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ABSTRACT 

Two evergreen species - Eucalyptus tetrodonta and E. miniata, two deciduous 

species - Terneinaliaferdinand/ana and Planchonia careya and one partly deciduous 

species - Syzygiune suburb/cu/are were sampled at a savanna site at CSIRO, 

Berrimah, near Darwin in the Northern Territory of Australia. Newly expanded 

leaves of the deciduous and evergreen species, and old leaves of the partly 

deciduous and evergreen species were sampled. Gas exchange measurements 

(assimilation at light saturation, stomatal conductance and rate of dark respiration) 

were made on a minimum of six leaves of five or six trees of each species. Leaves 

were then collected for chemical analysis and calculation of construction and 

maintenance costs, nitrogen use efficiency and instantaneous transpiration 

efficiency. 

Evergreen species had significantly lower specific leaf area and leaf nitrogen 

and ash content, but significantly higher heat of combustion and crude fat content 

compared to deciduous species. Light saturated assimilation rate was higher for 

deciduous species when considered on a leaf dry weight basis but higher for 

evergreen species when considered on a leaf area basis, due to differences in 

specific leaf area. Stomatal conductance was significantly higher for evergreen 

species compared to deciduous species. Instantaneous transpiration efficiency was 

significantly higher for deciduous species compared to evergreen species, but 

nitrogen use efficiency was not significantly different. Leaf construction cost was 

always significantly higher for evergreen species compared to deciduous species, 

but maintenance costs were not significantly different. 

Australian tropical savannas show remarkable diversity of phenological 

strategies which allow different species to coexist. Species with longer leaf life 

spans have a higher ratio of cost:benefit (leaf construction cost:assimilation rate at 

light saturation) compared to species with shorter leaf life spans, confirming work in 

a South American savanna. Deciduous and evergreen species are able to coexist in 

tropical savannas because they partition resources both temporally and spatially in 

order to reduce interspecific competition. 
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CHAPTER 1: INTRODUCTION 

1.1 Savannas 

Savannas are tropical ecosystems characterised by distinct seasonality of climate and 

a continuous herbaceous layer covered by a discontinuous tree and/or shrub layer 

(Huntley & Walker, 1985). Tropical northern Australian savannas are extremely 

diverse structurally, with multi-layered canopies consisting of trees and shrubs with 

varying growth habits and phenological strategies. Annual and perennial grasses 

comprise the ground cover. Perennial grasses dominate the grass layer and C4  

grasses comprise more than 90% of all grasses for the Top End of the Northern 

Territory. The savannas of northern Australia are dominated by Eucalyptus spp. 

which are large evergreen trees. The understorey includes broad-leaved pan-tropical 

deciduous trees and shrubs with biogeographic affinities to species from South-east 

Asian rainforests (Bowman et al. 1988). Structural diversity is enhanced by 

inclusion of saplings of dominant trees and plants with unusual growth habits such 

as Pandanus, Livistona and Cycas in the understorey. Temporal patterns in growth 

and reproduction within savannas are linked to climate seasonality. Grasses dry out 

in April and May representing a significant fuel load for dry season fires. 

Tropical savannas are a substantial biorne across the world and occupy 

approximately 20% of the land area of continental Australia, being restricted to the 

wet-dry tropical and sub-tropical zones by a rainfall gradient (Duff et al. 1996). In 

the top end of the Northern Territory savannas are the most extensive vegetation 

type. Globally, approximately 60% of the human population of the tropics resides in 



1.2 Climate and Soils of Top End Savannas 

The climate of northern Australia is monsoonal with distinct wet and dry seasons. 

Ninety percent of the annual rainfall for Darwin (>1500 mm) falls during wettest 

months which are December to March inclusive. The driest months are June to 

August which are virtually rainless. Temperatures are uniformly high throughout 

the year but the daily range in temperature increases during the dry season and the 

mean monthly maximum and minimum temperatures are lower during the dry season 

compared to the wet season (Fig. 1.1). This is partially because of the lower solar 

cycle in the dry season and also because of increased re-radiation of heat during the 

cloudless nights of the dry season. High solar radiation is characteristic of the 

climate but during the wet season this may be obscured by extensive cloud cover. 

Annual evaporation exceeds rainfall by 600 mm (Taylor & Tulloch, 1985). These 

conditions result in low vapour pressure deficit (VPD) during the wet season and 

increasingly high VPD as the dry season progresses. The seasons are inherently 

reliable but the beginning, duration and amount of rainfall during each wet season is 

highly variable (Taylor & Tulloch, 1985). 

The strong seasonality of climate is manifested in the annual drought experienced by 

plants each dry season. Annual drought places constraints on plant growth and as a 

consequence the Australian native flora has evolved mechanisms to allow growth 

despite these environmental conditions. Such mechanisms include scierophylly of 

leaves, evergreen habit and deep roots. Sclerophyllous leaves are able to maintain 

positive turgor, and hence growth, at low xylem pressure potentials (Myers et al. 

1996; Sobrado, 1986). Deep roots which access groundwater, coupled with 

evergreen habit, allow savanna trees to maintain open stomata and hence carbon gain 

and growth throughout the year. An alternative mechanism is drought avoidance. 

Deciduous species avoid drought by shedding leaves and remaining dormant during 

the dry season. This strategy is successful in the wet-dry tropics because the wet 

season is predictable and reliable and sufficient rain falls to maintain a positive 

annual carbon budget. 
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Soil nutrient status in northern Australian savannas, as for savannas around the 

world, is depauperate in nutrients, particularly nitrogen, phosphorous, calcium and 

sulfur (Skarpe, 1992). Nutrient uptake by plants is facilitated during the wet season 

when soils are moist. Mechanisms for retaining nutrients within the plant will 

therefore become an important feature of savanna plants. Such mechanisms may 

include retranslocation of foliar nutrients from abscising leaves and nutrient storage 

in plant organs such as stems, roots and leaves. 

The main factor limiting plant growth in northern Australian savannas and savannas 

worldwide is the availability of soil moisture (Skarpe, 1992; Taylor & Tulloch, 

1985). Variation in mean annual rainfall and clay content of the topsoil are baseline 

environmental parameters which determine plant available moisture (PAM). PAM 

consists of all the moisture available to plants including both soil moisture and 

atmospheric moisture. Thus estimates of PAM may include measures of VPD and 

dawn as a surrogate measure of soil moisture available to plants. PAM is a primary 

determinant of the composition, structure and dynamics of savannas globally 

(Williams et al. 1996 a). Available nutrients and fire also control the density and 

structure of trees and shrubs in savannas (Skarpe, 1992). 

Fire is a controlling factor in savannas across the world (Skarpe, 1992; Williams et 

al. 1996 a). In northern Australia, fire frequency is extremely high with the 

possibility of multiple fires per year at the same site. Fires result in a loss of 

biomass and mineral nutrients and could contribute to the nutrient impoverished 

status of savannas generally. An added benefit of leaflessness of deciduous trees 

during the dry season is avoidance of the detrimental effects of fire on leaves. 

Savanna vegetation is adapted to fires and may initiate a flush of new growth after 

early fires, despite the absence of rains. 
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1.3 Phenology 

The phenology of woody species in northern Australian savannas is diverse. In a 

recent study of northern Australian savannas it was found that there were four 

phenological guilds with approximately equal percentage composition of all four 

guilds in the woody tree community (Williams et at. 1996 b). Evergreen species 

retain full canopy throughout the year; brevi-deciduous species have a brief 

reduction in amount of canopy not below 50% of full canopy, and this reduction can 

be variable between years; semi-deciduous species exhibit canopy reduction to 

below 50% of full canopy every year and fully-deciduous species are leafless for 1-2 

months each year (Williams et at. 1996 b). 

The relative proportions of deciduous and evergreen trees is a major distinguishing 

factor for savannas across the world. South American savannas are dominated by 

evergreen species (Medina & Silva, 1990; Monasterio & Sarmiento, 1976). African 

and Indian savannas are dominated by deciduous species (Chidumayo, 1990; 

Yadava, 1990). In the tropical dry forests of Venezuela deciduous species dominate 

(Sobrado, 1991). In northern Cameroon deciduous and evergreen species coexist 

(Seghieri et at. 1995). In contrast, the phenological variation recorded for Australian 

savannas is high (Williams et at. 1996 b). It is a common feature of savannas that 

major leaf flushing occurs prior to the onset of rains (Sarmiento et at. 1985; 

Williams et at 1996 b) and that production of new foliage also occurs for evergreen 

species during the dry season (Sarmiento el at. 1985; Williams ci at. 1996 b). 

Reproductive phenology of evergreen species occurs during the dry season when 

deciduous species are dormant, providing an important food resource for animals. 

Deciduous species reproduce simultaneously with leaf flush at the beginning of the 

wet season or after leaf fall early in the dry season (Seghieri c/ at. 1995). 

Water relations of savanna trees have been investigated and it has been generally 

concluded that evergreen trees have access to groundwater via deep root systems and 

that deciduous species do not (Myers et at. 1996; Sarmiento ci at. 1985; Sobrado, 

1986; Walker & Menaut, 1988). Also, the sclerophyllous nature of leaves of 
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evergreen trees enables them to maintain positive turgor and hence growth at lower 

xylem pressure potentials, compared to leaves of deciduous species (Myers et al. 

1996; Sobrado, 1986). 

1.4 Deciduous and Evergreen Plants 

Deciduous and evergreen plants represent the extremes of phenological strategies for 

coping with environmental conditions within savannas. Obligately deciduous 

species are those which lose all their foliage for several months every dry season 

(Williams et al. 1996 b). These trees rely on high growth rates during favourable 

conditions of the wet season in order to maintain a positive annual carbon budget 

(Medina, 1983). Canopy decline begins late in the wet season during the transition 

to the dry season, when rapid decreases in soil water and rapid increases in VPD 

occur (Williams et al. 1996 b). Major leaf flushing occurs just before the beginning 

of the wet season or after some rain has fallen. Leaves of deciduous species are less 

sclerophyllous than leaves of evergreen species (Myers et al. 1996; Sobrado, 1986). 

Evergreen species are those which do not show a significant reduction in canopy 

fullness throughout the year (Williams et al. 1996 b). Evergreen species exhibit 

major periods of leaf fall and leaf flush during the transitional period at the end of 

the dry season but before the wet season. This results in minimal reduction in 

canopy fullness and indicates a major turn-over of leaves within the canopy each 

year, thus leaf longevity is not necessarily greater than one year (Williams ci al. 

1996 b). Flushing behaviour appears to be independent of precipitation. Major 

flushing before the wet season may be triggered by decreases in VPD or increases in 

temperature with the change of seasons (Williams et at. 1996 b). 



1 .5 Cost Benefit 

Cost:benefit analysis is an encompassing framework for analysis of plant growth. 

Cost:benefit theory assumes that plants will have costs and benefits associated with 

various processes and functions that they perform. Benefits to plants are usually 

taken to mean photosynthetic carbon gain, thus costs are leaf costs associated with 

photosynthesis, i.e. nutrient accumulation for construction and maintenance of 

leaves and water loss during carbon gain (Givnish, 1983). in order to maintain a 

positive carbon balance and growth, plants must ensure that the costs do not exceed 

the benefits. Natural selection will favour those species whose traits tend to 

maintain a higher ratio of benefits to costs. These plants will have greater resources 

with which to reproduce and compete (Givnish, 1983). 

Cost:benefit analysis can be applied within leaves, between leaves within trees, 

between trees or within whole plant communities. Resource allocation within 

chloroplasts may involve differential allocation to light harvesting pigments, 

photosynthetic enzymes or electron transport, depending on environmental 

conditions and intrinsic photosynthetic capacity of the leaf. In light saturated 

conditions, allocation of resources within chloroplasts may be directed towards 

electron transport components, ribulose bis-phosphate carboxylase oxygenase 

(Rubisco) and Calvin cycle enzymes (Evans, 1987). Resources within leaves may be 

allocated to mesophyll or epidermis. This allocation can affect leaf diffusive 

conductance which governs the rate of diffusion of CO2  within the leaf to the sites of 

carbon fixation, i.e. from stomatal cavity to mesophyll cell wall surface, hence 

chloroplasts (Lloyd et al. 1992). At the tree level, resource allocation to roots or 

shoots determines the optimal resource use for maximisation of growth, depending 

on available resources and environmental constraints. Roots absorb water and 

nutrients, whereas leaves absorb CO2  and transpire water. Depending on PAM and 

available nutrients (AN), plants will have differing allocation of resources to roots 

versus shoots. Where soil moisture and nutrients are available, increased allocation 

of available resources to shoots will occur to provide carbohydrates for increased 

root growth. Where PAM and AN are limiting, allocation of resources will be 

6 



directed preferentially towards roots in an effort to increase water and nutrient 

uptake. 

Optirnisation theory is used to analyse resource use by plants assuming that plants 

will allocate resources from processes which are not limiting to those which are, 

such that the overall result is co-limitation of all steps in the process (Cowan, 1981). 

If resources become limiting, a shift in allocation may occur. If environmental 

conditions change then the resource allocation may also change to maintain the co-

limitation effect, because this state represents resource optimisation. Cost:benefit 

analysis can be applied to species with differing leaf lifespans and the theory can be 

used to explain how plants employing these different strategies are able to coexist in 

savannas. This has been done previously in savannas but never before in Australian 

savannas. 

The concept of construction cost of leaves has developed from considerations of the 

benefit a plant derives from its leaves and thus the energy and resources which must 

be outlayed in constructing and maintaining the leaf in order for the tree to receive 

the benefit. Early ideas used biochemical pathways to analyse costs associated with 

construction and maintenance of leaves using glucose as the energy currency 

(Penning de Vries, 1975). From a detailed analysis of all the biochemical pathways 

involved, the quantity of glucose required to provide carbon skeletons, reducing 

power and ATP for synthesising each component of biomass was calculated. Such 

detailed analysis and measurement is time consuming and inherently inaccurate, but 

provided a base for further research. 

Elemental analysis of leaf construction cost was then investigated by McDermitt & 

Loomis (1981). If the elemental chemical formula is known, the quantity of glucose 

needed to supply carbon skeletons and electrons can be calculated easily from 

measurements of the elemental chemical composition of the leaf. This method 

requires expensive instrumentation but is theoretically sound. 
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Construction cost of leaves has also been investigated by growth and CO2  exchange 

analysis (Merino et al. 1982). The underlying theory for this method is that leaf 

construction requires the metabolism of carbohydrates to provide energy for 

synthetic processes and investment of carbohydrates for conversion into leaf 

structural and functional components. Measurements of growth in native trees is 

often not practical and more recent methods have effectively invalidated this 

approach. 

Most recently a concept has been developed for calculation of leaf construction cost 

from heat of combustion and organic nitrogen content (Williams et al. 1987). This 

method further develops the concept of glucose as units of energy in plant cells, 

which is required for construction and maintenance of leaves. Measurements of 

tissue organic nitrogen and ash content and heat of combustion are required for the 

calculation. Agreement among the four different methods of estimating construction 

costs (elemental analysis, biochemical analysis, growth and respiration analysis and 

heat of combustion and organic nitrogen analysis), for three chaparral species was 

generally good (Merino et al. 1982; 1984; Williams et al. 1987). The method 

utilising heat of combustion and organic nitrogen content is less time consuming and 

less costly than previously proposed methods. 

Maintenance costs of leaves are all those processes which require energy input but 

do not result in carbon gain for the leaf. Maintenance costs are measured from 

protein, ash and fat content of leaves, since protein turnover and maintenance of ion 

gradients are the major constituents of leaf maintenance costs (Penning de Vries, 

1974). Coefficients for requirements for maintaining plant biomass were proposed 

by Penning de Vries (1974) and modified by Merino et al. (1984). 

1.6 Why study Savannas? 

Tropical savannas are a substantial biome around the world. The sheer extent of the 

biome and its diversity means that it will have increasing demands put upon it for 
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use by humankind as the human population continues to grow. The natural 

processes which occur in savannas are little known and recent research has 

attempted to fill the void. Increasing use of savannas for grazing and other activities 

highlights the need for sound management practices with a scientific basis. 

The concepts of optimisation theory, cost:benefit analysis and construction and 

maintenance costs of leaves, coupled with increasing knowledge about the 

phenology of tropical savannas, leads to a unifying method for comparing diverse 

savannas around the world. Already, in Venezuela, a cost:benefit approach has been 

used to investigate the relative importance of deciduous and evergreen growth 

habits. It was concluded that evergreen species do not always have higher leaf 

construction costs than deciduous species and that in fact the reverse may be the case 

in some savannas. Considering evergreen and deciduous habits as variations along a 

gradient of increasing leaf lifespan and using a cost:benefit approach, it was 

proposed that evergreen species with longer leaf lifespans may have a higher ratio of 

cost:benefit (Williams et al. 1989). This hypothesis is applicable not only to 

evergreen and deciduous species but to the entire range of phenological strategies, as 

it provides a quantitative measure of the level of deciduousness, assuming that 

deciduous species have shorter leaf lifespans than evergreen species. 

The extreme diversity of phenologies exhibited in tropical savannas around the 

world, despite the climatic and environmental constraints imposed within them, is 

evidence that species co-exist by partitioning resources in time and space, rather than 

competing for the same resources. Savannas are diverse, not only in the number of 

species present, but also in the diversity of growth habits, including annual and 

perennial grasses, deciduous and evergreen trees and shrubs, palms and palm-like 

habits, and a wide range of vertebrates, insects and micro-organisms. Considering 

this diversity in the light of conditions such as poor nutrient status of soils, annual 

drought, seasonal fires and increasing pressure from human needs, it is truly 

amazing. Deciduous and evergreen woody species are able to coexist because they 

complement one another in regards to resource use, rather than directly competing 

for the same resources. 
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1.7 Hypotheses 

The aim of this project is to compare and contrast co-occurring deciduous and 

evergreen tropical savanna species with respect to cost:benefit analysis of leaves. 

The main hypothesis being tested is that evergreen species, with longer leaf life 

spans, will have a higher ratio of cost:benefit (construction cost: assimilation rate at 

light saturation) in comparison with deciduous species which have shorter leaf 

lifespans, i.e. the ratio of cost:benefit increases as leaf lifespan increases. Within 

this broad framework there are other hypotheses which will also be investigated: 

Leaves of evergreen species cost more to construct but less to maintain than 

leaves of deciduous species. Leaves of evergreen species last for longer on the tree, 

are more sclerophyllous and have more anti-herbivore defensive carbon compounds 

than leaves of deciduous species, therefore they will cost more to construct. 

However, leaves of deciduous species have higher maximal rates of assimilation at 

light saturation and will therefore cost more to maintain. 

The rate of light saturated assimilation (Amax) is higher for leaves of 

deciduous species compared to leaves of evergreen species. Deciduous species have 

a shorter annual growing period than evergreen species and will need high rates of 

assimilation in order to maintain a positive annual carbon budget. 

Nitrogen use efficiency (NUE) will be higher for evergreen species and 

instantaneous transpiration efficiency (ITE) will be lower for evergreen species in 

comparison with deciduous species. This hypothesis is derived from consideration 

of root anatomy which suggests that evergreen species have deep roots which access 

groundwater (Myers et at. 1996; Sobrado, 1986). This means that they can maintain 

transpiration and growth throughout the year, but nutrient availability deep in sub-

soil is very low and evergreen trees will be nutrient impoverished. Where resources 

are limiting they are used more efficiently by plants (Gulmon & Chu, 1981), 

therefore evergreen trees may have a high nutrient use efficiency. Deciduous species 



have relatively shallow roots which are not able to provide water for transpiration 

throughout the year, but during the wet season nutrients are more readily available 

for uptake in the upper soil profile. 

4). Old leaves of evergreen species will have higher construction and 

maintenance costs than newly expanded leaves; they will have higher rates of dark 

respiration (Rd), lower rates of Amax, lower NUE and lower ITE. New leaves are 

generally more efficient than old leaves. 



Figure 1.1. Average mean monthly rainfall, mean daily maximum temperature (solid line) and mean daily minimum temperature (dotted line) 

for Darwin. Data supplied by Commonwealth of Australia, Bureau of Meteorology, 1994. 
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CHAPTER 2: METHODS 

2.1 Introduction 

Savanna is the dominant vegetation type across northern Australia, and in this region 

it is dominated by the evergreen species Eucalyptus tetrodonta and E. miniata, either 

singly or in combination (Williams et al. 1996 b). The savannas of northern 

Australia have a multi-layered sub-storey which consists of deciduous and evergreen 

woody trees and shrubs. Annual and perennial herbs and grasses cover the ground. 

The deciduous sub-storey component in tropical savannas has taxonomic affinities 

with species of remnant monsoon forests (Bowman et al. 1988). Some have large 

leaves and are obligately deciduous. This chapter describes the methods employed 

in the study of leaf characteristics of two evergreen and two deciduous and another 

species for which the phenology is uncertain. 

2.2 Study Site 

The study site was located 10 km east of Darwin city and consisted of several acres 

of open woodland (sensu Specht, 1981). The site has been protected against 

bushfires for many years, an unusual feature of vegetation in the top end. E. 

tetrodonta and E. miniata are the dominant trees in the canopy, which is 

approximately 20 meters in height. The vegetation is a mixture of deciduous and 

evergreen trees overlying a population of grasses and some herbs. The understorey 

layers consist of juveniles of the dominant species interspersed with other woody 

trees and shrubs of varying phenological strategies and growth habits. The 

deciduous study species were predominant in the understorey and in more open 

micro-sites. Study trees were scattered within an area of approximately 2 acres. 
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2.3 Study Species 

Eucalyptus tetrodonta (Myrtaceae) is an evergreen tree 10-30 meters tall with 

pendulous foliage. It is dominant in the canopy of savannas throughout northern 

Australia (Bowman et al. 1988). The leaves are sclerophyllous in nature. The trunk 

is protected by stringy' bark which burns readily and may protect the trees from the 

effects of bushfires. E. tetrodonta is a tall straight tree with most of the branches 

clustered towards the top of the plant, thus providing plenty of room for the 

development of a complex understorey beneath its canopy. The growth of juveniles 

involves a stage of extremely slow above ground growth while root growth 

continues, until roots can access moisture from deeper layers of the soil profile. 

