cureas 2 14.00 (1.41) 4.00 (0.00) 0.29 (0.03) 

Kaya senegalensis 1 8.00 2.50 0.31 

Kigelia pinnata 3 90.00 (36.05) 12.00 (2.00) 0.14 (0.03) 

Lagerstroemia speciosa 8 32.50 (16.05) 7.00 (2.56) 0.26 (0.06) 

Latania loedegesii 1 25.00 10.00 0.40 

Lonchocarpus sericea 1 15.00 7.00 .046 

Mangifera indica 24 59.17 (24.92) 10.92 (3.03) 0.21 (0.07) 

Mascarena lagenicaulis 1 16.00 3.50 0.22 

Melia azadarach 14 30.50 (10.17) 10.79 (2.45) 0.37 (0.08) 

Mitragyna parvifolia 1 120.00 13.00 0.11 

Moringa oleifera 2 19.00 (15.55) 6.50 (0.71) 0.49 (0.36) 

Myristica insipid 2 30.00 (14.14) 10.00 (0.00) 0.37 (0.18) 

Nauclia orientalis 1 25.00 7.00 0.28 

Nolina recurvata 1 50.00 6.00 0.12 

Palmyra palm 6 58.33 10.00 0.17 

Parinaria corymbosum 1 160.00 20.00 0.12 

Peltophorum pterocarpum 16 33.12 (23.87) 8.50 (3.10) 0.30 (0.10) 

Phoenix canariensis 41 29.05 (5.83) 6.80 (2.35) 0.23 (0.08) 

Phoenix roebellini 2 20.00 (0.00) 6.00 (0.00) 0.30(0.00) 

Phoenix sp 15 27.33(5.63) 5.33 (2.98) 0.19 (0.09) 

Phyllanthus emblica 17 40.38 (10.10) 8.06 (2.11) 0.22 (0.05) 

Piscidia prythrena 1 20.00 6.00 0.30 

Pittosperum melanocarpa 1 16.00 6.00 0.37 

Planchonella arnhemica 3 21.67 (7.64) 6.67 (0.58) 0.33 (0.08) 

Plumaria obtusifolia 1 20.00 6.00 0.30 

Plumaria rubra 6 15.00 (0.00) 6.17 (0.98) 0.33(0.00) 

Polyalthea holtzeana 1 8.00 4.00 0.50 

Polyalthea longifolia 2 65.00 (21.21) 12.00 (1.41) 0.19(0.04) 

Pouteria sericea 1 45.00 9.00 0.20 

Psidium guajava 1 120.00 5.00 0.04 

Pterocarpus indicus 2 105.00 (0.00) 14.50 (2.12) 0.14 (0.02) 

Ravenala madagaseariensis 4 28.75 (2.50) 4.50 (5.00) 0.17 (0.21) 

Roystonea oleracea 1 50.00 13.00 0.26 

Roystonia regia 10 43.20 (10.39) 8.85 (3.46) 0.20(0.05) 

Sabal sp 1 30.00 3.50 0.12 

sabal palmetto 1 35.00 7.00 0.20 

Salvadore persica 1 50.00 12.00 0.24 

Samanea saman 26 121.73 (48.31) 13.08 (1.67) 0.12 (0.04) 

Sapindus saponaria 1 25.00 7.00 0.28 

Schefflera actinophylla 2 14.00 (8.48) 8.00 (5.66) 0.55 (0.07) 

Schleichera trijuga 16 50.31(8.26) 11.69 (0.09) 0.24(0.04) 

Sciassia siamea 16 21.88 (8.34) 9.81(1.33) 0.50(0.17) 

Semecarpus australiensis 1 50.00 8.00 0.16 

Spathodea campanulata 21 49.90 (16.68) 13.24 (3.51) 0.29(0.09) 

Styphylea pinnata 6 24.00(8.94) 7.60(2.07) 0.34(0.08) 

Tamarindus indica 3 45.00(15.00) 9.00 (2.69) 0.22(0.13) 