Once this has occurred, it is hypothesised that above ground growth rate will 

increase substantially and there will be rapid recruitment from sapling to canopy 

stages (Prior et al. 1996 a). The manifestation of this growth pattern is seen in the 

dearth of E. tetrodonta trees between 3 metres and canopy height. 

E. miniata (Myrtaceae) is a similar tree which is co-dominant with E. tetrodonta 

across the savannas of northern Australia (Bowman et al. 1988). This tree has 

rough, brown bark part-way up the trunk which may serve to protect against damage 

from bushfires, but is smooth and white above. The branching pattern is similar to 

that of E. teirodonta, with very few if any lower branches. Leaves are 

sclerophyllous and flushing occurs at the end of the dry season and also during the 

wet season. Recruitment of saplings into the canopy is likely to be similar to that of 

E. tetrodonta. 

Syzigium suborbiculare (Myrtaceae) is present in the understorey and occasionally 

large individuals emerge into the canopy. These trees retain at least half of the large, 

dark green leaves of the canopy throughout the year (pers. obs.). There appears to be 

no distinct flushing but new leaves are continuously formed throughout the year. 

Fruit is edible and there may be commercial interest in cultivation in South East Asia 

where it is known as the Water Apple. This species, like many in its family, is fire 

tolerant and able to produce new shoots if the plant is burnt or damaged, due to the 
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development of a lignotuber which may also act as a site for water storage during the 

dry season. The phenology of this species has not previously been studied in detail 

but it is likely that it is partly deciduous. 

Planchonia careya (Lecythidaceae) is a fully deciduous species which is prevalent in 

the understorey of savannas across northern Australia. Individuals rarely reach more 

than 10 meters in height. Leaves become characteristically tinged with red before 

abscising from the tree, suggesting that nutrients are retranslocated out of senescing 

leaves (Brock, 1993). Flowers are produced at the time of leaf flush, which occurs 

prior to the onset of the wet season rains during the transitional phase between dry 

and wet seasons (Williams et at. 1996 b). 

Terminalia ferdinandiana (Combretaceae) a fully deciduous species, is well-known 

for its highly nutritional fruit, which contains up to 2-3000 mg g' Vitamin C, 

approximately 50 times as much as is in oranges (Brock, 1993). The commercial 

potential has been investigated (Woods, 1995). Flushing occurs in the early wet 

season after some rain has fallen and is synchronous between individuals in the same 

area (Williams et at. 1996 b). Almost all leaves are lost by July or August, but leaf 

fall begins as early as May, probably induced by water stress (Prior et at. 1996 b). 

Leaves are very large (up to 20 cm X 25 cm) and crowded towards the ends of 

branchlets (Brock, 1993). 

All of these species are common in the savannas of northern Australia. The 

eucalypts play an important role in provision of nectar and honey for native fauna 

towards the end of the dry season (June, July, August), when food resources are 

limited (Bowman c/ at. 1991). The deciduous species also produce edible fruit. All 

of these species have adaptations to reduce damage from frequent fires. 
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2.4 Field Measurements 

Individual trees of each species were randomly selected within the study area. 

Eucalypt trees less than six meters tall were selected to ensure they were accessible 

from five metre high trestles (Fig. 2.1). Trees this size correspond to the 

reproductively immature juveniles used in the study by Williams ci al. (1996 b). 

Trees were monitored for the onset of flushing once a week during September and 

October 1995. After budburst, shoots were tagged with the date so that leaves of 

known age could be measured. Gas exchange data was collected for old and new 

leaves of the evergreens E. tetrodonta and E. miniata, old leaves of S. suborbiculare 

and new leaves of the deciduous species P. careya and T. ferdinandiana. New 

leaves were 6-8 weeks old at the time of measurements and were fully expanded. 

Old leaves were estimated to be 10 months old from considerations of sampling 

time, condition and knowledge of phenological characteristics (Williams et al. 1996 

b). 

Gas exchange was measured with a Li-6200 portable infra red gas analyser (Lincoln 

Instruments, Nebraska, USA). Maximal assimilation rate (Amax) was measured 

between 0830-1130 hours at light saturation (photosynthetic photon flux density 

exceeding 800 mmol m 2  s'). During the wet season, cloud build-up sometimes 

occurred in the morning and on these occasions light was artificially supplemented 

to ensure that light levels remained saturating. This was accomplished with a 

generator supplying power to a iSV 150W Osram Xenophot HLX overhead 

projector bulb screwed onto a 20 cm long metal plate which was attached to a 

photographer's tripod for maneuverability. Air temperatures ranged from 30 - 40 °C 

in full sunlight during the gas exchange measurements. vapour pressure deficit 

(VPD) was variable depending on weather conditions on the day but ranged between 

1-2 kPa. Respiration rate was measured after sundown on the same or similar leaves 

the following night. Gas exchange data was collected from at least 4 and up to 12 

leaves of five or six individual trees of each of the five study species, with a 

minimum of 24 replicates. 
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Gas exchange for old leaves (estimated to be between 6-12 months old) of E. 

tetrodonta and S. suborbiculare were measured during September 1995. New 

leaves for all species except S. suborbiculare were measured at 6-8 weeks of age 

when fully expanded, during October and November, 1995, at which time old leaves 

of E. miniata were also measured (estimated to be between 6-12 months old). There 

were no measurements for new leaves of S. suborbiculare because there was no 

distinct leaf flushing phase. 

2.5 Sample Collection 

After the completion of gas exchange measurements the same and/or similar leaves 

were collected from five or six trees for each species or species/age group. 

Composite samples were collected to enable duplicate analyses for each analyte to 

be performed, as individual leaves would have provided insufficient material. 

Leaves from different branches were allocated to samples a and h for each tree. 

These samples were immediately transported back to the laboratory where leaf area 

was measured on a leaf area meter (Delta-T Devices, Cambridge, England). Leaves 

were then dried in an oven at 70 °C for five days until the weight remained constant, 

at which time leaf dry weights were measured on analytical balance. 

2.6 Sample Preparation 

Dried leaves were ground to pass through a 2 mm mesh screen in a hammer mill 

(Haan West Germany, Retsch Gmblt 5657 Type SKI Nr. 32174), and then to a fine 

powder in a mechanical mortar and pestle. The dried, ground samples were stored in 

sealed sample jars until required for analysis, and were redried at 70 °C immediately 

prior to weighing for analysis in order to remove residual moisture picked up from 

the air during storage. 
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2.7 Chemical Analysis 

All chemical analyses were performed in duplicate for each of the two samples (a 

and b) from each tree. A minimum of 12 replicates were measured for each species. 

Total Kjeldahl Nitrogen (TKN) was assayed following a micro-Kjeldahl procedure 

using 0.2 g samples (AOAC, 1990). Digests were carried out with concentrated 

sulfuric acid on block digesters (Windrift Instruments Model DB25, Melbourne). A 

programmable temperature controller (Windrift Instruments TC-400) was used to 

preheat the block to 160 °C, then ramp to 390 °C over one hour and maintain that 

temperature for a further two hours while the digest progressed. Quantitative 

analysis was performed by flow injection analysis (Lachat Instruments QuikChem 

method 13-107-06-2-1)). Crude protein was estimated by the product of TKN and 

the factor of 6.25 (AOAC, 1990). 

Crude fat was determined gravimetrically on soluble diethyl ether extracts using 

soxiet extraction glassware with 70 ml ether per extraction (AOAC, 1990) (Fig. 2.2). 

1 g samples were placed in thimbles and duplicates were within 2% variation. 

Stearic acid was used as a standard and 100% fat was extracted from it. Heat of 

combustion was determined with a 1421 semi-micro bomb calorimeter (Parr 

Instrument Co., Moline Illinois) on 0.2 g sample pellets. Commercially available 

berizoic acid pellets of the same weight were used to calibrate the bomb. Ash 

content was determined gravimetrically after combustion to a white-grey end point 

at 500 °C for 3 hours (Heraeus laboratory muffle furnace Ml 10 with Heraeus digital 

controller thermiconT). Preheated crucibles were weighed immediately before being 

put into the oven, and allowed to cool afterwards in a desiccator to ensure that no 

moisture was picked up from the air during cooling. An empty crucible was 

included in every run as a check and showed negligible changes in weight before 

and after ashing. Ash-free heat of combustion was calculated by converting the 

value for heat of combustion to units of ash-free weight, calculated from the ash 

weight which was analysed separately. 
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2.8 Calculations 

Construction and maintenance costs were calculated for at least two trees per 

species/age group, on two samples from each tree with duplicates of samples. 

Construction cost was calculated from the equation derived by Williams et al. (1987) 

(1). This method predicts glucose equivalents - the amount of glucose required to 

provide carbon skeletons and reductant to synthesise a quantity of organic product. 

C = {(0.06968.Hc - 0.065).(1 - A) + [(kN/14.0067). (180.15/24)]}/0.89 

(1) 

Where C = construction cost of leaves; He = ash-free heat of combustion (kJ g'); A 

= ash content (g ash gd ); N = total kjeldahl nitrogen (g N g 1 ); k = oxidation state of 

nitrogen substrate: k = +5 when nitrogen is imported into the plant as nitrate giving 

a maximum construction cost; k = -3 when nitrogen is imported into the plant as 

ammonia giving a minimum construction cost. The different oxidation states of 

nitrogen allow the calculation of minimum and maximum values for construction 

cost. Construction cost is calculated in units of g glucose per g leaf dry weight and 

can be converted to leaf area (g glucose m 2). 

Maintenance cost was calculated using the methodology of Merino et al. (1984), 

using biochemical pathway analysis. Coefficients for substrate requirements for 

maintaining plant biomass are associated with protein turnover, active transport 

processes for maintaining ion concentrations and membrane lipids. Maintenance 

coefficients used were: 

fat 0.0425 g g' 

protein 0.028 - 0.053 g g' 

ash 0.006 - 0.010 g g1  

Minimum and maximum coefficients for protein and ash allow the calculation of 

minimum and maximum maintenance costs. Maintenance cost is calculated in units 
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of g glucose g leaf dry weight day', and can similarly be converted to units of g 

glucose m 2  leaf area day. 

Transpiration rate was calculated for each leaf from knowledge of air temperature, 

leaf temperature, stomatal conductance, relative humidity and the saturation water 

vapour pressure. Transpiration rate is the product of stomatal conductance and leaf 

to air vapour pressure deficit (LAVPD). Instantaneous transpiration efficiency (TTE) 

was then calculated from the ratio of Amax to transpiration rate (Eamus, 1991). 

Nitrogen use efficiency (NUE) was calculated from the ratio of Amax to TKN 

(Berendse & Aerts, 1987). Calculations were done for each tree as Amax was 

measured on individual leaves which do not correspond to the samples analysed for 

TKN. 

2.9 Statistical Methods 

Statistical analyses were performed on Statistica software (Statsoft Inc.). All 

analyses were performed on both leaf dry weight basis and leaf area basis. 

Differences in construction and maintenance costs, Amax, g, Rd, NUE and ITE 

between species were tested using nested ANOVA. Where significant differences 

were encountered, Tukey's pairwise comparison of means was used to ascertain the 

ranking of species. 

Data sets for new leaves of the two evergreen species and new leaves of the two 

deciduous species were pooled and old leaves of the evergreen species and S. 

suborbiculare were also pooled. These phenological and age guilds were then 

analysed for significant differences using ANOVA. New leaves of evergreen and 

deciduous species were compared and new and old leaves of evergreen species were 

compared. New leaves of deciduous species were not compared with old leaves of 

evergreen species. 
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Regression equations were determined for linear relationships between variables. 

The probability was determined using Pearson product moment correlation 

distribution. 
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Figure 2.1. Trestles used for measuring gas exchange and collecting leaves of study species. In this photo an E. miniata specimen has been tied 

down for ease of reach. Leaves of T. ferdinandiana can be seen in the top left hand corner. Note the tall grasses and relatively open canopy 

which allows sunlight to reach the ground in patches. 
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Figure 2.2. Laboratory apparatus set up for crude fat extraction of leaf material. Four samples were analysed simultaneously and ether was 

redistilled in the adjacent fume hood. 





CHAPTER 3: RESULTS 

3.1 Chemical Parameters 

Specific leaf area was significantly higher for leaves of new deciduous species 

compared to leaves of new evergreen species (Table 3.1). T ferdinandiana had the 

highest specific leaf area and the largest, thinnest leaves (pers. obs.). There were no 

significant differences between new and old leaves of evergreen species, but for E. 

teirodonta and E. miniata analysed separately, the specific leaf area of new leaves 

was higher compared to old leaves (P <0.05). 

Total Kjeldahl nitrogen (TKN) and ash content were significantly higher in new 

leaves of deciduous species compared to new leaves of evergreen species, and 

significantly higher in old leaves compared to new leaves of evergreens (Table 3.1). 

These differences were observed when data were expressed both on a leaf area or a 

leaf dry weight basis. New leaves of the evergreen E. miniata, however, had higher 

TKN than old leaves when expressed on a dry weight basis (Table 3.1). Total 

Kjeldahl nitrogen was highest in the deciduous species T. ferdinandiana when 

expressed on a leaf dry weight basis but was highest in old leaves of the evergreen E. 

tetrodonta when expressed on a leaf area basis. 

Variation in leaf nitrogen content between species was not significant when 

considered as a function of leaf area but on a dry weight basis it was (P < 0.001) 

(Table 3.1). This is a reflection of specific leaf area which was significantly higher 

in the deciduous species than in the evergreen species, probably due to differences in 

leaf thickness, rather than leaf density. Leaves of deciduous species are generally 

thinner and larger than leaves of evergreen species which are sclerophyllous in 

nature. There was significant variation in nitrogen content between different 

samples within trees and between different trees within species. Ash content varied 

significantly between samples within trees, between trees within species and 
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between the different species. Ash content was lowest in new leaves of evergreen 

species and highest in new leaves of deciduous species when expressed on a dry 

weight basis or highest in old leaves of evergreen species when expressed on an area 

basis. 

Heat of combustion and crude fat content were significantly higher in new leaves of 

evergreen species compared to new leaves of deciduous species on a leaf area and 

leaf dry weight basis (Table 3.1). However, old and new leaves of evergreens were 

not significantly different. Heat of combustion was lowest in the two deciduous 

species T ferdinandiana and P. careya and fat content was lowest in P. careya. 

There was a high degree of variation within samples and within trees for the 

chemical parameters analysed. In some cases the variation between trees within 

species was greater than the variation between the different species. For statistical 

analysis of TKN and fat four trees were used and for heat of combustion and ash 

three trees were used. (Each tree included two subsamples a and b for which 

duplicates were analysed). Larger replication of trees may reduce the variation 

about the mean found between trees. 

3.2 Gas Exchange Characteristics 

Maximum rate of assimilation at light saturation (Amax) was significantly higher in 

new leaves of evergreen species compared to new leaves of deciduous species and 

compared to old leaves of evergreen species on a leaf area basis (Table 3.2). When 

considered on a leaf dry weight basis, however, new leaves of deciduous species had 

significantly higher Amax than new leaves of evergreen species and new leaves of 

evergreen species were significantly higher than old leaves of evergreen species. 

New leaves of E. tetrodonta (leaf area) and T. ferdinandiana (dry weight) had the 

highest Amax values (Table 3.2). 
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Stomata! conductance (g) was significantly higher in newly expanded leaves of 

evergreen species compared to newly expanded leaves of deciduous species and 

compared to old leaves of evergreen species (Table 3.2). P. careya had the lowest 

g. New leaves of E. miniata had the highest g  which was more than double the 

values of g  for either of the deciduous species. 

Newly expanded leaves of deciduous species had significantly lower rates of dark 

respiration compared to newly expanded leaves of evergreen species on a leaf area 

basis (Table 3.2). New and old leaves of evergreens did not differ significantly in 

the rate of dark respiration and there were no significant differences between species 

when considered on a leaf area basis. On a dry weight basis there were no significant 

differences in rates of dark respiration between species, phenotypes or leaf ages. 

There were significant differences in rates of dark respiration between trees within 

species (P < 0.05). Old leaves of E. tetrodonta had the highest rates of dark 

respiration. 

Transpiration rates were significantly higher in newly expanded leaves of evergreen 

species compared to newly expanded leaves of deciduous species and compared to 

old leaves of evergreen species (Table 3.3). P. careya had the lowest transpiration 

rate, which was less than half the rate for E. miniata, which had the highest rate. Old 

and new leaves of F. miniata had remarkably similar and very high transpiration 

rates. These trends follow those found for g. 

Instantaneous transpiration efficiency (ITE), which is the ratio of Amax to 

transpiration rate, was significantly higher in newly expanded leaves of deciduous 

species compared to newly expanded leaves of evergreen species (Table 3.4). New 

and old leaves of evergreens were not significantly different from each other and 

there were no significant differences between species. T ferdinandiana had the 

highest ITE and old leaves of F. miniata had the lowest. 

The ratio of Amax to g was significantly higher in newly expanded leaves of 

deciduous species compared to newly expanded leaves of evergreen species (Table 
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3.3). This ratio is also shown graphically in Fig. 3.1, where it can be seen that old 

leaves have consistently lower g than new leaves. Also, old leaves cover as wide a 

range of stotnatal conductances at Amax as do new leaves. New and old leaves of 

evergreens were not significantly different from each other in the ratio of Amax to g 

(Table 3.3). T ferdinandiana had the highest ratio and new leaves of E. miniata had 

the lowest, similar to the trends in TTE. 

Nitrogen use efficiency (NUE), which is the molar ratio of CO2  assimilated to foliar 

N content, was significantly higher for new leaves of evergreen species compared to 

old leaves of evergreen species, but was not significantly different between new 

leaves of evergreen and deciduous species (Table 3.4). New leaves of E. tetrodonia 

had the highest NUE and old leaves of S. suborbiculare had the lowest. The ratio of 

Amax to TKN which constitutes NUE is shown graphically in Fig. 3.2 on a dry 

weight basis. There was a significant positive relationship between Amax and TKN 

(P <0.001, r = 0.542). The relationship between Amax and TKN did not hold when 

analysed on a leaf area basis because of differences in the relationship between 

specific leaf area and leaf nitrogen content on a dry weight basis (Fig. 3.3), which 

was significant (P <0.001, r = 0.756). 

3.3 Construction and Maintenance Costs 

Maximum construction costs were significantly higher for newly expanded leaves of 

evergreen species compared to newly expanded leaves of deciduous species, but 

there were no significant differences between new and old leaves of evergreen 

species whether expressed on a leaf area basis or a dry weight basis (Table 3.4). 

There was significant variation between trees within species (P <0.05). New leaves 

of E. miniata had the highest construction cost on a leaf dry weight basis but when 

considered on a leaf area basis old leaves of E. tetrodonta had the highest 

construction cost. The deciduous species T ferdinandiana had the lowest leaf 

construction cost. Minimum construction costs were significantly higher for new 

leaves of evergreen species compared to new leaves of deciduous species or 
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compared to old leaves of evergreen species when considered on a dry weight basis 

(Table 3.4). When considered on a leaf area basis, the minimum construction costs 

for newly expanded leaves of evergreen species were significantly higher than newly 

expanded leaves of deciduous species, but new and old leaves of evergreen species 

were not significantly different from each other. 

Maximum maintenance costs expressed on a dry weight basis were significantly 

higher for old leaves compared to new leaves of evergreen species, but there was no 

significant difference between new leaves of evergreen and deciduous species (Table 

3.4). Maintenance cost was highest for S. suborbiculare and lowest for new leaves 

of E. teirodonta when considered on a leaf dry weight basis. Considered on a leaf 

area basis the maintenance cost was highest for old leaves of evergreen species and 

lowest for newly expanded leaves of deciduous species. On a dry weight basis 

minimum maintenance costs were significantly higher for old leaves compared to 

new leaves of evergreen species. On a leaf area basis new leaves of evergreen 

species had significantly higher minimum maintenance costs than new leaves of 

deciduous species (Table 3.4). 

The relationship between maintenance and construction costs was positive when 

expressed on a leaf area basis but negative when expressed on a leaf dry weight basis 

(Fig. 3.4 & Fig. 3.5). Maintenance costs increased concomitantly with construction 

costs on a leaf area basis (Fig. 3.4). This relationship was significant (P <0.01, r = 

0.557). Old leaves of evergreen species had the highest costs and newly expanded 

leaves of deciduous species had the lowest costs. When expressed on a leaf dry 

weight basis, however, the relationship between maintenance and construction costs 

was reversed and increased construction costs were associated with decreased 

maintenance costs (Fig. 3.5). This relationship was also significant (P <0.01, r = 

0.550). Newly expanded leaves of deciduous species had high maintenance costs 

and low construction costs while newly expanded leaves of evergreen species had 

high construction costs and relatively low maintenance costs when expressed on a 

dry weight basis. Old leaves of evergreen species were intermediate as regards leaf 
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maintenance and construction costs, although S. suborbiculare was grouped closer to 

the newly expanded leaves of deciduous species than to leaves of evergreen species. 

3.4 Relationships Between Variables 

The relationship between Amax and Rd was statistically significant (P < 0.05, r = 

0.345). As Amax increased, Rd increased, with a slope of 11.4 (Fig. 3.6). Old 

leaves of evergreens had the lowest values of Amax but covered a wider range of Rd 

from the lowest to the highest values. Maintenance cost was unrelated to Rd, but it 

showed a significant relationship with construction cost (P = 0.0857, r = 0.310) (Fig. 

3.7). Leaves which cost more to construct had higher rates of Rd. 

The relationship between NUE and construction cost was found to be positive and 

significant only for newly expanded leaves of evergreen and deciduous species (P < 

0.01, r = 0.9707; Fig. 3.8). New leaves of evergreen species had the highest 

construction cost and the highest NUE. Old leaves of evergreen species had a much 

lower NUE due to lower Amax. In contrast, ITE was negatively correlated to 

construction cost (r = 0.57 10), but the relationship was not statistically significant (P 

= 0.18; Fig. 3.9). 

As leaf lifespan (payback interval) increased ,the ratio of investment (construction 

cost) to potential payback (Amax) increased significantly (P < 0.05, r = 0.800; Fig. 