Taxodium sp 1 20.00 6.00 0.30 

Tectona grandis 2 52.50 (3.54) 13.50(0.71) 0.26(0.00) 

Terminalia sp 1 8.00 5.00 0.62 

Thuja orientalis 1 15.00 7.00 0.47 

Vitex accuminata 1 20.00 10.00 0.50 

Washingtonia robusta 2 45.00 (7.07) 18.50(2.12) 0.41(0.02) 
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Table 2 Species recorded in the Post TC Tracy survey in the Darwin suburban 

landscape by Cameron et al, 1983  

Tree species Family Comon name Origin 
Max 
Ht 

class 
No. 

Canopy 
Density 

Leaf 
habit 

Stem 
Habit 

Anthocephalus chinensis  Rubiaceae Philippine wonder tree Ex 20 7 MD E S  

A. heterophyllus  Conifereae Hoop pine N 30 4 MD  E S 

Acacia auriculiformis  Mimosaceae Ear-pod wattle NE 20 93 D  E LB  

Adansonia gregorii F.Muell Bombaceae Boab N 25 10 O D S 

Adenanthera pavonina L.  Mimosaceae Red-bead tree NE 10 12 MD SD S 

Albizia lebbeck L  Mimosaceae Albizia NE 15 16 MD D S  

Alstonia actinophylla  Apocynaceae Northern milkwood E 15 42 MD E S 

Alstonia spectabilis  Apocynaceae White cheesewood NE 15 6 D E S  

Bambusa arnhemica  Gramineae Bamboos E 5 27 D E M 

Bauhinia purpurea  Leguminoseae Orchid tree Ex 5 40 MD E S 

Brachychiton diversifolius Sterculiaceae Kurrajongs N 15 25 MD SD S 

Callitris intratropica  Cupressaceae Cypress pine  E 20 91 MD E S 

Calophyllum inophyllum  Clusiaceae Beautyleaf  NE 20 48 D E LB 

Canarium australianum  Burseraceae Melville I white beech ER 20 8 MD D S 

Carpentaria acuminata  Araceae Carpentaria E 30 82 MD E S 

Cassia fistula  Caesalpiniaceae Golden shower, Ex 15 52 MD D S 

Casuarina equisestifolia  Casuarinaceae  Beach sheoake NE 20 34 O E S 

Citrus spp.  Rosaceae Lemon, lime,  Ex 10 22 D E S 

Cleistocalyx operculata  Myrtaceae  Northern satinash N 20 4 MD E  

Cocos nucifera  Palmae Coconut  Ex 25 258 D E S 

Delonix regia  Ceasalpiniaceae Poinciana Ex 25 135 MD D S 

Denhamia obscura (E.Rich ) Celastraceae Denhamia E 10 4 D E S 

E. tetrodonta  Myrtaceae Darwin Stringybark E 20 121 MD E S 

Erythrophleum 
chlorostachys 

Caesalpiniaceae Ironwood  E 15 38 MD SD S 

Eucalyptus miniata  Myrtaceae Darwin woolybutt E 20 35 O E S 

Ficus virens  Moraceae Banyan  NE 30 12 D D LB 

Gliricidia maculate  Leguminoseae Tropical flower cherry Ex 12 13 D E S 

Gmelina arborea  Verbenaceae Gmelina Ex 20 82 D D S 

Hibiscus tiliaceus  Malvaceae Timor hibiscus  NE 8 39 MD SD M 

Khaya senegalensis  Meliaceae African mahogany  Ex 30 70 D E S 

Lagerstroerna speciosa  Lythraceae Pride of India  Ex 10 20 D D S 

Mangifera indica  Anacardiaceae Mango  Ex 20 133 D E S 

Melia azedarach Meliaceae White cedar NE 15 21 MD SD S 

Peltophorum pterocarpum  Caesalpiniaceae Golden flame tree NE 20 19 D D S 

Phyllanthus umblica  Euphorbiaceae Indian gooseberry Ex 15 33 D   

Pinus caribaea  Pinaceae Caribbean pine Ex 25 11 D E S 

Plumeria obtusa  Apocynaceae Evergreen frangipani  Ex 10 90 O E LB 

Plumeria rubra Apocynaceae Frangipani  Ex 10 26 O D LB 

Ravenala madagascariensis  Musaceae Travellers palm Ex 5 31 O E S 

Roystonea regia   Palmae Royal palm Ex 15 82 MD E S 

Samanea saman  Mimosaceae Raintree  Ex 30 43 D D S 

Schefflera actinophylla  Araliaeae Umbrella tree E 20 14 MD E M 

Schleichera  oleasa Sapindacaea Ceylon oak Ex 20 17 D E LB 

Spathodea campanulate Bignoneaceae African tulip Ex 20 66 D E S 

Staphylea pimnnata Staphylaceae European bladder nut  Ex 5 9 D   

Tamarindus indica  Caesalpiniaceae Tamarind NE 15 16 D E LB 

Tectona grandis  Verbenaceae Teak Ex 10 4 D D S 

Toona ciliata  Meliaceae Red cedar Ex 25 3 D E S 
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Distribution and origin 

E endemic to northern Australia only ER endemic to northern Australia and Papua New Ginea 

NE wide spread in other tropical land masses N Native to Australia but no NT 

Ex Exotic to Australia  

Density 

D dense MD  middnse S sparse O open 

Leaf Phenlogy 

D deciduous semi deciduous E evergreen 

Stem Habit 

 S single (erect) LB single but low branching M multiple spreading  
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Appendix 5.3 TC Tracy tree damage statistics 

Table 2 Percentage of trees standing, leaning and fallen within species and height 

classes following TC Tracy (from data collected by Cameron et al. 1983) 