3.10). The relationship between the ratio of benefit to cost of leaves and leaf age 

was investigated for newly expanded leaves (8 weeks old) and old leaves of 

evergreen species (estimated to be approximately 30 to 32 weeks old for E. miniata 

and E. tetrodonia respectively). New leaves had higher Amax: construction cost 

ratio than old leaves and the relationship was significant (P < 0.01, r = 0.903; Fig. 

3.11). As leaf age increased, the benefit to cost ratio declined. 
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Table 3.1. Specific leaf area (SLA), total Kjeldahl nitrogen (TKN), heat of combustion, fat and ash contents of leaves of evergreen and 

deciduous tropical savanna trees. Means in each column followed by the same letter were not statistically different (P < 0.05). New deciduous 

leaves and old evergreen leaves were not compared. 



SPECIES SLA TOTAL KJELDAHL NITROGEN HEAT OF COMBUSTION FAT CONTENT ASH CONTENT 

(m2 g) (mgN g 1) (mgN m 2) (kJ g 1) (kJ m 2) (g g) (g m 2) (g g 1) (g m 2) 

E. tetrodonta 0.006348ab 6.81c 1093.54 17.80ab 2957.77ab 
E. miniata 0.007403abc 8.60bc 1171.30 18.71a 2500.73ac 

NEWEVERGREEN 0.006876a 7.71a 1132.42a 18.35a 2729.25a 

0.0446bc 7.13bc 
0.0678a 11.88d 

0.0562a 9.51a 

0.0243a 3.93bc 

0.0245a 3.14b 

0.0244a 3.54a 

P. careya 
I ferdinandiana 

NEW DECIDUOUS  

0.009043c 
0.010695c 

0.009869b 

12.03ab 1355.16 
15.82a 1483.79 

13.93b 1419.47b 

17.62ab 1982.96cd 
16.65b 1548.10d 

17.13b 1765.53b  

0.0224* 2.54a 
0.04338bc 4.04ab 

0.0329b 3.29b  

0.0371bc 4.13bc 
0.0458cd 4.26bc 

0.0415b 4.19b 

E. tetrodonta 
E. miniata 
S. suborbiculare 

OLD EVERGREEN 

0.005318a 
0.005740ab 
0.008724bc 

0.006594a  

7.80bc 1502.81 

7.32bc 1289.65 

11.93abc 1367.06 

9.08c 1386.50c  

18.55a 3488.98b 

18.12ab 3244.13b 

17.60ab 2017.12c 

18.09a 2916.74a  

0.0429c 8.07cd 
0.0585ab 10.51d 
0.0725a 8.31cd 

0.0580a 8.96a 

0.0345b 6.50a 
0.0287ab 5.21ac 
0.0480d 5.51ac 

0.0371c 5.67c 
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Table 3.2. Gas exchange parameters for leaves of deciduous and evergreen tropical savanna trees. Parameters are shown both on leaf dry weight 

and leaf area basis for comparison. Number of leaves measured is shown for maximal assimilation rate (Amax) and stomata! conductance (ga) 

measured simultaneously and for dark respiration rate (Rd). Means in each column followed by the same letter were not statistically different (P 

<0.05). New deciduous leaves and old evergreen leaves were not compared. 



SPECIES MAXIMAL ASSIMILATION RATE STOMATAL CONDUCTANCE LEAVES DARK RESPIRATION RATE LEAVES 

(trnoI CO2  m 2  s 1) (jimol CO2  9 1  s 1) (mol H20 rn 2  s 1 ) (number) (Itmol CO2  rn 2  s 1) (Ilmol CO2  9 1  s 1) (number) 

E. tetrodonta 16.41a 0.1045a 1.08ab 50 -1.08 -0.0070 48 
F. miniata 16.13a 0.1194ac 1.67b 52 -0.86 -0.0064 43 

NEW EVERGREEN 16.27a 0.1120a 1.38a 51 -0.97a -0.0067ab 

P. careya 14.00ac 0.1264ac 0.62a 56 -0.62 -0.0057 54 
T. ferdinandiana 15.56a 0.1613c 0.75ab 53 -0.60 -0.0064 47 

NEW DECIDUOUS 14.78b 0.1438b 0.68b 55 -0.61b -0.0060a 

F. tetrodonta 11.70bc 0.0622b 0.99ab 39 -1.38 -0.0073 29 
E. miniata 9.71b 0.0557b 1.05ab 37 -0.82 -0.0043 29 
S. suborbicu/are 10.50b 0.0916ab 0.89ab 40 -0.54 -0.0047 45 

OLD EVERGREEN 10.64c 0.0698c 0.98c 39 -0.91a -0.0054b 



Table 3.3. Derived parameters of deciduous and evergreen tropical savanna trees. lIE represents instantaneous transpiration efficiency; NUE 

represents nitrogen use efficiency. Means in each column followed by the same letter were not statistically different (P <0.05). New deciduous 

leaves and old evergreen leaves were not compared. 



SPECIES TRANSPIRATION RATE ITE NUE Amaxigs 

(mmol H2O s) (jimol CO2  Emmol H201-1) (tmoI CO2  Emmol Ni1  s 1) (I.tmol CO2  [moI H20] 1) 

E. tetrodonta 26.58ab 0.76 225.53a 19.14ab 
E. miniata 35.11 a 0.49 194.98ab 11 .77a 

NEW EVERGREEN 30.85a 0.63a 210.25a 15.46a 

P. careya 16.87b 0.97 185.89abc 29.61ab 
T. ferdinandiana 17.51b 2.41 141 .56abc 32.81b 

NEW DECIDUOUS 17.19b 1.69b 163.72a 31.21b 

E. tetrodonta 17.02b 1.03 110.66bc 17.48ab 
E. miniata 33.60a 0.36 106.96c 13.34a 
S. suborbiculare 12.99b 1.69 105.25c 22.28ab 

OLD EVERGREEN 21.20c 1.03a 107.62b 17.70a 



Table 3.4. Maximum and minimum construction and maintenance costs presented on both leaf area and leaf dry weight basis of leaves of 

deciduous and evergreen tropical savanna trees. Means in each column followed by the same letter were not statistically different (P < 0.05). 

New deciduous leaves and old evergreen leaves were not compared. 



SPECIES MAX CONSTRUCTION COST MIN CONSTRUCTION COST MAX MAINTENANCE COST MIN MAINTENANCE COST 

(g glucose g 1) (g glucose m 2) (g glucose g 1) (g glucose m 2) (g glucose (g glucose lg glucose (g glucose 

9 1  day) m 2  day 1) 9 1  day 1) m 2  day 1) 

E. tetrodonta 1.3000ab 220.51ab 1.2664bc 214.86a 0.0042d 0.6990bc 0.0031d 0.5080ac 
E. miniata 1.3646a 173.53abc 1.3235c 168.31ab 0.0061b 0.7735abc 0.0046ab 0.5927bc 

NEW EVERGREEN 1.3323a 197.02a 1.2950a 191.59a 0.0051a 0.7363a 0.0038a 0.5503a 

P. careya 1.2572ab 143.07bc 1.1 952abc 136.03b 0.0053bc 0.5978c 0.0032d 0.3661 a 
T. ferdinandiana 1.1655b 107.84c 1.0893a 100.70b 0.0074a 0.6908bc 0.0047a 0.4422ac 

NEW DECIDUOUS 1.2113b 125.46b 1.1423b 118.36b 0.0063a 0.6443a 0.0040a 0.4041b 

E. tetrodonta 
E. miniata 
S. suborbicu/are 

OLD EVERGREEN  

1 .2975ab 243.99a 
1.2863ab 230.34a 
1.2150ab 139.27bc 

1.2663a 204.53a  

1.2590bc 236.75a 
1.2520bc 224.16a 
1.1575ab 132.68b 

1.2228c 197.86a 

0.0048cd 0.9041ab 
0.0052c 0.9945a 
0.0075a 0.8610ab 

0.0058b 0.9199b 

0.0034cd 0.6432bc 
0.0040bc 0.7547b 
0.0055 0.6254bc 

0.0043b 0.6744c 



Figure 3.1. Relationship between light saturated assimilation rate (Amax) and 

stomatal conductance (g) of savanna trees (average of a minimum of eight 

leaves per tree). Open symbols represent deciduous species; shaded symbols 

represent evergreen species. Small symbols represent old leaves; large 

symbols represent new, fully expanded leaves. Circles = E. tetrodonta; 

squares = E. miniala; diamonds = S. suborbiculare; up triangles = P. careya; 

down triangles = T jèrdinandiana. 
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Figure 3.2. Relationship between light saturated assimilation rate (Amax) and 

total Kjeldahl nitrogen (TKN) of leaves of tropical savanna trees, both 

expressed per unit leaf dry weight. Regression analysis is significant (y = 

0.077x + 0.048; p <0.001; r = 0.542). Symbols as for Figure 3.1. 



0.2 

V 
V 

V 

V 

L. 
• . 

1 
• 

0.1 
• • 

S .• 
S 

.. S 
• • 

fin 
0.0 0.5 1.0 1.5 

TKN (mmol N q1) 

U) 

(N 
0 
0 

0 
E 

>< 
0 
0 



Figure 3.3. Relationship between specific leaf area (SLA) and total Kjeldahl 

nitrogen (TKN) of leaves of tropical savanna trees expressed on a leaf dry 

weight basis. Regression analysis is significant (y = 0.006x + 0.003; P < 

0.001; r= 0.756). Symbols as for Figure 3.1. 
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Figure 3.4. Relationship between maintenance and construction cost of leaves 

of tropical savanna trees expressed on a leaf area basis. Regression analysis is 

significant (v = 0.002x + 0.492; P < 0.01; r = 0.557). Symbols as for Figure 

3.1. 
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Figure 3.5. Relationship between maintenance and construction cost of leaves 

of tropical savanna trees expressed on a leaf dry weight basis. The negative 

correlation is significant (y = 0.022x - 0.012; P <0.01; r = 0.550). Symbols as 

for Figure 3.1. 
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Figure 3.6. Relationship between assimilation rate at light saturation (Amax) 

and rate of dark respiration (Rd) for tropical savaima trees. Each point on the 

graph represents the average of at least six leaf measurements of Amax and Rd 

per tree. Measurements were taken during the day and the following night. 

The relationship is significant (y = 11.365x - 2.929; P < 0.05; r = 0.345). 

Symbols as for Figure 3.1. 
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Figure 3.7. Relationship between rate of dark respiration at night (Rd) and 

construction cost of leaves of tropical savanna trees, both expressed on a leaf 

area basis. The relationship is significant (y = -0.002x - 0.416; P = 0.0857; r = 

0.310; n = 21). Symbols as for Figure 3.1. 



CONSTSUCTON COST (g gHcose m2) 

• 
• 

VA 

0 100 200 300 

0 

C!) 

(N 

S 
(N 

0 
0 
0 
S 

-o 

- 



Figure 3.8. Relationship between nitrogen use efficiency (NUE) and 

construction cost of leaves of tropical savanna trees. The relationship was 

significant for new leaves considered separately from old leaves (y = 0.705x ± 

73.263; P <0.05; r = 0.971). For all points on the graph P = 0.9; r = 0.052 (y = 

-0.049x + 161.0). Symbols as for Figure 3.1. 
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Figure 3.9. Relationship between instantaneous transpiration efficiency (ITE) 

and construction cost of leaves of tropical savanna trees. For this negative 

relationship P = 0.1806; r = 0.571 (y = -0.0041x + 1.5448). Symbols as for 

Figure 3.1. 
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Figure 3.10. Relationship between the ratio of leaf construction cost (cost) to 

assimilation rate at light saturation (Amax) and leaf lifespan of tropical 

savanna trees. The ratio of cost:Arnax represents the cost:benefit ratio for 

leaves. The regression was significant (y = -6.918x + 1.997; P < 0.05; r = 

0.80), Symbols as for Figure 3.1. 
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Figure 3.11. Relationship between the ratio of light saturated assimilation rate 

(Amax) to construction cost of leaves (cost) and leaf age of tropical savanna 

trees (y = -0.006x + 0.096; P < 0.001; r = 0.903). This is a comparison 

between new and old leaves of F. tetrodonta (circles) and E. miniata (squares) 

in terms of benefit:cost ratio of leaves. Large symbols represent newly 

expanded leaves; small symbols represent old leaves. 
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CHAPTER 4: DISCUSSION 

4.1 Phenology in Savannas 

Evergreen and deciduous woody plants coexist in tropical savannas along with a 

variety of other life forms and phenotypes. In the tropical savannas of northern 

Australia, woody species can be divided into four phenological groups, with 

approximately a quarter of all species exhibiting deciduous, semi-deciduous, brevi-

deciduous or evergreen strategies (Williams et at. 1996 b). Deciduous species are 

those whose individuals lose all leaves for a period of at least two months each dry 

season. Semi-deciduous species are those in which individuals lose more than 50% 

of full canopy in all dry seasons. Brevi-deciduous species are those in which the 

canopy is reduced to levels not below 50% full canopy briefly during the dry season. 

Evergreen species are those in which all individuals maintain more than 75% of 

canopy cover throughout the year (Williams et at. 1996 b). It has been concluded 

that no single strategy confers a significant ecological or competitive advantage over 

any other strategy. 

This diversity of phenological strategies is in marked contrast to other tropical 

savannas throughout the world. In tropical American savannas, the majority of 

woody species are evergreen (Medina & Silva, 1990; Sarmiento et at. 1985). In a 

tropical dry forest in Venezuela rain-green (sensu Sobrado, 1991) deciduous species 

dominate (Sobrado, 1991). African and Indian savannas are mainly deciduous 

(Chidumayo, 1990; Yadava, 1990). It is clear that Australian savannas are unique in 

their phenological variation compared to other savannas but it is unknown how this 

variation is maintained. 

The division of species into deciduous and evergreen categories is based on leaf 

phenology, but also implies differences in leaf lifespan. Evergreen species have 

longer leaf lifespans than deciduous species. In this study the leaf lifespans 
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concerned were never greater than one year. The evergreen and deciduous 

terminology provides for a direct comparison of species living in the same 

environment. Their leaf lifespans provide a quantitative value for comparison 

between different environments. 

Evergreen species remain active throughout the year. Leaf replenishment occurs 

simultaneously with leaf fall during the dry season such that there is minimal 

reduction in canopy fullness. The evergreen strategy is to maintain leaves 

throughout the year, thereby ensuring the potential for carbon gain throughout the 

year. Realisation of this potential depends upon adequate water availability for 

stomatal opening and control of water loss (Reich & Borchert, 1988). High 

energetic costs are likely to be associated with extensive below ground root systems 

which ensure that water is available for plant use during the dry season. Although 

this may be energetically expensive, the costs are balanced by the potential benefit 

of year-round assimilation. 

Evergreen species maintain higher Tdawn  (leaf xylem pressure potential at dawn) and 

have deeper roots than deciduous species. This was shown in Venezuela where 

evergreen species maintained higher Tdawn  than deciduous species (Sobrado, 1986). 

In northern Australian savannas, evergreen trees maintained high g  and high Pdawii, 

suggesting that these species have access to groundwater (Myers et al. 1996). It 

should be noted that some evergreen Eucalyptus trees have been recorded with roots 

extending more than 30 metres deep (Myers pers. comm.). However, deciduous 

species in Australian tropical savannas avoided drought stress by shedding their 

leaves (Myers et al. 1996, Prior et al. 1996 b). The obligate nature of deciduousness 

in these species suggests some limitation to soil water availability during the annual 

drought, probably as a result of less extensive root systems. Water relations of 

deciduous species in Venezuela suggest that they were shallow-rooted (Sobrado, 

1986). 

Deciduous species avoid annual drought by shedding leaves and becoming 

seasonally dormant. They are drought avoiders and growth occurs during the wet 
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season. These species generally have shorter leaf lifespans than evergreen species. 

High costs are associated with maintenance of high assimilation capacity leaves 

which have the potential for high rates of carbon fixation during their short lifespan. 

Diversion of photosynthates to roots and other non-photosynthetic tissue is likely to 

be much less in deciduous species compared to evergreen species. During the 

growing season of deciduous plants (i.e. the wet season), water is not limiting and 

resource allocation is to leaves in preference to roots to maximise carbon gain while 

water is available. 

One way of assessing the relative merits of evergreen and deciduous strategies in 

savannas is to compare them by using cost-benefit analysis. At the leaf level, cost-

benefit theory presumes that the costs of constructing and maintaining leaves will be 

less than the benefit of carbon assimilation, integrated over the lifespan of the leaf on 

the tree. Leaf costs include carbon and electrons incorporated into new biomass, 

biosynthetic processes, transport processes, nutrient uptake and reduction (Chiariello 

el al. 1989). Leaf maintenance costs include maintenance of ion gradients across 

membranes and protein turnover (Perming de Vries, 1974). The benefit of leaves to 

trees is the amount of carbon gained from photosynthesis. The benefit can be 

enhanced if resources are used optimally during carbon gain. 

Evergreen species construct leaves which remain on the tree assimilating carbon 

throughout wet and dry seasons. These leaves will have a high potential benefit for 

the tree over their lifetime and may be expensive to construct. Deciduous species 

have their potential benefit reduced by their shorter leaf lifespan, so the leaf cost is 

expected to be lower compared to evergreens. Maintenance costs may be high, 

however, due to high rates of protein turnover which are necessary to maintain the 

high potential rates of assimilation. 
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4.2 Specific Lea/Area 

SLA is the ratio of leaf area to leaf dry weight. It provides a measure of leaf 

thickness or leaf density, i.e. the degree of compactness of the mesophyll. Leaves of 

deciduous species in this study had high SLA (Table 3.1) and were large and thin. 

This is consistent with other findings (Medina, 1984; Sarmiento et al. 1985; 

Sobrado, 1991) and may be due to biogeographic affinities of these broad-leaf pan-

tropical species with species from rainforests, where light is a limiting factor for 

growth (Bowman et al. 1988). Leaves growing in light limited environments have 

high SLA (Givnish, 1988). High levels of photosynthetically active radiation (PAR) 

can be absorbed more efficiently by thicker leaves with lower SLA, therefore SLA 

declines as average PAR encountered by a leaf increases. This has been shown 

experimentally in a comparison of sun and shade leaves (Evans, 1987). High 

ambient CO2  concentration induces the production of thick leaves with lower SLA 

which increases the surface area within the mesophyll for diffusion of CO2  to 

fixation sites. The nutritional status of the plant also affects SLA. Higher nutrient 

content of leaves is correlated with higher SLA (Field & Mooney, 1983 a; Medina, 

1984). 

Leaves of evergreen species in this study had lower SLA and they were smaller and 

thicker, with scleromorphic features such as tough, leathery texture, small cell size 

and thick cell walls (Cowan, 1981). Such features may assist in the ability to 

tolerate drought, since drought adapted plants usually have smaller and thicker 

leaves than species from mesic sites (Orians & Solbrig, 1977). 

SLA decreased with increasing leaf age in the present study (Table 3.1). Older 

leaves become thicker and heavier due to the accumulation of organic matter in cell 

walls during the leaf lifespan (Medina, 1984). Long-lived leaves of evergreen 

species often accumulate carbon-rich compounds, such as tannins and terpenes, 

which effectively dilutes foliar nitrogen and reduces herbivory. This is likely to 

explain at least partially, the lower SLA of evergreen species in comparison to 

deciduous species. 
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Considering these differences in leaf anatomy between leaves of deciduous and 

evergreen species, I have omitted some data that have been expressed on a leaf area 

basis from the discussion where they were considered to be equivocal in the 

interpretation of the data. For example, from a cost-benefit viewpoint, comparing 

assimilation rate on leaf area basis may lead to erroneous conclusions because it 

cannot take into account differences in leaf thickness and hence differences in the 

actual quantity of leaf material available for assimilation. Consequently, for much of 

the data, comparisons are only made on a unit dry weight basis. 

4.3 Nitrogen 

Leaves of deciduous species had significantly higher TKN than leaves of evergreen 

species (Table 3.1). This is a common finding when expressed on a dry weight basis 

(Medina, 1984; Reich c/ al. 1992; Sarmiento et al. 1985; Sobrado, 1991 

(recalculated)), but the finding may be reversed when expressed on a leaf area basis, 

because SLA is positively correlated with leaf nitrogen content per unit leaf weight 

(Medina, 1984). A relatively low nitrogen content of leaves means the plant needs 

to be able to use the available nitrogen in the most effective way in order to remain 

competitive (Gulmon & Chu, 1981). Low nutrient status of evergreen leaves may 

reflect nutrient impoverished soils (Sarmiento et al. 1985). However, it is unlikely 

that nitrogen availability to the deciduous and evergreen species varied significantly 

in the present study because the species appeared randomly distributed in the small 

study plot. Consequently, it is suggested that the observed differences in nitrogen 

content of deciduous and evergreen species reflected differences in uptake, rooting 

depth, foliar storage efficiency or differences in allocation within the tree. 

Nitrogen content of leaves of E. tetrodonta increased from new to old. Nitrogen 

content of leaves of E. miniata, however, decreased from new to old on a dry weight 

basis. Field & Mooney (1983 b) found that nitrogen content decreased with 

increasing leaf age for a deciduous chaparral shrub. Nitrogen content of leaves is 
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expected to decline before senescence but the timing of retranslocation may be 

variable. Leaf ageing results in resource redistribution (Field & Mooney, 1983 b). 

Nitrogen content of leaves changes with growth conditions and age (Medina, 1984) 

and nitrogen translocation between plant organs is common. 

4.4 Amax & g. 

Amax is the maximum assimilation rate measured on leaves at light saturation. 

Amax was significantly higher in new leaves of evergreen species compared to 

leaves of deciduous species when expressed on a leaf area basis but was significantly 

higher in leaves of deciduous species compared to new leaves of evergreen species 

when expressed on a leaf dry weight basis (Table 3.2). Several authors have 

reported lower rates of photosynthesis in evergreen trees compared to deciduous 

trees (Chabot & Hicks, 1982; Medina, 1984; Sarmiento el al. 1985; Reich el al. 

1992), or there were no significant differences between assimilation rates of 

deciduous and evergreen savanna trees (Sobrado, 1991). The relationship between 

Amax and leaf life-span (i.e. deciduous versus evergreen) is stronger on a mass than 

an area basis (Reich el al. 1992). 