Species 

Heigtht Classes 

> 4m 4-8m 8-12m < 12m 

Stand Lean Fall Stand Lean Fall Stand Lean Fall Stand Lean Fall 

Auracaria heterophyllus 0.0 25.0 0.0 0.0 50.0 25.0 0.0 0.0 0.0 0.0 0.0 0.0 

Acacia auriculiformis  1.1 1.1 4.3 34.4 1.1 18.3 11.8 0.0 17.2 3.2 1.1 6.5 

Adansonia digitata 20.0 0.0 0.0 10.0 10.0 0.0 40.0 0.0 0.0 10.0 0.0 10.0 

Adenanthera pavonine 0.0 0.0 0.0 8.3 0.0 0.0 25.0 0.0 33.3 16.7 0.0 16.7 

Albizia spp.  0.0 6.3 0.0 12.5 12.5 6.3 37.5 0.0 12.5 0.0 0.0 12.5 

Alstonia actinophylla  16.7 0.0 0.0 16.7 0.0 16.7 33.3 0.0 16.7 0.0 0.0 0.0 

A. scholaris 4.8 0.0 0.0 38.1 2.4 2.4 26.2 0.0 9.5 16.7 0.0 0.0 

Anthocephalus chinensis  0.0 0.0 0.0 14.3 0.0 42.9 0.0 0.0 28.6 0.0 0.0 14.3 

Bambusa spp. 0.0 0.0 0.0 40.7 11.1 0.0 7.4 29.6 0.0 3.7 3.7 3.7 

Bauhinia variegata  10.0 20.0 0.0 27.5 7.5 22.5 10.0 2.5 0.0 0.0 0.0 0.0 

Brachychiton spp.  4.0 4.0 0.0 24.0 4.0 12.0 32.0 4.0 8.0 4.0 0.0 4.0 

Callitris intratropica  2.2 4.4 16.5 24.2 9.9 37.4 3.3 0.0 2.2 1.1 0.0 0.0 

Calophyllum inophyllum  4.2 0.0 2.1 18.8 4.2 2.1 43.8 2.1 2.1 20.8 0.0 0.0 

Canarium australianum  0.0 0.0 0.0 12.5 0.0 12.5 12.5 25.0 12.5 25.0 0.0 0.0 

Carpentaria acuminata  7.3 3.7 0.0 29.3 9.8 6.1 18.3 3.7 9.8 6.1 6.1 0.0 

Cassia spp. 21.2 0.0 0.0 28.9 1.9 7.7 25.0 0.0 11.5 3.9 0.0 0.0 

Casuarina equisetifolia  0.0 20.6 14.7 2.9 17.7 2.9 0.0 35.3 5.9 0.0 0.0 0.0 

Citrus spp.  13.6 13.6 40.9 4.6 4.6 22.7 0.0 0.0 0.0 0.0 0.0 0.0 

Cocos nucifera  15.9 13.2 1.6 16.7 5.0 9.3 10.9 0.0 9.7 4.3 0.0 13.6 

Delonix regia (Bojer)  3.7 0.0 0.0 39.3 2.2 20.7 21.5 1.5 6.7 2.2 0.0 2.2 

Denhamia obscura  0.0 0.0 0.0 50.0 0.0 0.0 50.0 0.0 0.0 0.0 0.0 0.0 

Eucalyptus  tetrodonta  0.8 0.0 0.0 1.7 0.8 0.8 32.2 0.0 4.1 32.2 7.4 19.8 

Erythrophleum 
chlorostachys  

0.0 0.0 0.0 15.8 0.0 2.6 44.7 5.3 21.1 7.9 0.0 2.6 

Eucalyptus miniata  0.0 0.0 0.0 0.0 0.0 0.0 31.4 0.0 11.4 28.6 0.0 28.6 

Ficus. virens  0.0 0.0 0.0 33.3 8.3 8.3 25.0 0.0 0.0 25.0 0.0 0.0 

Gliricidia maculata . 7.7 0.0 0.0 69.2 0.0 15.4 0.0 0.0 7.7 0.0 0.0 0.0 

Gmelina arborea  7.3 0.0 7.3 46.3 3.7 14.6 12.2 0.0 2.4 4.9 0.0 1.2 

Hibiscus tiliaceus  79.5 0.0 0.0 5.1 7.7 0.0 0.0 0.0 7.7 0.0 0.0 0.0 

Khaya senegalensis  1.4 10.0 2.9 2.9 24.3 45.7 0.0 0.0 10.0 0.0 0.0 2.9 

Lagerstroernia speciosa  25.0 5.0 5.0 15.0 0.0 30.0 10.0 0.0 5.0 0.0 0.0 5.0 

Mangifera indica. 8.3 0.8 5.3 18.1 3.8 24.1 3.8 0.8 9.0 6.0 0.0 20.3 

Melia azedarach  4.8 0.0 0.0 9.5 0.0 9.5 4.8 4.8 23.8 9.5 0.0 33.3 

Peltophorum pterocarpum  0.0 0.0 0.0 5.3 0.0 36.8 26.3 0.0 26.3 0.0 0.0 5.3 

Phyllanthus emblica  9.1 0.0 0.0 45.5 3.0 9.1 24.2 0.0 3.0 3.0 0.0 3.0 

Pinus caribaea  9.1 0.0 0.0 36.4 9.1 18.2 9.1 18.2 0.0 0.0 0.0 0.0 

Plumeria obtuse 22.2 7.8 26.7 26.7 2.2 11.1 0.0 0.0 3.3 0.0 0.0 0.0 

Plumeria rubra 23.1 0.0 3.9 46.2 0.0 26.9 0.0 0.0 0.0 0.0 0.0 0.0 

Ravenala 
madagascariensis  

38.7 6.5 3.2 35.5 3.2 6.5 6.5 0.0 0.0 0.0 0.0 0.0 

Roystonea regia 3.7 1.2 1.2 14.6 4.9 12.2 40.2 2.4 13.4 4.9 0.0 1.2 

Samanea saman  2.3 0.0 0.0 0.0 0.0 4.7 16.3 4.7 16.3 46.5 0.0 9.3 

Schefflera actinophylla  21.4 0.0 0.0 64.3 0.0 7.1 0.0 0.0 0.0 7.1 0.0 0.0 

Schleichera oleosa  5.9 5.9 0.0 0.0 0.0 0.0 11.8 5.9 0.0 70.6 0.0 0.0 

Spathodea campanulata 0.0 0.0 0.0 22.2 11.1 0.0 55.6 0.0 11.1 0.0 0.0 0.0 

Staphylea pinnata  1.5 0.0 1.5 7.6 1.5 10.6 15.2 1.5 10.6 27.3 3.0 19.7 

Tarnarindus indicus  6.3 6.3 6.3 0.0 18.8 18.8 12.5 0.0 25.0 6.3 0.0 0.0 

Tectona grandis  0.0 0.0 0.0 25.0 25.0 0.0 0.0 0.0 0.0 50.0 0.0 0.0 



Appendix 

Page 651 