In this study, leaves of deciduous species had significantly higher Amax than leaves 

of evergreen species on a dry weight basis (Table 3.2). High assimilation rates 

require high leaf nitrogen contents because of the nitrogen contained in ribulose 

bisphosphate carboxylase oxygenase (Rubisco), Calvin cycle enzymes and the 

electron transport chain (Evans, 1987). Therefore, leaves of deciduous species 

should contain more nitrogen than leaves of evergreen species in order to support 

these high rates of assimilation, as was observed (Table 3.1). Deciduous species 

invest a lot of nitrogen in leaves to increase the potential carbon gain over a 

relatively short leaf lifespan. Evergreen species do not invest as much nitrogen in 

leaves as deciduous species and their carbon gain is spread out over the whole year. 

Evergreen trees are likely to have a high nitrogen allocation to roots to allow water 
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uptake during the dry season. This allocation allows for higher gs  of evergreen trees 

compared to deciduous trees (Table 3.2). 

Leaves of evergreen species are thick, so they need a higher stomatal conductance to 

support high Amax on a leaf area basis, because once inside the stomatal cavity, the 

rate of diffusion of CO2  within the leaf to the sites of carbon fixation will be the 

limiting factor for carboxylation efficiency. Thicker leaves have a greater distance 

from stomatal cavity to the sites of carbon fixation, thus it is likely that conductance 

of CO2  into the leaf is not limiting carboxylation efficiency, but rather conductance 

of CO2  inside the leaf to the sites of carbon fixation (leaf diffusive conductance) is 

limiting, therefore g, is maintained at a rate equivalent to the leaf diffusive 

conductance, according to optimisation theory. Leaves of deciduous species are 

thin, so carbon fixation may be limited only by the rate at which CO2  enters the leaf 

via stomata, hence these leaves exhibit lower rates of g which are able to support the 

observed Amax. Evergreen plants which are able to photosynthesise under 

conditions of low soil-water availability during the dry season generally have lower 

maximum rates of photosynthesis than deciduous plants which are only active during 

wet periods (Cowan, 1981; Orians & Solbrig, 1977). 

New leaves of evergreen species had significantly higher Amax than old leaves of 

evergreen species. Photosynthetic rates are age-dependent and decline as leaves age 

for both deciduous and evergreen species (Chabot & Hicks, 1982; Field & Mooney, 

1983 b). Amax declines with leaf age because of a dilution of the photosynthetic 

apparatus due to the accumulation of anti-herbivore compounds as shown by the 

increase in SLA compared to new leaves (Table 3.1). Self-shading of older leaves in 

the canopy may also reduce potential Amax of old leaves over new leaves, which are 

usually positioned at the top of the tree canopy (Chabot & Hicks, 1982). It is 

expected that there will be more old leaves than new leaves in the canopy of 

evergreen trees at any given time. High Amax early during the life of a leaf 

increases the time averaged Amax over the leaf lifespan. 
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4.5 Nitrogen Use EffIciency 

The efficiency of nitrogen use is determined by the instantaneous rate of carbon 

fixation per unit of nitrogen in the leaf and the period during which the absorbed 

nitrogen can be used for carbon fixation (Berendse & Aerts, 1987). Instantaneous 

NUE can be expressed as the amount of dry weight produced for a given expenditure 

of foliar nitrogen (Rundell, 1982). Potential or instantaneous NUE, therefore, is 

defined as the ratio of Amax to TKN at a given point in time (Field ci al. 1983; 

Medina & Francisco, 1994; Sobrado, 1991). This ratio is positive and significant, 

especially on a dry weight basis (Fig. 3.2 of this thesis; DeLucia & Schlesinger, 

1995; Field & Mooney, 1983 b; Medina & Francisco, 1994). By presenting the 

relationship on a leaf dry weight basis, differences in leaf thickness are accounted for 

and leaf nitrogen content represents the nitrogen investment into the leaf rather than 

the spread of nitrogen over an area of leaf. The benefit of this investment comes 

from having a high Amax. Leaves with high nitrogen investment have high benefit 

in terms of Amax, hence high carbon fixation. 

NUE was not significantly different between new leaves of evergreen species and 

new leaves of deciduous species (Table 3.3). This is in contrast to results from a 

Venezuelan savanna where potential NUE was always higher in the dominant rain-

green deciduous species compared to evergreen species (Sobrado, 1991). However, 

NUE was found to be significantly lower in a deciduous species compared to an 

evergreen species in central Venezuela (Medina & Francisco, 1994) and NUE was 

negatively correlated with increasing leaf lifespan for a range of species and 

environments (Reich et al. 1992). Plants with high NUE have a high return in terms 

of Amax for a given investment of nitrogen into the leaf. New leaves are able to 

maintain high potential NUE as long as other factors are not limiting Amax. 

Instantaneous NUE does not account for the efficiency of nutrient use over the 

lifespan of the leaf or the tree, but it provides a basis for comparison between species 

with differing leaf lifespans (Reich, ci al. 1992). Conservation of nutrients within 

the tree by storage in leaves is a mechanism for enhancing nutrient use efficiency 
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over time (Gray, 1983). Resource use efficiency should increase as the resource 

becomes more limiting in the environment (Gulmon & Chu, 1981 

New leaves of evergreen species had significantly higher NUE compared to old 

leaves of evergreen species because they had higher Amax but lower TKN than old 

leaves (Tables 3.1. 3.2 & 3.3). The nitrogen contained in new leaves was used more 

efficiently for carbon assimilation than in old leaves. Excess nitrogen in new leaves 

above that required to maintain Amax would enhance palatability of these leaves for 

herbivores and is likely to be an inappropriate response in evergreen trees, where 

herbivore pressure may be larger because of the absence of deciduous leaves during 

the dry season. NUE of old leaves was lower because of dilution of the 

photosynthetic nitrogen with anti-herbivore compounds and carbon accumulation, as 

shown by increased SLA over new leaves (Table 3.1). 

4.6 Water Budget 

Stomata are small apertures in the epidermis of leaves which allow gas exchange 

between the leaf and the environment. The function of stomata is to regulate the 

exchange of CO2  into the leaf and water vapour out of the leaf from an area of high 

vapour pressure to an area of lower vapour pressure. High rates of assimilation 

require high rates of stomata! conductance (g). The ranking of rates of gs  duplicate 

that shown for Amax (area), with highest rates for new leaves of evergreen species, 

followed by new leaves of deciduous species with old leaves of evergreen species 

having the lowest rates of both Amax and g. The benefit of high gs  is a high rate of 

carbon assimilation but the cost is the amount of water lost from the leaf as 

transpiration. Transpiration is the product of g and leaf to air vapour pressure 

deficit (LAVPD). The cost:benefit ratio for gas exchange is the ratio of Amax to 

transpiration rate (Amax:E), which is termed the instantaneous transpiration 

efficiency (ITE) or the potential water use efficiency (WUE) (see Eamus, 1991). 
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ITE was significantly higher in new leaves of deciduous species compared to new 

leaves of evergreen species. Deciduous species often have higher WUE than 

evergreen species (Medina & Francisco, 1994; Sobrado, 1991), or they are not 

significantly different (Goldstein ci al. 1989). High ITE represents an optimisation 

of resources in water-limiting environments. Evergreen woody species may not be 

limited by water availability because of extensive and deep root systems which 

provide water for plant use during the dry season (Myers et al. 1996), whereas 

deciduous woody species have comparatively shallow roots. Consequently, 

deciduous species are considered more sensitive to soil moisture stress than 

evergreen species (Sarmiento et al. 1985), a result recently demonstrated in the 

Northern Territory savannas (Earnus, pers. comm.). 

Optimisation theory states that the rate-limiting step in a process will have more 

resources allocated to it from rate-nonlimiting steps until all steps in the process are 

co-limiting, i.e. minimising integrated cost for a given integrated benefit (Cowan, 

1981). In this way, deciduous trees with high leaf nitrogen content but low water 

availability may be expected to show high ITE but low NUE as was observed in the 

present study (Table 3.3). The rate limiting step in the assimilation process in light 

saturating conditions is often stomatal conductance, which limits the passage of CO2  

into the leaf due to the need to conserve water. Evergreen trees, for which water is 

less limiting, will tend to expend water at a rate consistent with maintenance of 

Amax at a rate closely related to its photosynthetic capacity (Cowan, 1981). This 

strategy results in low ITE because of high g  (Table 3.2 & Table 3.3). 

4.7 Lea/Chemistry 

Nitrogen and ash content of leaves was always higher in deciduous than evergreen 

species whether considered on an area or dry weight basis (Table 3.1). In a survey 

of North American and Eurasian evergreen and deciduous trees Chabot & Hicks 

(1982) found that deciduous trees had consistently higher ash content than evergreen 

trees. Sobrado (1991) found that leaves of deciduous species always had higher 
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content of nitrogen and ash on an area basis but not on a dry weight basis compared 

to leaves of evergreen species. Ash is a measure of the mineral content of the leaves. 

Deciduous species had significantly lower gs compared to evergreen species (Table 

3.2). Roots of deciduous species are likely to be concentrated in the upper soil 

profile (Sobrado, 1986). The upper soil profile is enriched with nutrients compared 

to deeper soils. Deciduous species are actively transpiring during the wet season 

when the soil is moist and they are able to passively accumulate minerals in the 

leaves due to uptake from soil in the transpiration stream. Evergreen species with 

access to groundwater (Myers et al. 1996) are likely to be nutrient impoverished 

because of the low nutrient concentration in the sub-soil (Sobrado, 1991). Hence 

leaves of deciduous species had higher ash content than leaves of evergreen species 

due to differences in passive uptake of minerals in the transpiration stream. 

Ash content measured gravimetrically was significantly colTelated with transpiration 

rate (P <0.001, r = 0.43 18 (dry weight basis); P <0.001, r = 0.3675 (area basis)) and 

with ITE (P < 0.01, r = 0.2897 (dry weight basis)). Masle et al. (1992) found a 

similar positive and significant relationship between ash or mineral content of leaves 

and the ratio of water transpired to carbon fixed (transpiration ratio). However, plant 

mineral content is insensitive to environmental parameters such as atmospheric 

humidity and CO2  concentration, which have profound effects on transpiration ratio 

(Masle et al. 1992). Passive uptake alone cannot account for the relationship 

between ITE and ash content. Leaves of deciduous species have a lower ash:ITE 

ratio, suggesting that they depend more heavily upon active mechanisms than 

passive uptake for water flux compared to leaves of evergreen species. The 

differences in ash content of leaves may be a reflection of differing resource 

allocation to roots between deciduous and evergreen species. 

Heat of combustion was always higher in leaves of evergreen species compared to 

leaves of deciduous species (Table 3.1). Sobrado (1991) found that leaves of 

evergreen species always had higher heat of combustion than leaves of deciduous 

species when considered on a leaf dry weight basis (recalculated). Heat of 
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combustion of leaves was positively related to glucose equivalent (GE) (McDermitt 

& Loomis, 1981), measured in grams of glucose per gram of leaf material. GE 

provides a measure of the amount of glucose required to provide the carbon and 

electrons contained in the leaf (Williams et al. 1987). A high heat of combustion 

means a high energy storage of biomass, thus leaves of evergreen species have a 

higher energy storage of biomass compared with leaves of deciduous species, 

probably due to variation in carbohydrate content. 

Leaf caloric contents give a good estimate of the synthetic cost of leaves (McDermitt 

& Loomis, 1981) and were significantly higher in leaves of evergreen compared to 

deciduous species. High lipid content of leaves is associated with high construction 

cost (Merino ci' al. 1984) and was also significantly higher in evergreen compared to 

deciduous species. These characteristics account for the higher construction cost of 

leaves of evergreen species. High fat content may be associated with defensive 

compounds in evergreen leaves. 

4.8 Construction Costs 

An understanding of construction costs of leaves is central to an understanding of 

how plants function in their environment. Construction costs of leaves consist of all 

the carbon or energy that produces a net gain in dry weight, including carbon 

actually incorporated into new biomass by assimilation and any carbohydrate 

metabolised to produce adenosine triphosphate (ATP) and reductant for biosynthetic 

processes, transport processes, nutrient uptake and reduction (Chiariello et al. 1989). 

Construction cost is calculated from organic nitrogen content, ash-free heat of 

combustion and ash content of leaves (Merino, 1987; Sobrado, 1991; Williams et al. 

1987). Glucose provides electrons for oxidative biochemical pathways and is also 

considered the starting material for the synthesis of carbon skeletons (McDermitt & 

Loomis, 1981), hence the use of the term glucose equivalent (GE) as a unit of energy 

for the plant. 
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Construction cost of leaves of evergreen species was significantly greater than 

construction cost of leaves of deciduous species on a dry weight basis (Table 3.4). 

This is in contrast to work in other savannas where leaves of deciduous species 

always had higher construction costs compared to leaves of evergreen species 

(Merino el al. 1982; 1984; Sobrado, 1991 (recalculated); Williams et al. 1987). 

However, theoretical considerations of leaf lifespan has lead to the hypothesis that 

leaves of evergreen species would be more expensive to construct than leaves of 

deciduous species (Chabot & Hicks, 1982; Orians & Solbrig, 1977). For example, 

leaves of evergreen species are thicker and more sturdily constructed than leaves of 

deciduous species and photosynthetic tissue in evergreens is diluted with supporting 

tissue and defensive compounds which allows for increased leaf lifespan. 

Differences in leaf construction cost between deciduous and evergreen species are 

usually attributed to the proportion of defensive compounds in the leaves, which are 

expensive to construct. Thus deciduous chaparral species may have a high content 

of defensive compounds which increases their construction cost (Merino et al. 

1984). 

The results presented here support the hypothesis that leaf construction cost is 

positively related to leaf longevity (Fig. 4.1) and the relationship is significant (P < 

0.01, r = 0.80). Leaves of evergreen species in northern Australian savannas may 

have higher construction costs because they are thicker with more supporting tissue 

giving them their sclerophyllous texture and they remain on the tree for longer but 

with lower maintenance requirements than leaves of deciduous species. Leaves of 

deciduous species may have lower construction costs because they are thinner and 

contain less structural, supporting and defensive tissue in comparison to leaves of 

evergreen species. The high rates of Amax exhibited by leaves of deciduous species 

makes them expensive to maintain. Higher construction cost of leaves of evergreen 

species in comparison to deciduous species may be another unique feature of 

Australian savannas in relation to other tropical savannas around the world. 
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4.9 Maintenance Costs 

Maintenance costs of leaves include all the processes requiring energy but not 

resulting in a net increase in dry matter, such as maintenance of ion gradients across 

lipid membranes and turnover of organic compounds such as proteins (Chiariello et 

al. 1989). Thus maintenance costs can be calculated from knowledge of ash, lipid 

and protein content of leaves and their respective maintenance coefficients (Merino 

et al. 1984). Maintenance also includes the processes of physiological adaptation 

that maintain cells as active units in a changing environment (Penning de Vries, 

1975), but this is a conceptual feature that is difficult to measure in short time 

periods. 

Crude fat was always higher in leaves of evergreen compared to deciduous species 

(Table 3.1). Other authors have found that fat content was always higher in leaves 

of deciduous compared to evergreen species (Merino et al. 1984; Sobrado, 1991). 

These observations are most likely due to interspecific differences. Crude fat 

content provides a measure of membrane lipids which is one of the important factors 

in leaf maintenance costs. Typically 4% of the total biomass of a plant is composed 

of membranes (Penning de Vries, 1975), which must be constantly maintained. 

Leaves of evergreen species with higher fat content and more membrane lipids 

compared to leaves of deciduous species, will therefore have a higher lipid 

maintenance component of the total leaf maintenance cost. 

Maintenance cost of leaves was found to be significantly higher for deciduous 

compared to evergreen species (P = 0.096; see Table 3.4). This is a common finding 

throughout savannas (Merino ci al. 1982; 1984; Sobrado, 1991). Low maintenance 

costs are associated with long lived leaves which are generally scierophyllous in 

character (Merino ci al. 1984). The higher foliar nitrogen content of deciduous 

species suggests a higher protein content which is expensive to maintain due to 

constant protein turnover. Thus the high Amax of leaves of deciduous species is 

expensive to maintain because of the amount of enzymes involved in photosynthesis. 

The higher crude fat content of leaves of evergreen species was more than offset by 
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the higher nitrogen (hence protein) and ash content of leaves of deciduous species, 

thereby making the maintenance costs of leaves of deciduous trees higher compared 

to leaves of evergreen trees. 

Maintenance cost of old leaves was significantly higher compared to new leaves of 

evergreen species (Table 3.4). Older leaves of evergreen species had higher protein 

and ash content than new leaves which contributed to the higher leaf maintenance 

cost. Maintenance cost decreased with leaf age for two deciduous and one evergreen 

chaparral species (Merino et al. 1984), mainly due to decreases in protein and lipid 

content. 

4.10 Cost.BeneJit 

New leaves of evergreen species had a higher ratio of benefit:cost 

(Amax:construction cost) compared to old leaves (Fig. 3.11). Amax was the more 

significant factor in the ratio because it was significantly higher for new compared to 

old leaves whereas construction cost was not significantly different between new and 

old leaves of evergreen species (Table 3.2). New leaves contributed more 

assimilated carbon for the benefit of the plant than old leaves. As leaves age the 

ratio of benefit to cost declines, presumably until a threshold level is reached and the 

leaf is senesced, because it is no longer of benefit to the plant. Indeed, in CO2  

enrichment studies, leaf longevity increased, presumably because of the maintenance 

of a positive benefit:cost ratio (Eamus & Jarvis, 1989). 

Respiration rate was not significantly correlated with maintenance cost of leaves, 

despite the relationship between respiration and the turnover of proteins (Villar et al. 

1995), but there was a relationship between dark respiration rate (Rd) and 

construction cost of leaves (Fig. 3.7). As construction cost increased, Rd increased, 

i.e. species with higher construction cost had higher Rd. This suggests that long-

lived leaves of evergreen species with high leaf construction cost will have high Rd 

in order to survive for longer on the tree. 
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As construction cost increased, maintenance cost increased in a linear manner when 

considered on a leaf area basis (Fig. 3.4). A similar result was also found by 

Sobrado (1991), therefore leaf construction and maintenance costs per unit leaf area 

were greatest in the species with the longest leaf lifespan. I-Iowever, the relationship 

is reversed when considered on a leaf dry weight basis and increased construction 

cost was associated with decreased maintenance cost (Fig. 3.5). That is, the species 

with the longest leaf lifespans had the highest construction cost and the highest dark 

respiration rate, in support of the hypothesis that leaf construction cost is positively 

related to leaf lifespan. It is unknown whether longer leaf lifespan results in high 

construction cost and respiration rate or whether the high construction cost and 

respiration allow leaf lifespans to be longer. 

The results presented here support the hypothesis that leaf lifespan is positively 

related to the ratio of leaf construction cost to Amax, or the ratio of cost:benefit of 

leaves, as has been shown previously (Sobrado, 1991; Williams et al. 1989). 

Evergreen species with longer leaf lifespans had a higher leaf construction cost than 

deciduous species but their potential benefit to the tree is increased because the time 

span for accrual of benefit is increased. Deciduous species with shorter leaf 

lifespans had lower leaf construction cost than evergreen species but their potential 

benefit to the tree in terms of Amax was higher because the time span for carbon 

assimilation is shortened. Maintaining a high assimilation capacity leaf is expensive 

in terms of nitrogen, whereas maintaining an evergreen leaf for a longer period of 

time is less expensive. 

4.11 Resource Use Efficiency 

The relationship between NUE and construction cost was positive and significant for 

new leaves (Fig. 3.8). Increased construction cost was associated with increased 

NUE, suggesting that leaves with high construction cost (evergreen species) have an 

intrinsic capability for higher NUE. This relationship was also analysed by Sobrado 
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(1991), who found a negative relationship. NUE of trees in a Venezuelan tropical 

dry forest were always lower than trees in a tropical savanna in northern Australia 

(ca. 25-90 trnol CO2  [mol N' s (Sobrado, 1991), compared to 100-250 tmol CO2  

[mol N]- ' s1  (this study)), however, the range of leaf construction costs is similar. 

NUE of California evergreen trees and shrubs was also found to be low (<100 tmol 

CO2  [mol Nil1  s'; Field & Mooney, 1983 b), which suggests that another unique 

feature of Australian savanna trees is comparatively high NUE, which is probably 

due to higher resource use efficiency of a limiting resource (Gulnion & Chu, 1981), 

i.e. higher Amax in a nitrogen limited environment. 

The relationship between ITE and construction cost is a negative one (Fig. 3.9). 

This is similar to results from Sobrado's study (Sobrado, 1991). As construction 

cost increased, ITE decreased. High construction cost appears to be associated with 

high water usage by leaves. High water usage is due to high g  which is the cost 

paid by the leaf for the benefit of high Amax. Carbon fixation in leaves of evergreen 

trees is only able to continue during the annual drought due to the availability of 

water to the plant. The high leaf construction cost is warranted under this scheme as 

long as water is available and carbon fixation continues. Trees with high 

construction costs need to have access to water throughout the life of the leaf, 

otherwise the high cost is unwarranted because stomatal regulation of water loss 

inhibits gas exchange, hence carbon fixation. Leaves with lower construction cost 

(deciduous species) had higher ITE due to lower g,  suggesting that leaves with 

lower construction cost use less water. 

Evergreen and deciduous species are able to coexist in northern Australian tropical 

savannas because they partition resources both temporally and spatially in order to 

reduce interspecific competition. In the wet season when water is available for plant 

growth, both evergreen and deciduous species are able to coexist without 

competition for water. In the dry season when water availability is reduced, 

competition for this resource is avoided because the deciduous species become 

seasonally dormant. Sunlight is not limiting to photosynthesis in tropical savannas 

because of the climate and the relatively open canopy structure. Roots of evergreen 
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and deciduous species are partitioned in space with deciduous species having roots 

concentrated in the upper soil profile and evergreen species having deep and 

extensive root systems. Competition for soil nutrients is therefore avoided. 

There are differences between evergreen and deciduous species in the amount of 

energy invested into leaves and roots. Evergreen species have higher resource 

allocation to roots than deciduous species as seen by their more extensive root 

systems and they also have higher leaf construction cost compared to deciduous 

species (Table 3.4). Evergreens have more resources overall and this is what enables 

them to dominate the community in height and relative contribution to the canopy. 