Table 3 Derived mean and sd of tree DBH and height, indices of fallen, leaning, 

standing, defoliated, debranched and of broken trunks for Darwin Botanic 

Gardens dicotyledon trees affected by TC Tracy 

 

Dicotyledon species Statistics 

Morphology Tree damage index Canopy damage index 
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Schleichera trijuga 
  

Mean n=16 50.31 11.69 0.24 0.00 0.00 0.94 0.94 0.00 0.00 
Std. Deviation 8.26 0.87 0.04 0.00 0.00 0.25 0.25 0.00 0.00 

Calophyllum  
Inophyllum  

Mean n=25 60.20 10.32 0.19 0.00 0.00 0.84 0.96 0.96 0.16 
Std. Deviation 20.44 2.48 0.05 0.00 0.00 0.37 0.20 0.20 0.37 

Alstonia  
actinophylla  

Mean n=5 49.20 10.00 0.24 0.00 0.00 0.80 0.60 0.60 0.20 
Std. Deviation 27.40 3.32 0.09 0.00 0.00 0.45 0.55 0.55 0.45 

Cassia fistula 
  

Mean n=9 32.22 8.44 0.27 0.11 0.00 0.78 0.67 0.67 0.22 
Std. Deviation 8.70 1.94 0.06 0.33 0.00 0.44 0.50 0.50 0.44 

Erythrophloem  
chlorystachys  

Mean n=11 33.91 9.73 0.31 0.18 0.00 0.73 0.73 0.73 0.00 
Std. Deviation. 12.05 1.49 0.07 0.40 0.00 0.47 0.47 0.47 0.00 

Delonix regia 
  

Mean n=29 42.24 8.10 0.21 0.10 0.10 0.69 0.69 0.72 0.07 
Std. Deviation 18.78 3.14 0.09 0.31 0.31 0.47 0.47 0.45 0.26 

Styphelea pinnata 
  

Mean N=6 25.00 7.67 0.33 0.00 0.17 0.67 1.00 1.00 0.17 
Std. Deviation 8.37 1.86 0.08 0.00 0.41 0.52 0.00 0.00 0.41 

Samanea saman  Mean n=25 117.40 13.00 0.12 0.16 0.04 0.60 0.76 0.76 0.20 
Std. Deviation 43.85 1.66 0.04 0.37 0.20 0.50 0.44 0.44 0.41 

Emblica officinalis 
  

Mean n=13 40.38 8.77 0.22 0.08 0.08 0.54 0.38 0.69 0.31 
Std. Deviation 10.10 1.74 0.05 0.28 0.28 0.52 0.51 0.48 0.48 

Cassia siamea 
  

Mean n=16 21.88 9.81 0.50 0.00 0.00 0.50 0.63 0.56 0.50 
Std. Deviation 8.34 1.33 0.17 0.00 0.00 0.52 0.50 0.51 0.52 