Evergreen species must remain active throughout the year in order to gain the 

extensive resource base that they require for existence. In other words, evergreens 

have a bigger energy budget compared to deciduous species, which enables them to 

dominate the community. 

4.12 Summary 

Evergreen trees can have deep roots which provide water for plant use throughout 

the year (Sarmiento et al. 1985). Water availability is crucial to maintaining a 

positive carbon balance, or ensuring that leaf costs do not exceed their benefits. 

Given water, a major environmental limitation to carbon gain in tropical savannas 

has been removed. Evergreen trees thus invest in high cost leaves which maintain 

open stomata and hence maintain high transpiration rates and carbon fixation 

throughout the year. The combined effects of water availability and nitrogen 

limitation result in high NUE, low ITE, high cost leaves and evergreen habit as a 

whole plant strategy for optimising carbon gain (Fig. 4.2). 

Deciduous species are drought avoiders which become seasonally dormant during 

the annual drought. Because their active growing season is reduced compared to 

evergreen species, deciduous species are likely to optimise resources which enhance 

their competitiveness over evergreen species during the wet season. In this way 
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deciduous species have high leaf nitrogen content which increases their intrinsic 

photosynthetic capacity. Nitrogen is available for uptake during the wet season in 

the upper soil profile where deciduous species concentrate their roots. The 

combined effects of drought avoidance, high leaf nitrogen content and low g results 

in low cost leaves, high Arnax, comparatively higher ITE, and higher maintenance 

cost compared to evergreen species (Fig. 4.2). 
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Figure 4.1. Relationship between construction cost of leaves expressed on a 

leaf dry weight basis and leaf lifespan of tropical savaima trees. The 

relationship is significant (y = 0.062 lx + 0.7279; P <0.01; r = 0.80). Symbols 

as for Figure 3.1. 



- 

- 

LEAF LIFESPAN (months) 

U 

• . 

A 
A 

 V 

V 

10 12 

1.50 

(I) a 
(-) 

•1 

H- 
(I) 
0 
0 

z 
0 
H- 0 
ID 

H- 
If) 
z 
0 0 

1.25 

1.00 



Figure 4.2. Comparison of deciduous and evergreen strategies of trees in 

savannas of the wet-dry tropics. 
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APPENDIX 1: Gas exchange characteristics of tropical savanna trees. New leaves were approximately eight weeks old at full 
expansion; old leaves were estimated to be between eight and twelve months old. Leaves from at least five trees 
of each species were measured. The same or similar leaves were measured for rate of dark respiration in the 
evening following measurement of assimilation rate at light saturation that morning. 

SPECIES LEAF TREE LEAF ASSIMILATION RATE STOMATAL CONDUCTANCE DARK RESPIRATION 

AGE (trnol m 2  s 1) limol g 1  s'l (mol m2 1) (mol g 1  s 1( (Lrnol rn' s 1( ltmol g1 s•ll 

E. tetrodonta old 1 1 12.92 2429.48 0.17 31.97 -2.11 -396.77 
E. tetrodonta old 1 2 16.93 3183.53 0.64 120.38 -1.95 -366.68 
E. tetrodonta old 1 3 14.81 2784.88 0.67 125.99 -1.97 -370.44 
E. tetrodonta old 1 4 13.15 2472.73 0.59 110.94 -2.39 -449.42 
E. tetrodonta old 1 5 12.79 2405.04 0.49 92.14 
E. tetrodonta old 1 6 13.27 2495.30 0.51 95.90 
E. tetrodonta old 1 7 10.01 1882.29 0.45 84.62 
E. tetrodonta old 1 8 11.95 2247.09 0.52 97.78 
E. tetrodonta old 1 9 14.63 2751.03 0.48 90.26 
mean 13.38 2516.82 0.50 94.44 -2.11 -395.83 
SD 1.94 365.57 0.15 27.33 0.20 38.15 

E. tetrodonta old 2 1 11.00 2068.45 0.46 86.50 -0.28 -52.65 
E. tetrodonta old 2 2 12.99 2442.65 0.58 109.06 -0.43 -80.86 
E. tetrodonta old 2 3 11.11 2089.13 0.54 101.54 -0.19 -35.73 
E. tetrodonta old 2 4 13.52 2542.31 0.60 112.82 -0.86 -161.71 
E. tetrodonta old 2 5 9.65 1814.59 0.41 77.10 -0.14 -26.33 
E. tetrodonta old 2 6 11.65 2190.67 0.67 125.99 
E. tetrodonta old 2 7 9.36 1760.06 0.40 75.22 
mean 11.33 2129.69 0.52 98.32 -0.38 -71.46 
SD 1.56 292.47 0.10 19.26 0.29 54.55 

E. tetrodonta old 3 1 11.06 2079.73 0.54 101.54 -0.23 -43.25 
E. tetrodonta old 3 2 9.96 1872.88 0.67 125.99 -0.44 -82.74 
E. tetrodonta old 3 3 12.42 2335.46 0.67 125.99 -0.69 -129.75 
E. tetrodonta old 3 4 12.20 2294.10 0.64 120.35 -0.59 -110.94 
E. tetrodonta old 3 5 10.63 1998.87 0.61 114.70 -0.86 -161.71 
E. tetrodonta old 3 6 10.33 1942.46 0.58 109.06 
mean 11.10 2087.25 0.62 116.27 -0.56 -105.68 
SD 1.01 189.30 0.05 9.76 0.24 45.20 

E. tetrodonta old 4 1 13.03 2450.17 0.25 47.01 -4.12 -774.73 
E. tetrodonta old 4 2 12.75 2397.52 0.28 52.65 -1.69 -317.79 
E. tetrodonta old 4 3 9.63 1810.83 1.15 216.25 -1.56 -293.34 
E. tetrodonta old 4 4 9.73 1829.64 0.92 173.00 -432 -812.34 
E. tetrodonta old 4 5 10.00 1880.41 1.20 225.65 
E. tetrodonta old 4 6 8.79 1652.88 1.05 197.44 
E. tetrodonta old 4 7 9.20 1729.97 1.11 208.73 
mean 10.45 1964.49 0.85 160.10 -2.92 -549.55 
SD 1.72 322.58 0.41 77.15 1.50 282.32 

E. tetrodonta old 5 1 13.28 2497.18 1.49 280.18 -1.02 -191.80 
E. tetrodonta old 5 2 12.41 2333.58 1.82 342.23 -3.95 -742.76 
E. tetrodonta old 5 3 12.32 2316.66 2.26 424.97 -0.77 -144.79 
E. tetrodonta old 5 4 12.88 2421.96 1.68 315.91 -0.58 -109.06 
E. tetrodonta old 5 5 13.61 2559.23 1.79 336.59 -1.03 -193.68 
E. tetrodonta old 5 6 12.55 2359.91 1.75 329.07 
mean 12.84 2414.75 1.80 338.16 -1.47 -276.42 
SD 052 96.89 0.25 47.95 1.40 263.07 

E. tetrodonta old 6 1 10.30 1936.82 1.81 340.35 -0.38 -71.46 
E. tetrodonta old 6 2 11.04 2075.97 1.48 278.30 -1.85 -347.88 
E. tetrodonta old 6 3 12.12 2279.05 1.80 338.47 -0.87 -163.60 
E. tetrodonta old 6 4 10.79 2028.96 1.44 270.78 -0.93 -174.88 
E. tetrodonta old 6 5 -0.26 -48.89 
E. tetrodonta old 6 6 -0.62 -116.59 
mean 11.06 2080.20 1.63 306.98 -0.82 -153.88 
SD 0.77 144.62 0.20 37.59 0.57 107.12 

W. 



SPECIES LEAF TREE LEAF ASSIMILATION RATE STOMATAL CONDUCTANCE DARK RESPIRATION 

AGE (imoI M 2 
S  1

)  1 s 1 ) (imoI g (mol rn 2  s 1 ) (mol 1  s 1) (trnoI rn2 1)  (unoI 1 S  1) 

E. tetrodonta new 1 1 15.43 0.11 0.94 128.17 -1.34 -182.71 
E. tetrodonta new 1 2 17.97 0.13 1.33 181.35 -1.54 -209.98 
E. tetrodonta new 1 3 21.18 0.16 1.43 194.98 -2.02 -275.43 
E. tetrodonta new 1 4 22.36 0.16 1.53 208.62 -1.89 -257.70 
E. tetrodonta new 1 5 16.55 0.12 1.00 136.35 -1.57 -21 4.07 
E. tetrodonta new 1 6 15.03 0.11 0.99 134.99 -1.78 -242.71 
E. tetrodonta new 1 7 17,22 0.13 1.18 160.89 -1.48 -201.80 
E. tetrodonta new 1 8 17.65 0.13 1.07 145.90 -1.47 -200.44 
E. tetrodonta new 1 9 20.02 0.15 1.39 189.53 -0.98 -133.62 
E. tetrodonta new 1 10 16.62 0.12 1.03 140.44 -1.07 -145.90 
E. tetrodonta new 1 11 20.68 0.15 1.32 179.98 
E. tetrodonta new 1 12 15.13 0.11 1.01 137.71 
mean 17.99 0.13 1.19 161.58 -1.51 -206.44 
SD 2.50 0.02 0.20 27.90 0.33 45.17 

E. tetrodonta new 2 1 15.74 2691.98 1.23 210.36 -1.61 -275.35 
E. tetrodonta new 2 2 15.31 2618.44 1.23 210.36 -0.35 -59.86 
E. tetrodonta new 2 3 13.53 2314.01 0.85 145.37 -0.38 -64.99 
E. tetrodonta new 2 4 17.89 3059.69 1.55 265.09 -0.55 -94.07 
E. tetrodonta new 2 5 14,45 2471.35 1.08 184.71 -0.75 -128.27 
E. tetrodonta new 2 6 15.86 2712.50 1.53 261.67 -2.21 -377.97 
E. tetrodonta new 2 7 17.16 2934.84 1.14 194.97 
E. tetrodonta new 2 8 16.87 2885.24 1.11 189.84 
E. tetrodonta new 2 9 14.86 2541.47 1.18 201.81 
E. tetrodonta new 2 10 17.77 3039.17 1.58 270.22 
mean 15.94 2726.87 1.25 213.44 -0.98 -166.75 
SD 1.46 249.43 0.24 40.45 0.76 130.35 

E. tetrodonta new 3 1 13.88 2209.14 2.00 318.32 -1.64 -261.02 
E. tetrodonta new 3 2 19.50 3103.61 0.46 73.21 -0.98 -155.98 
E. tetrodonta new 3 3 16.74 2664.33 0.47 74.81 -1.89 -300.81 
E. tetrodonta new 3 4 14.23 2264.84 0.90 143.24 -2.23 -354.93 
E. tetrodonta new 3 5 14.14 2250.52 1.43 227.60 -1.14 -181.44 
E. tetrodonta new 3 6 . -0.98 -155.98 
E. tetrodonta new 3 7 -1.44 -229.19 
E. tetrodonta new 3 8 -0.66 -105.05 
mean 15.70 2498.49 1.05 167.44 -1.37 -218.05 
SD 2.42 385.19 0.66 105.39 0.49 78.56 

E. tetrodonta new 4 1 14.48 2145.82 0.26 38.53 -1.56 -231.18 
E. tetrodonta new 4 2 16.64 2465.92 0.52 77.06 -0.59 -87.43 
E. tetrodonta new 4 3 18.54 2747.48 0.53 78.54 -1.57 -232.66 
E. tetrodonta new 4 4 17.10 2534.08 0.53 78.54 -2.42 -358.62 
E. tetrodonta new 4 5 18.92 2803.79 0.60 88.92 -0.59 -87.43 
E. tetrodonta new 4 6 17.31 2565.20 0.57 84.47 -1.57 -232.66 
E. tetrodonta new 4 7 15.37 2277.71 0.39 57.79 -0.62 -91.88 
E. tetrodonta new 4 8 -0.54 -80.02 
E. tetrodonta new 4 9 -0.43 -63.72 
mean 16.91 2505.72 0.49 71.98 -1.10 -162.85 
SD 1.59 236.20 0.12 17.68 0.70 103.59 

E. tetrodonta new 5 1 17.09 3091.53 1.93 349.13 -0.68 -123.01 
E. tetrodonta new 5 2 18.40 3328,51 1.92 347.32 -0.54 -97.68 
E. tetrodonta new 5 3 16.45 2975.76 1.32 238.78 -0.72 -130.25 
E. tetrodonta new 5 4 16.60 3002.89 1.68 303.91 -0.48 -86.83 
E. tetrodonta new 5 5 17.25 3120.48 1.58 285.82 -0.62 -112.16 
E. tetrodonta new 5 6 14.96 2706.22 1.47 265.92 -0.85 -153.76 
E. tetrodonta new 5 7 14.04 2539.80 1.41 255,07 -0.38 -68.74 
E. tetrodonta new 5 8 -0.86 -155.57 
E. tetrodonta new 5 9 -0.66 -119.39 
mean 16.40 2966,46 1.62 292.28 -0,64 -116.38 
SD 1.47 265.09 0,24 43.55 0,16 28.92 

E. tetrodonta new 6 1 15.09 2377.50 0.93 146.53 -1.25 -196.94 
E. tetrodonta new 6 2 14.88 2344.41 0.75 118.17 -0.89 -140.22 
E. tetrodonta new 6 3 14.08 2218.37 0.77 121.32 -0.67 -105.56 
E. tetrodonta new 6 4 17.42 2744.60 0.84 132.35 -1.11 -174.89 
E. tetrodonta new 6 5 16.01 2522.45 1.05 165.43 -0.71 -111.86 
E. tetrodonta new 6 6 15.32 2413.74 1.02 160.71 -0.57 -89.81 
E. tetrodonta new 6 7 16.50 2599.65 0.80 126.04 
E. tetrodonta new 6 8 14.44 2275.09 0.78 122.89 
E. tetrodonta new 6 9 16.00 2520.88 1.24 195.37 
mean 15.53 2446.30 0.91 143.20 -0.87 -136.55 
SD 1.06 166.32 0,17 26.13 0.27 42.15 
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LEAF TREE LEAF 

AGE 

old 
old 
old 
old 
old 
old 
old 
old 
old 
old 

1 1 
1 2 
1 3 
1 4 
1 5 
1 6 
1 7 
1 8 
1 9 
1 10 

new 1 1 
new 1 2 
new 1 3 
new 1 4 
new 1 5 
new 1 6 
new 1 7 
new 1 8 
new 1 9 
new 1 10 
new 1 11 

SPECIES 

E. rn/n/eta 
E. min/ata 
E. rn/n/ota 
E. rn/n/ata 
E. min/ata 
E. rn/n/ate 
E. rn/n/ate 
E. rn/n/ate 
E. rn/n/ate 
E. rn/n/eta 
mean 
SD 

E. rn/n/eta 
E. rn/n/eta 
E. rn/n/eta 
E. rn/n/ate 

rn/n/ate 
rn/n/ate 

F. rn/n/ate 
F. rn/niata 
F. rn/n/ate 
F. rn/n/ate 
F. min/ata 
F. rn/n/eta 
mean 
SD 

E. rn/n/ate 
E. rn/n/eta 

rn/n/eta 
rn/n/ate 

F. rn/n/ate 
F. rn/n/eta 
F. rn/n/ate 
F. rn/n/ata 
F. rn/n/ate 
F. rn/n/ate 
mean 
SD 

F. rn/n/eta 
F. rn/n/eta 

rn/n/ate 
rn/n/ate 

F. rn/n/ata 
F. rn/n/eta 
F. rn/n/eta 
mean 
SD 

F. rn/n/eta 
rn/n/ata 
rn/n/ata 

F. rn/n/eta 
F. rn/n/ata 
F. rn/n/ata 

rn/n/ate 
mean 
SD 

rn/n/ate 
F. rn/n/eta 
F. rn/n/eta 

rn/n/ate 
rn/n/ate 
rn/n/ate 
rn/n/ata 

F. rn/n/ate 
F. rn/n/ate 
F. rn/n/eta 
F. rn/n/ate 
mean 
SD 

ASSIMILATION RATE STOMATAL CONDUCTANCE DARK RESPIRATION 
irnol rn 2  s 11 (/Lmol g I  s 11 (rnol m'2  s 1) (mol g 1  s) (imol rn 2  s 1) (/lmol g 1  S 1) 

10.76 2056.18 0.97 185.36 -0.62 -118.48 
12.91 2467.04 1.34 25607 -0.31 -59.24 

7.95 1519.21 0.81 154.79 -0.52 -99.37 
8.78 1677.81 1.18 225.49 -0.39 -74.53 

10,85 2073.38 1.29 246.51 -0.88 -168.16 
11.29 2157.46 1.31 250.33 -0.59 -112.75 

-0.74 -141.41 
-0.75 -143.32 
-0.63 -120.39 
-1.00 -191.09 

10.42 1991.85 1.15 219.76 -0.64 -122.87 
1.79 342.35 0.21 41.00 0.21 40.19 

12.21 2372.26 0.48 93.26 -0.85 -165.14 
9.51 1847.68 0.22 42.74 -1.33 -258.40 
9.15 1777.73 0.20 38.86 -1.64 -318.63 
8.70 1690.31 0.93 180.69 -0.91 -176.80 
8.01 1556.25 1.14 221.49 -0.92 -178.74 

12.99 2523.80 1.28 248.69 -0.87 -169.03 
8.53 1657.28 1.07 207.89 -0.78 -151.54 

-1.49 -289.49 
-1.39 -270.06 
-0.77 -149.60 
-0.68 -132.12 
-1.21 -235.09 

9,87 1917.90 0.76 147.66 -1.07 -207.89 
1.94 376.09 0.45 87.73 0.32 62.92 

8.87 1346.39 1.02 154.83 
8.06 1223.44 1.07 162.42 
8.88 1347,91 0.83 125.99 
9.73 1476.93 0.77 116.88 

11.49 1744.08 1.04 157.86 
14.43 2190,35 1.17 177.60 
13.44 2040.07 1.42 215.54 

8.24 1250.76 0.65 98.66 
8.30 1259.87 0.85 129.02 

10.78 1636.31 0.73 110.81 
10.22 1551.61 0.96 144.96 

2.26 343.72 0.23 35.48 

9.77 1796.29 0.96 176.50 -0.38 -69.87 
10.58 1945.21 1.18 216.95 -0.66 -121.35 
9.38 1724.58 1.43 262.92 -0.55 -101.12 

11.17 2053.69 1.69 310.72 -0.82 -150.76 
8.27 1520.50 1.32 242.69 -0.69 -126.86 
8.04 1478.21 1.22 224.31 -0.43 -79.06 
8.54 1570.14 1.33 244.53 -1.79 -329.10 
9.39 1726.95 1.30 239.80 -0.76 -139.73 
1.19 219.20 0.23 41.56 0.48 88.07 

7.34 1165.08 0.91 144.44 
10.52 1669.84 0.94 149.21 

6.56 1041.27 0.83 131.75 
7.80 1238.10 1.40 222.22 
8,19 1300.00 0.97 153,97 

13.37 2122.22 1.64 260.32 
6.93 1100.00 0.85 134.92 
8,67 1376.64 1.08 170.98 
2.44 387.45 0.31 49.86 

15.60 2351.88 2.12 319.61 -0.97 -146,24 
16.36 2466.46 2.07 312,08 -0.98 -147.75 
14.73 2220.71 3.50 527.66 -0.89 -134.18 
14.68 2213.18 4,47 673.90 -0.74 -111.56 
14.66 2210.16 2.93 441.73 -0.76 -114.58 
15.46 2330.77 2.96 446.25 -0.71 -107,04 
20.62 3108.70 2.57 387.46 -1.32 -199.00 
16.91 2549.37 2.15 324.14 -0.62 -93.47 
16.96 2556.91 2.38 358.81 -0.91 -137.19 
15.68 2363.94 2.77 417.61 
15.33 2311.17 2.68 404.04 
16.09 2425.75 2,78 419.39 -0.88 -132.33 

1.71 258.01 0.71 106.39 0.21 31.22 

old 2 1 
old 2 2 
old 2 3 
old 2 4 
old 2 5 
old 2 6 
old 2 7 
old 2 8 
old 2 9 
old 2 10 
old 2 11 
old 2 12 

old 3 1 
old 3 2 
old 3 3 
old 3 4 
old 3 5 
old 3 6 
old 3 7 
old 3 8 
old 3 9 
old 3 10 

old 4 1 
old 4 2 
old 4 3 
old 4 4 
old 4 5 
old 4 6 
old 4 7 

old 5 1 
old 5 2 
old 5 3 
old 5 4 
old 5 5 
old 5 6 
old 5 7 



SPECIES LEAF TREE LEAF ASSIMILATION RATE STOMATAL CONDUCTANCE DARK RESPIRATION 
AGE ImoI rn 2  s') 1 s'( (Ilmol g (mol rn 2  s 1( (mol g' s) (tmoI rn 2  s 1) (tmoI g' 

E. mm/ate new 2 1 17.03 2396.23 0.67 94.27 -0.79 -111.16 
E. min/ata new 2 2 14.45 2033.21 0.47 66.13 -0.48 -67.54 
E. rn/n/ate new 2 3 14.18 1995.22 0.83 116.79 -1.04 -146.33 
E. miniata new 2 4 14.39 2024.76 0.96 135.08 -0.57 -80.20 
F. ,nin/ata new 2 5 16.13 2269.59 1.13 159.00 -0.61 -85.83 
F. ,nin/ata new 2 6 16.25 2286.48 0.97 136.49 -0.83 -116.79 
F. rn/n/ate new 2 7 14.95 2103.56 0.74 104.12 -0.33 -46.43 
F. rn/n/ate new 2 8 15.31 2154.21 0.73 102.72 -0.49 -68.95 
F. min/ata new 2 9 17.24 2425.78 0.77 108.34 -0.54 -75.98 
F. rn/n/ate new 2 10 -0.80 -112.57 
F. min/ata new 2 11 -0,49 -68.95 
mean 15.55 2187.67 0.81 113.66 -0.63 -89.16 
SD 1.16 162.90 0.19 27.20 0.21 29.05 

F. min/ata new 3 1 17.88 2381.14 1.85 246.37 
F. rn/niata new 3 2 16.42 2186.71 1.68 223.73 
F. rn/n/eta new 3 3 16.58 2208.02 1.24 165.14 
F. rn/n/eta new 3 4 17.78 2367.83 1.17 155.81 
F. rn/n/eta new 3 5 16.24 2162.74 1.37 182.45 
F. rn/n/ate new 3 6 17.02 2266.61 1.05 139.83 
F. rn/n/ate new 3 7 15.53 2068.18 1.24 165.14 
F. rn/n/eta new 3 8 14.23 1895.06 1.10 146.49 
F. rn/n/eta new 3 9 17.06 2271.94 1.40 186.44 
F. rn/n/eta new 3 10 13.98 1861.77 1.20 159.81 
mean 16.27 2167.00 1.33 177.12 
SD 1.34 178.29 0.26 34.08 

F. rn/n/ata new 4 1 20.16 2505.59 1.96 243.60 -1.19 -147.90 
F. rn/n/ate new 4 2 16.36 2033.31 1.06 131.74 -1.34 -166.54 
F. rn/n/ate new 4 3 15.98 1986.08 1.53 190.16 -0.91 -113.10 
F. rn/n/ata new 4 4 18.59 2310.46 1.46 181.46 -1.05 -130.50 
F. rnin/ata new 4 5 17.73 2203.58 1.67 207.56 -1.13 -140.44 
F. rn/n/ate new 4 6 12.26 1523.74 0.98 121.80 -1.49 -185.19 
F. rn/n/ata new 4 7 19.94 2478.25 1.92 238.63 -1.02 -126.77 
F. rn/n/ata new 4 8 14.22 1767.34 1.94 241.11 -1,25 -155.36 
E. rn/n/ate new 4 9 16.08 1998.51 1.58 196.37 -1.23 -152.87 
E. rn/n/eta new 4 10 17.13 2129,01 1.62 201.34 -0.64 -79.54 
F. rn/n/eta new 4 11 14.41 1790.95 2.03 252.30 
mean 16.62 2066.07 1.61 200.55 -1.13 -139.82 
SD 2.44 302.78 0.35 43.71 0.24 29.54 

F. rn/n/ate new 5 1 16.99 2204.20 2.19 284.12 -0.51 -66.17 
E. rn/n/eta new 5 2 18.82 2441.62 1.98 256.88 -0.39 -50.60 
E. rn/n/ata new 5 3 14.12 1831.86 1.60 207.58 -0.31 -40.22 
E. rn/n/ata new 5 4 15.71 2038.14 1.22 158.28 -1.34 -173.85 
F. rn/n/ata new 5 5 16.89 2191.23 1.43 185.52 -0.92 -119.36 
F. in/n/ate new 5 6 14.67 1903.22 1.26 163.47 -1.11 -144.01 
F. rn/n/eta new 5 7 15.88 2060.20 1.75 227.04 -0.49 -63.57 
F. m/n/ata new 5 8 14.23 1846.13 1.93 250.39 -0.99 -128.44 
E. rn/n/eta new 5 9 17.67 2292.42 2.26 293.20 -1.24 -160.87 
F. rn/n/ate new 5 10 15.05 1952.52 1.97 255.58 -1.02 -132.33 
E. rn/n/eta new 5 11 17.06 2213.28 2.45 317.85 -0.66 -85.63 
F. rn/n/ate new 5 12 -0.48 -62.27 
F. rnin/ata new 5 13 -0.84 -108.98 
mean 16.10 2088.62 1.82 236.35 -0.79 -102.79 
SD 1.52 196.61 0.41 52.96 0.34 44.18 

P. careya new 1 1 12.44 1221.88 0.27 26.52 -0.15 -14,73 
P. careya new 1 2 13.16 1292.60 0.26 25.54 -0.49 -48.13 
P. careya new 1 3 11.54 1133.48 0.27 26.52 -0.43 -42.24 
P. careya new 1 4 14.06 1381.00 0.32 31.43 -0.72 -70.72 
P. careya new 1 5 14.07 1381.99 0.30 29.47 -0.45 -44.20 
P. careya new 1 6 15.40 1512.62 0.36 35.36 -0.92 -90.36 
P. careya,  new 1 7 12.37 1215.01 0.35 34.38 -0.41 -40.27 
P. careya new 1 8 12.36 1214.03 0.35 34.38 -1.19 -116.88 
P. careya new 1 9 -1.19 -116.88 
P. careya new 1 10 -0.48 -47.15 
mean 13.18 1294.08 0.31 30.45 -0.64 -63.16 
SD 1.26 123.47 0.04 4.00 0.35 34.51 
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SPECIES LEAF TREE LEAF ASSIMILATION RATE STOMATAL CONDUCTANCE DARK RESPIRATION 
AGE (,moI rn 2  s 1) (tmoI 9 s) (mol rn 2  s 1) (mol 91  s') (prnoI m 2  s') (Ilmol g 1  s 1) 

P. careya new 4 1 13.85 1897.00 0.35 47.94 -0.62 -84.92 
P. careya new 4 2 14.63 2003.84 0.40 54.79 -0.73 .99,99 
P. careya new 4 3 13.35 1828.52 0.43 58.90 -0.57 -78.07 
P. careya new 4 4 14.81 2028.49 0.46 63.01 -0.33 -45.20 
P. careya new 4 5 12.44 1703.88 0.40 54.79 -0.53 -72.59 
P. careya new 4 6 13.18 1805.23 0.44 60.27 -0.75 -102.73 
P. careya new 4 7 11.82 1618.96 0.39 53.42 -0.48 -65.74 
P. careya new 4 8 15.91 2179.15 0.51 69.85 -0.63 -86.29 
P. careya new 4 9 14.98 2051.77 0.55 75.33 -0,48 -65.74 
P. careya new 4 10 14.36 1966,85 0.57 78,07 
mean 13.93 1908.37 0.45 61.64 -0.57 -77.92 
SD 1.25 171.13 0.07 9.92 0.13 18.09 

P. careya new 6 1 14.85 1554.65 0.54 56.53 -0.65 -68.05 
P. careya new 6 2 17.49 1831.03 0.77 80.61 -0.49 -51.30 
P. careya new 6 3 13.05 1366.21 0.59 61.77 -0.49 -51.30 
P. careya new 6 4 13.55 1418.65 0.65 68.05 -0.44 -46.06 
P. careya new 6 5 15.18 1589.20 0.99 103.64 -0.55 -57.58 
P. careya new 6 6 15.54 1626.88 0.87 91.08 -0.59 -61.77 
P. careya new 6 7 13.90 1455.19 0.78 81.66 -0.29 -30.36 
P. careya new 6 8 14.06 1471.94 0.90 94.22 -0.49 -51.30 
P. careya new 6 9 12.79 1338.99 0.75 78.52 -0.64 -67.00 
P. careya new 6 10 16.65 1743.09 0.95 99.46 -0.26 -27.22 
P. careya new 6 11 13.59 1422.74 0.74 77.47 
mean 14.60 1528.95 0.78 81.18 -0.49 -51.19 
SD 1.50 156.75 0.14 15.12 0.13 13.83 

P. careya new 7 1 13.93 1521.91 1.17 127.83 -0.83 -90.68 
P. careya new 7 2 13.89 1517.54 1.30 142.03 -1.21 -132.20 
P. careya new 7 3 14.77 1613.68 1.00 109.25 -1.42 -155.14 
P. careya new 7 4 11.81 1290.29 0.98 107.07 -1.04 -113.62 
P. careya new 7 5 16.29 1779.74 1.59 173.71 -1.07 -116.90 
P. careya new 7 6 15.46 1689.06 1.23 134.38 -1.33 -145.31 
P. careya new 7 7 13.98 1527.37 1.06 115.81 -0.96 -104.88 
P. careya new 7 8 16.01 1749.15 1.11 121.27 -0.47 -51.35 
P. careya new 7 9 15.17 1657.38 1.21 132.20 -0.59 -64.46 
P. careya new 7 10 11.87 1296.84 0.94 102.70 
P. careya new 7 11 14.19 1550.31 1.27 138.75 
mean 14.31 1563.02 1.17 127.73 -0.99 -108.28 
SD 1.47 161.06 0.18 20.21 0.32 34.86 

P. careya new 9 1 -0.83 -91.78 
P. careya new 9 2 -1.21 -133.81 
P. careya new 9 3 -1.42 -157.03 
P. careya new 9 4 -1.04 -115.01 
P. careya new 9 5 -1.07 -118.32 
P. careya new 9 6 -1.33 -147.08 
P. careya new 9 7 -0.96 -106.16 
P. careya new 9 8 -0.47 -51.97 
P. careya new 9 9 -0.59 -65.24 
mean -0.99 -109.60 
SD 0.32 35.29 

P. careya new 10 1 12.77 1370.32 0.25 26.83 -0.25 -26.83 
P. careya new 10 2 15,68 1682.58 0.31 33.27 -0.32 -34.34 
P. careya new 10 3 14.73 1580.64 0.28 30.05 -0.39 -41.85 
P. careya new 10 4 11.02 1182.53 0.19 20.39 -0.49 -52.58 
P. careya new 10 5 11.96 1283.40 0.27 28.97 -0.57 -61.17 
P. careya new 10 6 12.10 1298.42 0.32 34.34 -0.68 -72.97 
P. careya new 10 7 11.46 1229.75 0.23 24.68 -0.29 -31.12 
P. careya new 10 8 0.97 104.09 
mean 12.82 1375.38 0.26 28.36 -0.50 -53.12 
SD 1.74 186.78 0.05 4.87 0.24 25.94 

P. careya new 12 1 15.71 1795.02 0.66 75.41 
P. careya new 12 2 14.83 1694.47 0.57 65.13 
P. careya new 12 3 13.21 1509,37 0.48 54.84 
P. careya new 12 4 14.68 1677.33 0.52 59.41 
P. careya new 12 5 15.43 1763.03 0.57 65.13 
P. careya new 12 6 15.65 1788.16 0.89 101.69 
P. careya new 12 7 15.23 1740.17 0.83 94.84 
P. careya new 12 8 15.92 1819,01 0.94 107.40 
P. careya new 12 9 15.84 1809.87 1.02 116.54 
mean 15.17 1732.94 0.72 82.27 
SD 0,85 97.30 0.20 23.05 
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ASSIMILATIDN RATE 

(lirTol rn 2  s 1 ) (trnoI g I  S 1  

1435 134704 
15.39 1444.66 
14.32 1344.22 
14.92 1400.54 
13.80 1295.41 
14.64 1374.26 
14.99 1407.12 
14.44 1355.49 
14.61 1371.09 
0.49 46.07 

15055 1476.03 
13.81 1310.87 
17.12 1625.06 
17.44 1655.43 
16.18 1535.83 

STOMATAL CONDUCTANCE 

(mol m 2  s 1( (mol s 1 ( 

0.15 14.08 
0.27 25.34 
0.29 27.22 
0.26 24.41 
0.57 53.51 
0.70 65.71 
0.19 17.84 
0.23 21059 
0.33 31.21 
0.20 18.32 

0.13 12.34 
0.15 14.24 
0.27 25.63 
0.83 78.79 
0.73 69.29 

LEAF TREE LEAF 

AGE 

new 1 1 
new 1 2 
new 1 3 
new 1 4 
new 1 5 
new 1 6 
new 1 7 
new 1 8 

new 3 1 
new 3 2 
new 3 3 
new 3 4 
new 3 5 
new 3 6 
new 3 7 
new 3 8 

new 
new 
new 
new 
new 
new 
new 

new 
new 
new 
new 
new 
new 
new 
new 
new 
new 

new 
new 
new 
new 
new 
new 
new 
new 
new 
new 

new 
new 
new 
new 
new 
new 
new 
new 

new 
new 
new 
new 
new 
new 

SPECIES 

T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
mean 
SD 

T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
mean 
SD 

T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
mean 
SD 

T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
mean 
SD 

I ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
mean 
SD 

T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
mean 
SD 

T. ferdinandiana 
T. fe,dinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
T. ferdinandiana 
mean 
SD 

16.02 1520.65 0.42 40.06 
1.45 137.20 0.33 31.61 

4 1 16.03 1504.74 0.24 22.53 
4 2 13.12 1231.58 0.24 22.53 
4 3 15.22 1428.71 0.32 30.04 
4 4 12.94 1214.68 0.61 57.26 
4 5 14.54 1364.87 0.72 67.59 
4 6 
4 7 

14037 1348.92 0.43 39.99 
1.33 125.19 0.22 21.03 

5 1 18.02 1755.99 0.85 82.83 
5 2 16.25 1583.51 0.89 86.73 
5 3 17.10 1666.34 1.15 112.06 
5 4 16.66 1623.47 1.03 100.37 
5 5 15.41 1501.66 1.14 111.09 
5 6 14.83 1445.14 1.04 101.34 
5 7 15.64 1524.07 0.96 93.55 
5 8 15.16 1477.29 0.92 89.65 
5 9 14.99 1460.73 1.05 102.32 
5 10 16.20 1578.64 0.96 93.55 

16.03 1561.68 1000 97.35 
1.02 99.56 0.10 9.81 

6 1 16.48 1643.73 1.08 107.72 
6 2 16.26 1621.78 1.09 108.72 
6 3 20.35 2029.72 1.20 119.69 
6 4 14.61 1457.21 1.03 102.73 
6 5 15.14 1510.07 0.88 87.77 
6 6 13.02 1298.62 0.83 82.78 
6 7 14.96 1492.12 0.83 82.78 
6 8 13.43 1339.52 0.81 80.79 
6 9 13.33 1329.54 0.74 73.81 
6 10 13.57 1353.48 0.77 76.80 

15.12 1507.58 0.93 92.36 
2.20 219.68 0.16 15.93 

7 1 13.85 1091.32 0.75 59.10 
7 2 15.23 1200.06 0.75 59.10 
7 3 13.58 1070.05 0.71 55.95 
7 4 13.65 1075.57 0.77 60.67 
7 5 16.94 1334.80 0.88 69.34 
7 6 17.11 1348.20 1.15 90.62 
7 7 13.99 1102.36 1.14 89.83 
7 8 

14.91 1174.62 0.88 69.23 
1.55 122.03 0.19 14.93 

8 1 
8 2 
8 3 
8 4 
8 5 
8 6 

-0.68 -64.55 
-0055 -52.21 
-0.87 -82.58 
-0.55 -52.21 
-0.68 -64.55 
-0.59 -56.00 
-0.49 -46.51 
-057 -54.11 
-0.62 -59.09 
0.12 11.33 

-0.42 -39.43 
-0.36 -33.79 
-0.59 -55.38 
-0.57 -53.51 
-0.43 -40.36 
-0.49 -46.00 
-0.46 -43.18 
-0.47 -44.52 
0.08 7.76 

-0.59 -57.49 
-0.47 -45.80 
-0.47 -45.80 
-0.38 -37.03 
-0.59 -57.49 
-0.76 -74.06 
-0.39 -38.00 
-0.58 -56.52 
-0.29 -28.26 

-0.50 -48.94 
0.14 13.89 

-0.68 -67.82 
-0.74 -73.81 
-0.61 -60.84 
-0.54 -53.86 
-0.85 -84.78 
-0.52 -51.87 
-0.27 -26.93 
-0.65 -64.83 
-0.48 -47.88 

-0.59 -59.18 
0.17 16.69 

-1.01 -79.58 
-0.62 -48.85 
-0.55 -43.34 
-0.54 -42.55 
-0.66 -52.01 
-0.53 -41.76 
-0.39 -30.73 
-0.55 -43.34 
-0.61 -47.77 
0.18 14.26 

-0.72 -70.17 
-1.07 -104.28 
-0.78 -76.02 
-0.55 -53.60 
-0.91 -88.69 
-0.69 -67.24 
-0.79 -76.67 
0.18 17.72 

DARK RESPIRATION 

(tinoI rn 2  S 1) (rmoI 1  S  1) 
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SPECIES LEAF TREE LEAF ASSIMILATION RATE STOMATAL CONDUCTANCE DARK RESPIRATION 
AGE lirnoI rn 2  s 11 1 s 1) (trnoI g Irnol rn'2  s') (mol 1  s') (/trnol rn 2  s 1) (/trnol g 1  s 1 ) 

T. ferdinandiana new 9 1 14.52 1396.69 0.81 77.91 
T. ferdinandiana new 9 2 15.59 1499.62 0.89 85.61 
T. ferdinandiana new 9 3 14.27 1372.64 0.61 58.68 
T ferdinandiana new 9 4 18.02 1733.36 0.74 71.18 
T. ferdinandiana new 9 5 20.35 1957.48 1.14 109.66 
T. ferdinandiana new 9 6 17.97 1728.55 0.77 74.07 
T. ferdinandiana new 9 7 16.43 1580.42 0.92 88.50 
T. ferdinandiana new 9 8 19.11 1838.21 1.04 100.04 
T. ferdinandiana new 9 9 17.93 1724.70 1.04 100.04 
T. ferdinandiana new 9 10 17.32 1666.03 1.16 111.58 
T. ferdinandiana new 9 11 16.21 1559.25 1.10 105.81 
T. ferdinandiana new 9 12 18.85 1524.62 1.05 101.00 
T. ferdinandiana new 9 13 13.35 1284.15 1.10 105.81 
mean 16.69 1605.06 0.95 91.53 
SD 2.01 193.44 0.18 16.83 

S. suborbiculare old 1 1 13.68 1568.09 0.92 105.46 -2.22 -254.47 
S. suborbiculare old 1 2 11.70 1341.13 0.82 93.99 -1,00 -114.63 
S. suborbiculare old 1 3 11.13 1275.79 0.81 92.85 -2.34 -268.23 
S. suborbiculare old 1 4 10.16 1164.60 1.23 140.99 -0.01 -1.15 
S. suborbiculare old 1 5 9.41 1078,63 0.93 106.60 -1.43 -163.92 
S. suborbiculare old 1 6 8.42 965.15 1.05 120.36 -0.16 -18.34 
S. suborbiculare old 1 7 -0.32 -36.68 
mean 10.75 1232.23 0.96 110.04 -1.07 -122.49 
SD 1.85 212.63 0.16 18.17 0.96 110.58 

S. suborbiculare old 2 1 9.73 1115.31 0.83 95.14 -0.36 -41.27 
S. suborbiculare old 2 2 6.42 735.90 0.52 59.61 -0.62 -71.07 
S. suborbiculare old 2 3 8.03 920.45 0.58 66.48 -0.19 -21.78 
S. suborbiculare old 2 4 6.11 700.37 0.47 53.87 -0.15 -17.19 
S. suborbiculare old 2 5 5.85 670,56 0.45 51.58 -0.18 -20.63 
S. suborbiculare old 2 6 6.09 698.07 0.41 47.00 -2.03 -232.69 
S. suborbiculare old 2 7 -0.24 -27.51 
mean 7.04 806.78 0.54 62.28 -0.54 -61.73 
SD 1.54 175.97 0.15 17.45 0.68 77.65 

S. suborbiculare old 3 1 10.98 1258.60 0.20 22.93 -0.49 -56.17 
S. suborbiculare old 3 2 10.20 1169.19 0.21 24.07 -0.32 -36.68 
S. suborbiculare old 3 3 11.78 1350.30 0.22 25.22 -0.24 -27.51 
S. suborbiculare old 3 4 14.13 1619.67 0.26 29.80 -1.02 -116.92 
S. suborbiculare old 3 5 11.85 1358.32 0.19 21.78 -0.11 -12.61 
S. suborbiculare old 3 6 10.01 1147.41 0.23 26.36 -0.29 -33.24 
S. suborbiculare old 3 7 10.69 1225.36 0.19 21.78 -0.48 -55.02 
S. suborbiculare old 3 8 -0.34 -38.97 
S. suborbiculare old 3 9 -0.18 -20.63 
mean 11.38 1304.12 0.21 24.56 -0.39 -44.19 
SD 1.41 161.08 0.03 2.87 0.27 30.79 

S. suborbiculare old 4 1 12.16 1393.86 1.45 166.21 -0.31 -35.53 
S. suborbiculare old 4 2 9.71 1113.02 1.71 196.01 -0.17 -19.49 
S. suborbiculare old 4 3 10.03 1149.70 1.73 198.30 -0.55 -63.04 
S. suborbiculare old 4 4 12,41 1422.51 2.06 236.13 -0.25 -28.66 
S. suborbiculare old 4 5 9.81 1124.48 1.98 226.96 -0.45 -51.58 
S. suborbiculare old 4 6 10.19 1168.04 2.11 241.86 -0.31 -35.53 
S. suborbiculare old 4 7 10.08 1155.43 0.27 30.95 
S. suborbiculare old 4 8 12.36 1416.78 0.28 32.10 
mean 10.84 1242.98 1.45 166,06 -0.34 -38.97 
SD 1.23 140.47 0.76 86.60 0,14 15,80 

S. suborbiculare old 5 1 10.63 1218,48 0.24 27.51 -0.29 -33.24 
S. suborbiculare old 5 2 12.81 1468.36 0.35 40.12 -0.23 -26.36 
S. suborbiculare old 5 3 9.33 1069.46 0.28 32.10 -0.34 -38.97 
S. suborbiculare old 5 4 13.03 1493.58 0.36 41.27 -0.29 -33.24 
S. suborbiculare old 5 5 12.30 1409.90 0.32 36.68 -0.39 -44.70 
S. suborbiculare old 5 6 11.57 1326.23 0.29 33.24 -0.92 -105.46 
S. suborbiculare old 5 7 9.26 1061.44 0.22 25.22 -0.44 -50.44 
S. suborbiculare old 5 8 -0.63 -72.21 
mean 11.28 1292.49 0.29 33.73 -0.44 -50.58 
SD 1.57 180.23 0.05 6.06 0.23 26.29 
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SPECIES LEAF TREE LEAF 

AGE 

S. suborbiculare old 6 1 
S. suborbiculare old 6 2 
S. suborbiculare old 6 3 
S. suborbiculare old 6 4 
S. suborbiculare old 6 5 
S. suborbiculare old 6 6 
S. suborbiculare old 6 7 
S. suborbiculare old 6 8 
mean 
SD 

ASSIMILATION RATE STOMATAL CONDUCTANCE 
-2 -1 1/mol ii s ) (trnol g -1 S -2 -1 Imol m s 1 (mol g -1 S 

11.87 1360.61 1.55 177.67 
10.87 1245.99 1.85 212.06 
10.60 1215.04 2.73 312.93 
11.09 1271.21 1.63 186.84 
15.06 1726.27 1.71 196.01 
10.73 1229.94 1.72 197.16 

11.70 1341.51 1.87 213.78 
1.70 195.41 0.44 49.91 

DARK RESPIRATION 

(imol rn 2  s) (tmoI 9 S 1) 

-0.34 -38.97 
-0.92 -105.46 
-0.29 -33.24 
-0.45 -51.58 
-0.46 -52.73 
-0.44 -50.44 
-0.32 -36.68 
-0.36 -41.27 
-0.45 -51.30 
0.20 23.08 
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APPENDIX 2: Chemical parameters of leaves of tropical savanna species. New leaves were approximately eight weeks old at full expansion; old 
leaves were estimated to be between eight and twelve months old. Samples a and b are duplicates (DUP). TKN is total Kjeldahl 
nitrogen content of leaves. For specific leaf area (SLA) n represents the number of trees sampled; otherwise n is the number of 
samples analysed. 