Denhamia obscura 
  

Mean n=4 32.50 8.50 0.28 0.00 0.00 0.50 0.25 0.50 0.50 
Std. Deviation 11.90 1.29 0.07 0.00 0.00 0.58 0.50 0.58 0.58 

Mangifera indica Mean n=24 59.17 10.92 0.21 0.50 0.00 0.33 0.33 0.38 0.17 
Std. Deviation 24.92 3.03 0.07 0.51 0.00 0.48 0.48 0.49 0.38 

Spathodea  
campanulata  

Mean n=21 49.90 13.24 0.29 0.14 0.10 0.33 0.33 0.33 0.52 
Std. Deviation 16.68 3.51 0.09 0.36 0.30 0.48 0.48 0.48 0.51 

Peltophorum  
pterocarpum  

Mean n=16 33.13 8.50 0.30 0.56 0.00 0.31 0.44 0.44 0.25 
Std. Deviation 23.87 3.10 0.09 0.51 0.00 0.48 0.51 0.51 0.45 

Melia azadarach 
  

Mean n=14 30.50 10.79 0.37 0.36 0.14 0.29 0.29 0.29 0.29 
Std. Deviation 10.17 2.46 0.08 0.50 0.36 0.47 0.47 0.47 0.47 

Acacia  
auriculiformis  

Mean n=4 46.25 12.25 0.32 0.50 0.00 0.25 0.00 0.25 0.25 
Std. Deviation 33.26 4.03 0.11 0.58 0.00 0.50 0.00 0.50 0.50 

Dalbergia sisso 
  

Mean n=5 42.00 10.80 0.27 0.20 0.20 0.20 0.20 0.20 0.40 
Std. Deviation 13.04 1.30 0.04 0.45 0.45 0.45 0.45 0.45 0.55 

Bauhinia purpurea 
  

Mean n=11 17.36 4.45 0.35 0.00 0.64 0.18 0.27 0.91 0.09 
Std. Deviation 17.91 2.42 0.12 0.00 0.50 0.40 0.47 0.30 0.30 

Lagerstroemia 
speciosa  

Mean n=7 30.14 7.71 0.29 0.71 0.00 0.14 0.14 0.14 0.14 
Std. Deviation 15.92 2.21 0.09 0.49 0.00 0.38 0.38 0.38 0.38 

Adenanthera pavonine  Mean n=8 51.67 12.83 0.28 0.17 0.00 0.17 0.50 0.50 0.50 
Std. Deviation 23.17 2.14 0.11 0.41 0.00 0.41 0.55 0.55 0.55 

  



Appendix 

Page 652 

Table 4 Derived mean and sd  of DBH and height, and indices of fallen, leaning, 

standing, defoliated, disbranched and broken trunk monocotyledon (Palm) 

trees affected by Cyclone Tracy, Darwin Botanic Gardens  

Species Statistics 

Morphology Tree damage index 
Canopy damage 

Index 
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Phoenix sp  
Mean n=15 5.33 27.33 0.19 0.00 0.00 0.93 0.00 0.10 0.00 