SPECIES LEAF TREE SAMPLE SLA DUP TKN HEAT OF COMBUSTION FAT ASH 

AGE (m2  g 1) (mgN g 1 ) (mgN m 2) (kJ g 1) (kJ m 2) (g g) (g m) (g g 1) (g m 2) 

E. tetrodonta old 1 a 0.005318 1 7.9919 1502.80 18.8621 3546.85 0.0351 6.6002 0.0342 6.4234 
E. tetrodonta old 1 a 0.005318 2 7.9443 1493.85 22.2577 4185.36 0.0402 7.5592 0.0335 6.2995 
E. tetrodonta old 1 b 0.005318 1 6.5459 1230.90 19.9096 3743.82 0.0403 7.5780 0.0362 6.8144 
E. tetrodonta old 1 b 0.005318 2 7.2180 1357.28 19.2946 3628.17 0.0518 9.7405 0.0362 6.8089 
F. tetrodonta old 2 a 0.005318 1 6.1187 1150.56 19.4278 3653.21 0.0329 6.1865 0.0345 6.4854 
F. tetrodonta old 2 a 0.005318 2 9.6182 1808.61 17.7897 3345.19 0.0461 8.6687 0.0342 6.4313 
E. tetrodonta old 2 b 0.005318 1 7.5709 1423.64 18.0513 3394.37 0.0464 8.7251 0.0370 6.9618 
F. tetrodonta old 2 b 0.005318 2 7.6148 1431.89 18.0290 3390.19 0.0466 8.7627 0.0365 6.8568 
E. tetrodonta old 3 a 0.005318 1 7.6365 1435.97 18.0635 3396.67 0.0421 7.9165 0.0295 5.5501 
E. tetrodonta old 3 a 0.005318 2 8.5075 1599.76 18.4824 3475.44 0.0409 7.6909 0.0277 5.2037 
E. tetrodonta old 3 b 0.005318 1 7.5302 1415.98 17.8678 3359.87 0.0396 7.4464 0.0261 4.9014 
E. tetrodonta old 3 b 0.005318 2 7.2374 1360.93 17.3027 3253.61 0.0418 7.8601 0.0257 4.8352 
E. tetrodonta old 4 a 0.005318 1 8.2806 1557.09 18.2464 3431.06 0.0254 4.7762 0.0377 7.0917 
E. tetrodonta old 4 a 0.005318 2 8.5057 1599.42 18.4325 3466.06 0.0449 8.4430 0.0378 7.1015 
E. tetrodonta old 4 b 0.005318 1 9.2226 1734.22 18.1098 3405.38 0.0351 6.6002 0.0398 7.4890 
E. tetrodonta old 4 b 0.005318 2 9.2870 1746.33 17.9590 3377.02 0.0413 7.7661 0.0392 7.3763 
F. tetrodonta old 5 a 0.005318 1 7.7891 1464.67 18.6457 3506.16 0.0565 10.6167 0.0321 6.0370 
F. tetrodonta old 5 a 0.005318 2 18.2442 3430.65 0.0474 8.9047 0.0314 5.9083 
F. tetrodonta old 5 b 0.005318 1 8.4645 1591.67 18.4114 3462.09 0.0575 10.8121 0.0407 7.6587 
E. tetrodonta old 5 b 0.005318 2 8.7628 1647.76 17.7008 3328.47 0.0464 8.7288 0.0405 7.6111 

average 0.005318 7.9919 1502.81 18.5544 3488.98 0.0429 8.0691 0.0345 6.4923 
SD 0.000246 0.9049 170.15 1.0729 201.75 0.0063 1.4372 0.0046 0.8613 
n 5 19 19 20 20 20 20 20 20 

U) 



18.3238 
18.1890 
17.5123 
17.9277 
18.7409 
18.6110 
18.2422 
18.6035 
17.8899 
17.5215 
17.3936 
17.6328 

17.9991 
0.4542 

14 

2930.88 
2909.31 
2371.01 
2427.25 
3373.10 
3349.72 
3319.77 
3385.53 
2743.43 
2686.93 
2817.69 
2856.44 

2,957.77 
336.37 

14 

0.0526 
0.0535 
0.0605 
0.0543 
0.0450 
0.0426 
0.0476 
0.0478 
0.0546 
0.0520 
0.0429 
0.0416 

0.0395 
0.0359 
0.0418 
0.0414 
0.0331 
0.0359 
0.0310 
0.0386 

0.0446 
0.0080 

20 

7. 35 77 
7.4836 
8.0069 
7.1863 
7.9295 
7.5066 
7.9070 
7.9402 
8.8207 
8.4006 
6.8279 
6.6210 

7.1154 
6.4537 
7.6123 
7.5416 
5.0764 
5.4999 
5.0173 
6.2565 

7.1281 
1.0456 

20 

17.8185 3139.83 
17.5806 3097.91 

SPECIES LEAF TREE SAMPLE SLA DUP TKN 

AGE (m2  g 1) (mgN g 1 ) (mgN m) 

E. tetrodonta new 1 a 0.007149 1 7.7936 1090.17 
E. tetrodonta new 1 a 0.007149 2 6.7274 941.03 
E. tetrodonta new 1 b 0.007556 1 6.1765 817.43 
E. tetrodonta new 1 b 0.007556 2 7.3016 966.33 
E. tetrodonta new 2 a 0.005675 1 6.6040 1163.70 
E. tetrodonta new 2 a 0.005675 2 6.9071 1217.11 
E. tetrodonta new 2 b 0.006020 1 7.1633 1189.92 
E. tetrodonta new 2 b 0.006020 2 
E. tetrodonta new 3 a 0.006190 1 6.8768 1110.95 
E. tetrodonta new 3 a 0.006190 2 6.6561 1075.30 
E. tetrodonta new 3 b 0.006283 1 6.2487 994.54 
E. tetrodonta new 3 b 0.006283 2 5.2512 835.78 
E. tetrodonta new 4 a 0.006252 1 
E. tetrodonta new 4 a 0.006252 2 
E. tetrodonta new 4 b 0.007386 1 
E. tetrodonta new 4 b 0.007386 2 
E. tetrodonta new 5 a 0.005556 1 5.1851 933.24 
E. tetrodonta new 5 a 0.005556 2 8.1346 1464.11 
E. tetrodonta new 5 b 0.005495 1 6.0249 1096.43 
E. tetrodonta new 5 b 0.005495 2 5.8749 1069.14 
E. tetrodonta new 6 a 0.006521 1 6.6154 1014.48 
E. tetrodonta new 6 a 0.006521 2 8.4644 1298.02 
E. tetrodonta new 6 b 0.006173 1 8.1909 1326.89 
E. tetrodonta new 6 b 0.006173 2 7.2396 1172.78 

average 0.006348 6.8124 1093.54 
SD 0.000672 0.9225 165.74 
n 6 19 19 

ASH 
(g g 1) (g m 2) 

0.0303 4.9026 
0.0295 4.7635 
0.0278 4.4196 
0.0271 4.3073 
0.0218 3.4839 
0.0215 3.4330 
0.0229 3.1008 
0.0225 3.0402 
0.0211 3.7895 
0.0204 3.6717 
0.0244 4.4456 
0.0251 4.5730 
0.0240 3.6759 
0.0241 3.6884 
0.0236 3.8201 
0.0237 3.8416 

0.0243 3.9348 
0.0029 0.5690 

16 16 

U) 
u) 

HEAT OF COMBUSTION FAT 

(kJ g 1) (kJ m 2) (g g
) (g m 



17.9219 3507.23 
17.6005 3444.33 
18.0638 3485.20 
17.5866 3393.14 

17.2345 3117.12 
18.8714 3413.17 
18.9489 3555.15 
18.1331 3402.08 
16.6770 2571.24 
18.8159 2901.01 
18.7238 3062.45 
18.8154 3077.43 

18.1161 3244.13 
0.7414 299.59 

12 12 

SPECIES LEAF TREE SAMPLE SLA DUP TKN HEAT OF COMBUSTION 

AGE (m2  9 1) (mgN g 1 ) (mgN m 2) (kJ g 1) (kJ m 2) 

E. miniata old 1 a 0.005023 1 7.7160 1536.13 
E. miniata old 1 a 0.005023 2 7.3875 1470.73 
E. miniata old 1 b 0.005444 1 7.3982 1358.96 
E. miniata old 1 b 0.005444 2 7.0027 1286.32 
E. miniata old 2 a 0.005110 1 7.9837 1562.37 
E. miniata old 2 a 0.005110 2 7.5899 1485.30 
E. miniata old 2 b 0.005183 1 8.2075 1583.54 
E. miniata old 2 b 0.005183 2 8.9778 1732.16 
E. miniata old 3 a 0.006579 1 9.2398 1404.44 
E. miniata old 3 a 0.006579 2 8.1127 1233.12 
E. miniata old 3 b 0.006599 1 6.2240 943.17 
F. miniata old 3 b 0.006599 2 7.7581 1175.65 
E. miniata old 4 a 0.005529 1 6.8945 1246.97 
E. miniata old 4 a 0.005529 2 6.3478 1148.09 
E. miniata old 4 b 0.005330 1 6.2534 1173.25 
E. miniata old 4 b 0.005330 2 5.3917 1011.58 
E. miniata old 5 a 0.006486 1 7.4579 1149.85 
E. miniata old 5 a 0.006486 2 6.5968 1017.08 
E. miniata old 5 b 0.006114 1 6.3429 1037.44 
E. miniata old 5 b 0.006114 2 7.5618 1236.80 

average 0.005740 7.3222 1289.65 
SD 0.000621 0.9614 219.52 

5 20 20 

FAT 

(9 g 1) (g m) 

0.0579 11.5270 
0.0556 11.0691 
0.0533 9.7906 
0.0481 8.8354 
0.0528 10.3327 
0.0511 10.0000 
0.0539 10.3994 
0.0513 9.8977 
0.0584 8.8767 
0.0558 8.4815 
0.0614 9.3044 
0.0693 10.5016 
0.0662 11.9694 
0.0661 11.9564 
0.0598 11.2221 
0.0749 14.0600 

0.0585 10.5140 
0.0074 1.4356 

16 16  

ASH 

(g g
1 ) (g m 2  

0.0227 4.5194 
0.0234 4.6682 

0.0297 5.8070 
0.0310 6.0708 
0.0336 6.4810 
0.0320 6.1667 

0.0280 5.0674 
0.0277 5.0102 
0.0283 5.3009 
0.0289 5.4290 
0.0327 5.0391 
0.0320 4.9344 
0.0260 4.2565 
0.0256 4.1883 

0.0287 5.2099 
0.0034 0.7111 

14 14 

u) 

'U 



SLA DUP TKN HEAT OF COMBUSTION 

(m2  9 1) (mgN g 1 ) (mgN m 2) (kJ g 1 ) (kJ m 2) 

SPECIES LEAF TREE SAMPLE 

AGE 

E. miniata new 1 a 
E. miniata new 1 a 
E. miniata new 1 b 
E. miniata new 1 b 
E. miniata new 2 a 
E. miniata new 2 a 
E. miniata new 2 b 
E. miniata new 2 b 
E. miniata new 3 a 
E. miniata new 3 a 
E. miniata new 3 b 
E. miniata new 3 b 
F. miniata new 4 a 
F. miniata new 4 a 
F. miniata new 4 b 
F. miniata new 4 b 
F. miniata new 5 a 
F. miniata new 5 a 
F. miniata new 5 b 
F. miniata new 5 b 

average 
SD 
n  

0.006809 1 
0.006809 2 
0.006483 1 
0.006483 2 
0.006692 1 
0.006692 2 
0.007453 1 
0.007453 2 
0.007906 1 
0.007906 2 
0.007169 1 
0.007169 2 
0.008157 1 
0.008157 2 
0.007918 1 
0.007918 2 
0.008049 1 
0.008049 2 
0.007397 1 
0.007397 2 

0.007403 
0.000586 

5 

9.0509 1329.26 
9.9423 1460.17 

10.1390 1563.94 
8.7224 1345.43 
8.3118 1242.05 
8.4881 1268.40 
7.8486 1053.08 
7.6083 1020.84 
7.8450 992.28 
9.3890 1187.58 
8.7542 1221.12 
7.6801 1071.29 
7.3713 903.68 
8.6035 1054.74 
9.1092 1150.44 

10.1305 1279.43 
7.4359 923.83 
8.7871 1091.70 
7.3698 996.32 
9.3977 1270.47 

8.5992 1171.30 
0.9104 176.83 

20 20  

17.8960 2628.29 

18.3918 2836.94 
18.0435 2783.20 

18.9252 2320.11 
18.4275 2259.11 
18.4305 2327.67 
18.2392 2303.51 
19.1387 2377.78 
19.2067 2386.22 
19.7489 2669.85 
19.3458 2615.35 

18.7085 2500.73 
0.5956 209.50 

11 11 

FAT 

(g g 1) (g m 2  

0.0587 8.6209 
0.0537 7.8866 
0.0621 9.5789 
0.0570 8.7922 
0.0754 11.2672 
0.0728 10.8787 
0.0732 9.8215 
0.0735 9.8618 
0.0787 9.9545 
0.0736 9.3094 
0.0668 9.3179 
0.0686 9.5690 
0.0842 10.3263 
0.1031 12.6395 
0.1160 14.6461 
0.1256 15.8641 
0.1375 17.0869 
0.1924 23.9032 
0.1021 13.8090 
0.1075 14.5350 

0.0891 11.8834 
0.0340 3.8543 

12 12 

ASH 

(g g 1 ) (g m 2  

0.0226 3.0262 
0.0237 3.1827 
0.0258 3.2606 
0.0251 3.1762 

0.0215 2.6409 
0.0209 2.5671 
0.0288 3.6424 
0.0285 3.6041 
0.0265 3.2906 
0.0257 3.1900 
0.0226 3.0532 
0.0228 3.0786 

0.0245 3.1427 
0.0026 0.3180 

12 12 

u) 



SPECIES LEAF TREE SAMPLE SLA DUP TKN HEAT OF COMBUSTION FAT ASH 

AGE (m2  9 1 ) (mgN g 1 ) (mgN m 2) (kJ g 1) (kJ m 2) (g g 1) (g m 2) ( 1 )  (g m 2) 

P. careya new 1 a 0.010181 1 16.7656 1646.75 18.2564 1793.18 0.0080 0.7824 0.0435 4.2765 
P. careya new 1 a 0.010181 2 19.3084 1896.51 17.0722 1676.87 0.0120 1.1769 0.0437 4.2878 
P. careya new 1 b 0.010181 1 19.3163 1897.29 18.1040 1778.21 0.0152 1.4976 0.0442 4.3438 
P. careya new 1 b 0.010181 2 18.3519 1802.56 17.9668 1764.74 0.0095 0.9337 0.0467 4.5884 
P. careya new 4 a 0.007301 1 14.5059 1986.84 18.1145 2481.10 0.0345 4.7221 0.0305 4.1789 
P. careya new 4 a 0.007301 2 14.1358 1936.15 17.7070 2425.28 0.0295 4.0421 0.0297 4.0718 
P. careya new 4 b 0.007301 1 14.1456 1937.49 17.4497 2390.04 0.0186 2.5530 0.0301 4.1217 
P. careya new 4 b 0.007301 2 14.8242 2030.43 17.4885 2395.35 0.0201 2.7553 0.0307 4.2023 
P. careya new 6 a 0.009552 1 8.5438 894.45 0.0303 3.1675 0.0376 3.9357 
P. careya new 6 a 0.009552 2 8.8480 926.30 0.0174 1.8261 0.0376 3.9336 
P. careya new 6 b 0.009552 1 6.4016 670.18 18.4022 1926.52 0.0320 3.3464 0.0372 3.8921 
P. careya new 6 b 0.009552 2 5.1299 537.05 17.2612 1807.08 0.0256 2.6760 0.0357 3.7415 
P. careya new 7 a 0.009153 1 8.6427 944.25 17.9799 1964.37 0.0198 2.1629 0.0390 4.2622 
P. careya new 7 a 0.009153 2 9.4247 1029.68 17.4026 1901.30 0.0386 4.2158 
P. careya new 7 b 0.009153 1 6.1404 670.86 17.8046 1945.22 0.0201 2.1978 0.0382 4.1779 
P. careya new 7 b 0.009153 2 8.0151 875.68 0.0143 1.5643 0.0380 4.1546 
P. careya new 10 a 0.009319 1 17.4172 1869.00 0.0303 3.2524 
P. careya new 10 a 0.009319 2 17.1766 1843.18 0.0314 3.3675 
P. careya new 10 b 0.009319 1 16.8331 1806.32 0.0290 3.1069 
P. careya new 10 b 0.009319 2 17.3946 1866.58 0.0287 3.0842 
P. careya new 12 a 0.008752 1 17.5151 2001.27 0.0354 4.0392 
P. careya new 12 a 0.008752 2 17.3443 1981.75 0.0359 4.1028 
P. careya new 12 b 0.008752 1 17.7134 2023.93 0.0354 4.0466 
P. careya new 12 b 0.008752 2 17.5121 2000.93 0.0349 3.9863 

average 0.009043 12.0312 1355.16 17.6150 1982.96 0.0224 2.5376 0.0371 4.1280 
SD 0.000910 4.9122 572.21 0.4077 236.75 0.0083 1.0612 0.0048 0.1866 
n 6 16 16 21 21 19 19 20 20 



SPECIES LEAF TREE SAMPLE SLA DUP TKN HEAT OF COMBUSTION FAT ASH 

AGE (m2  g 1) (mgN g 1 ) (mgN m 2) (kJ g 1 ) (kJ m 2) (g g 1 ) (g m 2) (g g) (g m 2) 

T. ferdinandiana new 3 a 0.010202 1 16.9929 1665.64 0.0509 4.9892 0.0482 4.7205 
T. ferdinandiana new 3 a 0.010202 2 15.9183 1560.31 0.0562 5.5087 0.0488 4.7845 
T. ferdinandiana new 3 b 0.010869 1 17.0372 1567.50 0.0666 6.1275 0.0466 4.2903 
T. ferdinandiana new 3 b 0.010869 2 16.7510 1541.17 0.0531 4.8855 0.0457 4.2028 
T. ferdinandiana new 5 a 0.009904 1 15.7061 1585.83 16.2021 1635.91 0.0337 3.4027 0.0486 4.9044 
T. ferdinandiana new 5 a 0.009904 2 15.7494 1590.21 16.0785 1623.43 0.0329 3.3219 0.0485 4.8955 
T. ferdinandiana new 5 b 0.010620 1 16.4232 1546.44 16.3565 1540.16 0.0395 3.7194 0.0505 4.7582 
T. ferdinandiana new 5 b 0.010620 2 16.3169 1536.43 16.3328 1537.93 0.0310 2.9190 0.0512 4.8226 
T. ferdinandiana new 6 a 0.010295 1 
T. ferdinandiana new 6 a 0.010295 2 
T. ferdinandiana new 6 b 0.009756 1 
T. ferdinandiana new 6 b 0.009756 2 
T. ferdinandiana new 7 a 0.012520 1 16.2588 1298.63 16.8874 1348.83 0.0532 4.2492 0.0427 3.4135 
T. ferdinandiana new 7 a 0.012520 2 15.8941 1269.50 16.7848 1340.64 0.0554 4.4249 0.0427 3.4127 
T. ferdinandiana new 7 b 0.012862 1 9.0327 702.28 16.6633 1295.55 0.0079 0.6111 0.0490 3.8133 
T. ferdinandiana new 7 b 0.012862 2 5.1778 402.57 16.7134 1299.44 0.0479 3.7241 0.0472 3.6709 
T. ferdinandiana new 8 a 0.010461 1 17.8468 1706.03 17.6315 1685.45 0.0450 4.3017 0.0443 4.2369 
T. ferdinandiana new 8 a 0.010461 2 17.8372 1705.11 17.4477 1667.89 0.0400 3.8237 0.0468 4.4746 
T. ferdinandiana new 8 b 0.010061 1 15.5068 1541.28 16.7836 1668.18 0.0366 3.6378 0.0425 4.2235 
T. ferdinandiana new 8 b 0.010061 2 18.4436 1833.18 16.8135 1671.15 0.0382 3.7968 0.0424 4.2116 
T. ferdinandiana new 9 a 0.010583 1 18.7351 1770.30 16.5077 1559.83 0.0372 3.5186 0.0422 3.9905 
T. ferdinandiana new 9 a 0.010583 2 17.4175 1645.80 16.7689 1584.51 0.0478 4.5148 0.0425 4.0140 
T. ferdinandiana new 9 b 0.010209 1 17.7239 1736.11 16.8639 1651.86 0.0485 4.7480 0.0425 4.1617 
T. ferdinandiana new 9 b 0.010209 2 19.0998 1870.88 15.4829 1516.59 0.0460 4.5056 0.0425 4.1609 

average 0.010695 15.8231 1483.79 16.6509 1548.10 0.0434 4.0365 0.0458 4.2581 
SD 0.000964 3.6582 402.83 0.4970 128.21 0.0124 1.1242 0.0031 0.4622 
n 6 16 16 20 20 20 20 20 20 