Std. Deviation 2.98 5.63 0.09 0.00 0.00 0.26 0.00 0.00 0.00 

Roystonia  

regia  

Mean n=9 8.39 42.44 0.19 0.22 0.00 0.78 0.00 0.78 0.00 

Std. Deviation 3.33 10.72 0.04 0.44 0.00 0.44 0.00 0.44 0.00 

Phoenix 
canariensis  

Mean n=39 6.64 29.05 0.23 0.10 0.13 0.62 0.03 0.67 0.15 

Std. Deviation 2.24 5.835 0.08 0.31 0.34 0.49 0.16 0.49 0.37 

Barossus  

flabellifera  

Mean n=20 13.25 28.50 0.94 0.40 0.25 0.30 0.05 0.45 0.10 

Std. Deviation 4.13 26.21 0.51 0.50 0.44 0.47 0.22 0.51 0.31 

Cocos  

nucifera  

Mean n=40 8.35 33.62 0.24 0.38 0.00 0.55 0.10 0.45 0.08 

Std. Deviation 4.04 5.062 0.09 0.49 0.00 0.50 0.30 0.50 0.27 

Carpentaria 
acuminate 

Mean n=36 9.58 24.19 0.43 0.25 0.17 0.19 0.06 0.22 0.44 

Std. Deviation 2.65 10.89 0.15 0.44 0.38 0.40 0.23 0.42 0.50 

Elaeis  

guineaiensis  

Mean n=4 6.50 37.50 0.17 0.25 0.00 0.25 0.25 0.00 0.50 

Std. Deviation 4.36 2.88 0.11 0.50 0.00 0.50 0.50 0.00 0.58 

  



Appendix 

Page 653 

Table 1 Post cyclone Tracy tree states and tolerance, sensitivity and rating  and NMS 

ranking (based on data from Cameron, et al 1983) 

Species 
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Acacia auriculiformis 19 NE 0.51 0.03 0.46 0.31 0.24 0.05 0.61 0.5 0.5 36 43 38 

Adansonia digitata  X N 0.80 0.10 0.10 0.80 0.10 0.50 1.00 0.9 0.8 9 9 7 

Adenanthera pavonine  X NE 0.50 0.00 0.50 0.42 0.58 0.42 0.50 0.4 0.8 37 30 34 

Albizia spp. X NE 0.50 0.19 0.31 0.31 0.00 0.31 0.69 0.5 0.5 31 34 31 

Alstonia actinophylla  2 NE 0.67 0.00 0.33 0.83 0.33 0.83 0.83 0.7 1.0 8 33 11 

Alstonia scholaris   X NE 0.86 0.02 0.12 0.71 0.14 0.12 0.90 0.9 0.6 25 23 25 

Anthocephalus 
chinensis  

X Ex 0.14 0.00 0.86 0.29 0.14 0.71 0.86 0.1 0.8 46 44 45 

Araucaria heterophyllus  X N 0.00 0.75 0.25 0.00 0.25 1.25 0.75 0.0 0.8 34 37 24 

Bambusa spp.  18 E 0.52 0.44 0.04 0.11 0.04 0.19 0.96 0.6 0.3 1 21 2 

Bauhinia spp.  22 Ex 0.48 0.30 0.23 0.58 0.08 0.13 0.93 0.5 0.6 22 28 19 

Brachychiton spp  14 N 0.64 0.12 0.24 0.44 0.32 0.20 0.76 0.6 0.6 24 22 22 

Callitris intratropica  25 NE 0.31 0.13 0.56 0.31 0.20 0.05 0.37 0.2 0.5 43 42 43 

Calophyllum 
inophyllum  

1 NE 0.88 0.06 0.06 0.85 0.08 0.10 0.98 1.0 0.7 3 3 6 

Canarium australianum   X NE 0.50 0.25 0.25 0.50 0.00 0.63 0.88 0.5 0.7 15 27 18 

Carpentaria acuminate   16 NE 0.61 0.23 0.16 0.12 0.3 0.06 0.56 0.5 0.3 10 26 12 

Cassia fistula  7 Ex 0.79 0.02 0.19 0.65 0.25 0.10 0.90 0.8 0.6 13 39 17 

Casuarina equisetifolia  29 NE 0.03 0.74 0.24 0.00 0.00 0.15 0.97 0.0 0.4 35 46 30 

Citrus spp.  27 Ex 0.18 0.18 0.64 0.45 0.09 0.23 0.86 0.2 0.7 41 38 42 

Cocos nucifera  23 Ex 0.48 0.18 0.34 0.12 0.13 0.02 0.63 0.4 0.3 30 20 33 

Delonix regia  12 Ex 0.67 0.04 0.30 0.57 0.11 0.04 0.80 0.7 0.5 20 18 27 

Denhamia obscura X NE 1.00 0.00 0.00 0.50 0.75 1.00 0.50 0.8 1.0 16 2 3 

Erythrophleum 
chlorostachys  

9 NE 0.68 0.05 0.26 0.68 0.11 0.13 0.84 0.7 0.6 17 15 20 

Eucalyptus tetrodonta  11 NE 0.67 0.08 0.25 0.51 0.15 0.04 0.71 0.5 0.6 28 17 21 

Eucalyptus miniata  17 NE 0.60 0.00 0.40 0.54 0.23 0.14 0.63 0.6 0.5 19 24 32 

Ficus virens   4 NE 0.83 0.08 0.08 0.50 0.08 0.42 0.92 0.9 0.6 6 6 4 

Gliricidia maculate  X Ex 0.77 0.00 0.23 0.69 0.00 0.38 1.00 0.9 0.7 14 12 15 

Gmelina arborea  15 Ex 0.71 0.04 0.26 0.33 0.23 0.06 0.65 0.7 0.4 26 15 23 

Hibiscus tiliaceus  3 NE 0.85 0.08 0.08 0.79 0.00 0.13 0.97 0.9 0.6 4 4 9 

Khaya senegalensis  28 Ex 0.04 0.34 0.61 0.17 0.01 0.07 0.74 0.0 0.5 45 45 46 

Lagerstroemia 
speciosa  

20 Ex 0.50 0.05 0.45 0.35 0.10 0.25 0.75 0.5 0.5 38 35 37 

Mangifera indica  24 Ex 0.36 0.05 0.59 0.43 0.10 0.04 0.57 0.3 0.5 40 36 41 

Melia azedarach  26 N 0.29 0.05 0.66 0.33 0.33 0.24 0.76 0.3 0.5 42 32 40 

Peltophorum 
pterocarpum  

X NE 0.32 0.00 0.68 0.32 0.16 0.26 0.63 0.3 0.6 44 13 44 

Phyllanthus emblica  X Ex 0.82 0.03 0.15 0.55 0.24 0.15 0.91 0.9 0.6 12 11 14 

Pinus caribaea  X Ex 0.55 0.27 0.18 0.18 0.55 0.45 0.73 0.5 0.6 18 31 13 

Plumeria obtuse  10 Ex 0.49 0.10 0.41 0.38 0.07 0.06 0.72 0.5 0.5 33 16 29 

Plumeria rubra  21 Ex 0.69 0.00 0.31 0.42 0.27 0.19 0.62 0.6 0.5 27 9 35 

Ravenala 
madagascariensis  

6 Ex 0.81 0.10 0.10 0.35 0.00 0.16 0.84 0.8 0.4 7 10 8 

Roystonea regia   8 Ex 0.63 0.09 0.28 0.51 0.27 0.06 0.91 0.7 0.6 21 40 26 

Samanea saman  13 Ex 0.65 0.05 0.30 0.58 0.09 0.12 0.91 0.7 0.6 23 19 28 

Schefflera actinophylla  X NE 0.93 0.00 0.07 0.71 0.36 0.36 0.93 1.0 0.7 11 5 10 

Schleichera oleosa  X Ex 0.88 0.12 0.00 0.88 0.06 0.29 0.94 1.0 0.7 2 1 1 

Spathodea 
campanulata  

18 Ex 0.78 0.11 0.11 0.89 0.00 0.56 0.89 0.8 0.9 32 29 5 

Staphylea pinnata  X Ex 0.52 0.06 0.42 0.48 0.11 0.08 0.82 0.5 0.5 5 7 36 

Tamarindus indicus  X Ex 0.25 0.25 0.50 0.50 0.00 0.31 0.56 0.2 0.7 39 41 39 

Tectona grandis X Ex 0.75 0.00 0.25 0.50 0.25 1.00 1.00 0.8 0.9 29 25 16 

X = not scored Origin ** endemic or native to NT (ER) Australia (NE) outside Australia (NR), outside of Australia (Ex) 

 