LI) 



SPECIES LEAF TREE SAMPLE SLA DUP TKN HEAT OF COMBUSTION FAT ASH 
AGE (m2  g 1 ) (mgN g 1) (mgN m 2) (kJ g 1 ) (kJ m 2) (g g) (g m (g g 1 ) (g m 2) 

S. suborb/cu/are old 1 a 0.00872 1 
S. suburb/cu/are old 1 a 0.00872 2 
S. suburb/cu/are old 1 b 0.00872 1 
S. suburb/cu/are old 1 b 0.00872 2 
S. suburb/cu/are old 2 a 0.00872 1 
S. suburb/cu/are old 2 a 0.00872 2 
S. suborb/cu/are old 2 b 0.00872 1 
S. suburb/cu/are old 2 b 0.00872 2 
S. suburb/cu/are old 3 a 0.00872 1 
S. suburb/cu/are old 3 a 0.00872 2 
S. suburb/cu/are old 3 b 0.00872 1 
S. suborb/cu/are old 3 b 0.00872 2 
S. suburb/cu/are old 4 a 0.00872 1 
S. suburb/cu/are old 4 a 0.00872 2 
S. suborb/cu/are old 4 b 0.00872 1 
S. suborb/culare old 4 b 0.00872 2 
S. suburb/cu/are old 5 a 0.00872 1 
S. suburb/cu/are old 5 a 0.00872 2 
S. suburb/cu/are old 5 b 0.00872 1 
S. suborb/cu/are old 5 b 0.00872 2 

average 0.00872 
SD 0.000278 
n 5  

10.8856 1247.78 
11.3437 1300.29 
12.2700 1406.46 
10.0970 1157.38 
12.4971 1432.50 
12.6980 1455.52 
11.7191 1343.32 
11.1329 1276.12 
12.5261 1435.82 
12.1830 1396.49 
11.7684 1348.97 
12.1086 1387.96 
11.2989 1295.15 
11.6751 1338.27 
12.6359 1448.41 
12.2518 1404.38 
10.5617 1210.65 
10.6048 1215.59 
14.1440 1621.27 
14.1221 1618.76 

11.9262 1367.06 
1.0608 121.59 

20 20 

17.6306 2020.93 
18.3184 2099.77 
18.1137 2076.31 
17.8550 2046.65 
17.0031 1949.00 
17.9037 2052.23 
17.5743 2014.48 
17.6332 2021.23 
16.6860 1912.66 
17.2939 1982.34 
17.1521 1966.09 
18.8245 2157.78 
17.9451 2056.98 
17.4693 2002.44 
17.7338 2032.75 
17.4324 1998.21 
16.8746 1934.28 
17.6300 2020.86 
17.4673 2002.21 
17.4055 1995.13 

17.5973 2017.12 
0.4968 56.95 

20 20 

0.0754 8.6428 
0.0785 8.9982 
0.0707 8.1041 
0.0758 8.6887 
0.0693 7.9436 
0.0654 7.4966 
0.0720 8.2531 
0.0794 9.1013 
0.0799 9.1586 
0.0890 10.2017 
0.0693 7.9436 
0.0679 7.7831 
0.0736 8.4365 
0.0720 8.2531 
0.0709 8.1270 
0.0713 8.1729 
0.0728 8.3448 
0.0683 7.8290 
0.0634 7.2673 
0.0649 7.4392 

0.0725 8.3093 
0.0060 0.6904 

20 20 

0.0454 5.2000 
0.0449 5.1431 
0.0434 4.9741 
0.0455 5.2103 
0.0503 5.7633 
0.0500 5.7358 
0.0455 5.2184 
0.0458 5.2499 
0.0465 5.3323 
0.0463 5.3093 
0.0491 5.6272 
0.0495 5.6777 
0.0568 6.5057 
0.0566 6.4834 
0.0449 5.1492 
0.0444 5.0847 
0.0517 5.9270 
0.0524 6.0049 
0.0453 5.1955 
0.0464 5.3215 

0.0480 5.5057 
0.0039 0.4468 

20 20 



APPENDIX 3: Leaf construction and maintenance costs of tropical savanna trees. New leaves were approximately eight weeks old at full expansion; old leaves 
were estimated to be approximately eight to twelve months old. Composite leaf samples were analysed in duplicate (a and b). Mean and standard 
deviation (SD) are shown for each species. Blank grids result from incomplete chemical analysis of the components involved in calculations. 

SPECIES LEAF TREE SAMPLE CONSTRUCTION COST MAINTENANCE COST 
AGE MAXIMUM MINIMUM MAXIMUM MINIMUM 

(g glucose g) (g glucose m 2) (g glucose g) (g glucose m 2) (g glucose (g glucose (g glucose (g glucose 

g day 1 ) m 2  day) g day) m 2  day 1 ) 

E. tetrodonta old 1 a 1.3311 250.3031 1.2926 243.0640 0.0045 0.8425 0.0031 0.5820 
F. tetrodonta old 1 a 1.3748 258.5259 1.3366 251.3299 0.0047 0.8791 0.0033 0.6205 
F. tetrodonta old 1 b 1.3972 262.7229 1.3656 256.7936 0.0042 0.7979 0.0031 0.5784 
E. tetrodonta old 1 b 1.3545 254.7090 1.3198 248.1709 0.0050 0.9317 0.0037 0.6923 
E. tetrodonta old 2 a 1.3658 256.8327 1.3364 251.2904 0.0038 0.7089 0.0027 0.5032 
E. tetrodonta old 2 a 1.2576 236.4753 1.2112 227.7630 0.0055 1.0318 0.0038 0.7235 
E. tetrodonta old 2 b 1.2630 237.5000 1.2266 230.6422 0.0049 0.9120 0.0035 0.6617 
F. tetrodonta old 2 b 1.2630 237.4992 1.2263 230.6016 0.0049 0.9153 0.0035 0.6641 
E. tetrodonta old 3 a 1.2841 241.4612 1.2473 234.5441 0.0046 0.8676 0.0033 0.6210 
E. tetrodonta old 3 a 1.3226 248.7111 1.2817 241.0049 0.0048 0.9088 0.0034 0.6380 
E. tetrodonta old 3 b 1.2785 240.4048 1.2422 233.5839 0.0044 0.8345 0.0032 0.5937 
E. tetrodonta old 3 b 1.2365 232.5176 1.2017 225.9619 0.0044 0.8332 0.0032 0.6012 
E. tetrodonta old 4 a 1.2775 240.2179 1.2376 232.7173 0.0042 0.7897 0.0028 0.5180 
F. tetrodonta old 4 a 1.2915 242.8560 1.2505 235.1515 0.0051 0.9597 0.0036 0.6813 
E. tetrodonta old 4 b 1.2648 237.8358 1.2204 229.4819 0.0049 0.9299 0.0033 0.6289 
F. tetrodonta old 4 b 1.2557 236.1211 1.2110 227.7088 0.0052 0.9823 0.0036 0.6799 
E. tetrodonta old 5 a 1.3203 248.2790 1.2828 241.2236 0.0053 0.9968 0.0040 0.7437 
E. tetrodonta old 5 a 
E. tetrodonta old 5 b 1.2819 241.0425 1.2411 233.3754 0.0057 1.0633 0.0042 0.7840 
E. tetrodonta old 5 b 1.2322 231.7081 1.1900 223.7707 0.0053 0.9929 0.0037 0.7050 

mean 1.2975 243.9854 1.2590 236.7463 0.0048 0.9041 0.0034 0.6432 
SD 0.0484 9.0952 0.0510 9.5875 0.0005 0.0904 0.0004 0.0726 

'-4 



SPECIES LEAF TREE SAMPLE CONSTRUCTION COST MAINTENANCE COST 
AGE MAXIMUM MINIMUM MAXIMUM MINIMUM 

)g glucose g) (g glucose m 2) (g glucose g 1) (g glucose rn 2) (g glucose )g glucose (g glucose (g glucose 

9 1  day) m 2  day) g day 1 ) m 2  day) 

E. tetrodonta new 1 a 
E. tetrodonta new 1 a 
E. tetrodonta new 1 b 
F. tetrodonta new 1 b 
F. tetrodonta new 2 a 
E. tetrodonta new 2 a 
E. tetrodonta new 2 b 
F. tetrodonta new 2 b 
E. tetrodonta new 3 a 0.0049 0.7919 0.0037 0.5987 
E. tetrodonta new 3 a 0.0047 0.7609 0.0036 0.5738 
E. tetrodonta new 3 b 0.0042 0.6638 0.0031 0.4908 
E. tetrodonta new 3 b 0.0038 0.6013 0.0028 0.4535 
E. tetrodonta new 4 a 
E. tetrodonta new 4 a 
E. tetrodonta new 4 b 
E. tetrodonta new 4 b 
E. tetrodonta new 5 a 1.3502 243.0251 1.3253 238.5296 0.0036 0.6494 0.0027 0.4885 
E. tetrodonta new 5 a 1.3512 243.1965 1.3120 236.1438 0.0044 0.7960 0.0031 0.5525 
E. tetrodonta new 5 b 1.3062 237.7035 1.2772 232.4219 0.0040 0.7312 0.0030 0.5421 
E. tetrodonta new 5 b 1.3307 242.1684 1.3024 237.0182 0.0040 0.7204 0.0029 0.5351 
E. tetrodonta new 6 a 1.2829 196.7379 1.2511 191.8511 0.0038 0.5885 0.0027 0.4153 
E. tetrodonta new 6 a 1.2608 193.3454 1.2200 187.0927 0.0046 0.7006 0.0031 0.4830 
E. tetrodonta new 6 b 1.2517 202.7638 1.2122 196.3721 0.0043 0.6910 0.0029 0.4684 
E. tetrodonta new 6 b 1.2663 205.1362 1.2314 199.4868 0.0043 0.6928 0.0031 0.4942 

mean 1.3000 220.5096 1.2664 214.8645 0.0042 0.6990 0.0031 0.5080 
SD 0.0404 22.8054 0.0439 22.9634 0.0004 0.0667 0.0003 0.0531 

(N 



(v) 
'.0 

CONSTRUCTION COST MAINTENANCE COST 
MAXIMUM MINIMUM MAXIMUM MINIMUM 

(g glucose g) (g glucose m 2) (g glucose g) (g glucose m 2) (g glucose (g glucose (g glucose (g glucose 

g day') m 2  day) g day) m 2  day) 

0.0052 1.0439 0.0039 0.7858 
0.0050 1.0043 0.0038 0.7558 

1.2743 249.3698 1.2358 241.8437 0.0052 1.0147 0.0038 0.7474 
1.2459 243.8153 1.2093 236.6605 0.0050 0.9777 0.0037 0.7214 
1.2750 245.9898 1.2354 238.3618 0.0053 1.0313 0.0039 0.7580 
1.2466 240.5201 1.2034 232.1761 0.0055 1.0561 0.0039 0.7608 

SPECIES LEAF TREE SAMPLE 
AGE 

1.2245 221.4774 1.1913 215.4706 

1.3449 243.2375 1.3143 237.7070 

1.3488 253.0508 1.3186 247.3992 
1.2840 240.9043 1.2580 236.0314 
1.1735 180.9333 1.1376 175.3944 
1.3295 204.9829 1.2977 200.0836 
1.3386 218.9374 1.3080 213.9399 
1.3502 220.8412 1.3138 214.8834 

1.2863 230.3383 1.2520 224.1626 
0.0572 21.4662 0.0595 20.9398 

0.0054 0.9724 0.0042 0.7573 
0.0052 0.9386 0.0041 0.7391 
0.0049 0.9186 0.0038 0.7141 
0.0053 0.9869 0.0043 0.8072 

0.0052 0.9945 0.0040 0.7547 

0.0002 0.0445 0.0002 0.0276 

E. miniata old 1 a 

F. miniata old 1 a 
F. miniata old 1 b 
F. miniata old 1 b 
F. miniata old 2 a 
E. miniata old 2 a 
E. miniata old 2 b 
E. miniata old 2 b 
F. miniata old 3 a 
E. miniata old 3 a 
E. miniata old 3 b 
E. miniata old 3 b 
F. miniata old 4 a 
E. miniata old 4 a 
F miniata old 4 b 
E. miniata old 4 b 
E. miniata old 5 a 
F. miniata old 5 a 
F. miniata old 5 b 
F. miniata old 5 b 

mean 
SD 



SPECIES LEAF TREE SAMPLE CONSTRUCTION COST MAINTENANCE COST 
AGE MAXIMUM MINIMUM MAXIMUM MINIMUM 

(g glucose g 1) (g glucose m 2) (g glucose g 1) (g glucose m 2) (g glucose (g glucose (g glucose (g glucose 

9 1  day) m 2  day) 9 1  day 1) m 2  day 1) 

E. rn/n/ate new 1 a 
E. rn/n/ata new 1 a 
E. rn/n/ate new 1 b 
E. rn/niata new 1 b 
E. rn/n/eta new 2 a 
E. rn/n/ate new 2 a 
F. rn/n/ate new 2 b 0.0059 0.7965 0.0046 0.6199 
E. rnin/ata new 2 b 0.0059 0.7891 0.0046 0.6169 
E. rn/n/eta new 3 a 0.0062 0.7844 0.0049 0.6163 
E. rn/n/ate new 3 a 0.0065 0.8208 0.0049 0.6225 
E. rn/n/eta new 3 b 
E. rn/n/ate new 3 b 
F. rn/n/ate new 4 a 1.3693 167.8649 1.3338 163.5118 0.0059 0.7212 0.0046 0.5694 
E. rn/n/ate new 4 a 1.3373 163.9501 1.2959 158.8694 0.0060 0.7307 0.0045 0.5556 
E. rn/n/ate new 4 b 1.3174 166.3841 1.2735 160.8423 0.0061 0.7671 0.0045 0.5727 
F. mm/ate new 4 b 1.3072 165.0915 1.2584 158.9284 0.0061 0.7754 0.0044 0.5611 
F. rn/niata new 5 a 1.3714 170.3784 1.3356 165.9282 0.0059 0.7376 0.0047 0.5801 
F. rn/n/ate new 5 a 1.3828 171 .7976 1.3405 166.5387 0.0060 0.7479 0.0045 0.5646 
F. rn/n/eta new 5 b 1.4279 193.0422 1.3924 188.2428 0.0059 0.7967 0.0047 0.6288 
F. rn/n/ate new 5 b 1.4033 189.7182 1.3581 183.5982 0.0060 0.8155 0.0045 0.6047 

mean 1.3646 173.5284 1.3235 168.3075 0.0060 0.7736 0.0046 0.5927 
SD 0.0417 11.3506 0.0447 11.3124 0.0002 0.0330 0.0001 0.0278 

F. 



U) 

MAINTENANCE COST 
MAXIMUM MINIMUM 

(g glucose (g glucose (g glucose (g glucose 

9 1  day) m 2  day) 9 1  day 1) m 2  day 1 ) 

0.0063 0.6215 0.0035 0.3471 
0.0073 0.7211 0.0042 0.4076 
0.0075 0.7356 0.0043 0.4217 
0.0070 0.6827 0.0039 0.3827 
0.0066 0.9006 0.0042 0.5735 
0.0062 0.8539 0.0039 0.5350 
0.0058 0.7915 0.0034 0.4723 
0.0061 0.8317 0.0036 0.4976 
0.0045 0.4703 0.0030 0.3148 
0.0040 0.4238 0.0025 0.2633 
0.0039 0.4031 0.0027 0.2829 
0.0031 0.3290 0.0022 0.2302 
0.0041 0.4473 0.0026 0.2827 

0.0033 0.3574 0.0022 0.2359 
0.0036 0.3981 0.0022 0.2447 

0.0053 0.5978 0.0032 0.3661 
0.0015 0.2015 0.0008 0.1143 

SPECIES LEAF TREE SAMPLE CONSTRUCTION COST 
AGE MAXIMUM MINIMUM 

(g glucose g 1) (g glucose m 2) (g glucose g1)  (g glucose m 2) 

P. careya new 1 a 1.2882 126.5297 1.2074 118.5972 
P. careya new 1 a 1.2108 118.9228 1.1177 109.7872 

P. careya new 1 b 1.2832 126.0345 1.1901 116.8951 
P. careya new 1 b 1.2639 124.1468 1.1755 115.4637 
P. careya new 4 a 1.3059 178.8615 1.2360 169.2907 
P. careya new 4 a 1.2768 174.8820 1.2087 165.5555 
P. careya new 4 b 1.2569 172.1595 1.1888 162.8264 
P. careya new 4 b 1.2603 172.6228 1.1889 162.8420 
P. careya new 6 a 
P. careya new 6 a 
P. careya new 6 b 1.2846 134.4813 1.2537 131.2529 
P. careya new 6 b 1.2016 125.7923 1.1769 123.2053 
P. careya new 7 a 1.2558 137.2042 1.2142 132.6556 
P. careya new 7 a 1.2175 133.0191 1.1721 128.0591 
P. careya new 7 b 1.2376 135.2158 1.2081 131.9842 
P. careya new 7 b 
P. careya new 10 a 
P. careya new 10 a 
P. careya new 10 b 
P. careya new 10 b 
P. careya new 12 a 
P. careya new 12 a 
P. careya new 12 b 
P. careya new 12 b 

mean 1.2572 143.0671 1.1952 136.0319 
SD 0.0321 22.5221 0.0333 21.3605 



SPECIES LEAF TREE SAMPLE CONSTRUCTION COST MAINTENANCE COST 
AGE MAXIMUM MINIMUM MAXIMUM MINIMUM 

(g glucose g1)  (g glucose m 2) (g glucose g1)  (g glucose m 2) Ig glucose (g glucose (g glucose (g glucose 

9 1  day) m 2  day 1) 9 1  day 1 ) m 2  day 1) 

T. ferdinandiana new 3 a 
T. ferdinandiana new 3 a 
T. ferdinandiana new 3 b 
T. ferdinandiana new 3 b 
T. ferdinandiana new 5 a 1.1261 113.6973 1.0504 106.0582 0.0071 0.7190 0.0045 0.4516 
T. ferdinandiana new 5 a 1.1176 112.8466 1.0418 105.1864 0.0071 0.7169 0.0044 0.4488 
T. ferdinandiana new 5 b 1.1345 106.8299 1.0554 99.3806 0.0076 0.7179 0.0049 0.4573 
T. ferdinandiana new 5 b 1.1309 106.4907 1.0523 99.0896 0.0072 0.6812 0.0045 0.4219 
T. ferdinand/ana new 6 a 
T. ferdinandiana new 6 a 
T. ferdinandiana new 6 b 
T. ferdinandiana new 6 b 
T. ferdinandiana new 7 a 1.1906 95.0954 1.1123 88.8398 0.0081 0.6449 0.0054 0.4283 
T. ferdinandiana new 7 a 1.1822 94.4219 1.1056 88.3066 0.0080 0.6427 0.0054 0.4307 
T. ferdinandiana new 7 b 1.1375 88.4402 1.0940 85.0572 0.0038 0.2967 0.0022 0.1718 
T. ferdinandiana new 7 b 1.1339 88.1576 1.1089 86.2184 0.0042 0.3283 0.0032 0.2508 
T. ferd/nand/ana new 8 a 1.2447 118.9833 1.1587 110.7652 0.0083 0.7903 0.0053 0.5068 
T. ferdinandiana new 8 a 1.2252 117.1225 1.1393 108.9088 0.0081 0.7721 0.0051 0.4878 
T. ferdinandiana new 8 b 1.1815 117.4316 1.1068 110.0072 0.0071 0.7074 0.0045 0.4497 
T. ferdinandiana new 8 b 1.1928 118.5527 1.1039 109.7221 0.0082 0.8107 0.0051 0.5074 
T. ferdinandiana new 9 a 1.1720 110.7459 1.0818 102.2182 0.0082 0.7759 0.0051 0.4833 
T. ferdinandiana new 9 a 1.1862 112.0861 1.1023 104.1581 0.0082 0.7772 0.0053 0.5040 
T. ferdinandiana new 9 b 1.1939 116.9489 1.1086 108.5859 0.0084 0.8185 0.0054 0.5306 
T. ferdinandiana new 9 b 1.0990 107.6462 1.0070 98.6340 0.0087 0.8528 0.0056 0.5439 

mean 1.1655 107.8435 1.0893 100.6960 0.0074 0.6908 0.0047 0.4422 
SD 0.0410 10.6302 0.0389 9.0158 0.0014 0.1595 0.0009 0.0984 



SPECIES LEAF TREE SAMPLE CONSTRUCTION COST MAINTENANCE COST 
AGE MAXIMUM MINIMUM MAXIMUM MINIMUM 

(g glucose g 1 ) (g glucose m 2) (g glucose g 1 ) (g glucose m 2) (g glucose (g glucose Ig glucose (g glucose 

g 1  day 1) m 2  day) g 1  day) m 2  day 1 ) 

S. suburb/cu/are old 1 a 1.2210 139.9580 1.1686 133.9474 0.0073 0.8326 0.0054 0.6169 
S. suburb/cu/are old 1 a 1.2728 145.8929 1.2181 139.6293 0.0075 0.8646 0.0056 0.6408 
S. suborb/culare old 1 b 1.2648 144.9826 1.2057 138.2076 0.0075 0.8601 0.0054 0.6204 
S. suburb/cu/are old 1 b 1.2344 141 .4940 1.1858 135.9188 0.0070 0.8048 0.0053 0.6031 
S. suburb/cu/are old 2 a 1.1690 133.9948 1.1088 127.0943 0.0076 0.8698 0.0054 0.6229 
S. suburb/cu/are old 2 a 1.2338 141.4257 1.1726 134.4143 0.0075 0.8581 0.0053 0.6077 
S. suburb/cu/are old 2 b 1.2191 139.7382 1.1626 133.2673 0.0074 0.8479 0.0054 0.6171 
S. suburb/cu/are old 2 b 1.2208 139.9369 1.1672 133.7898 0.0075 0.8620 0.0056 0.6416 
S. suburb/cu/are old 3 a 1.1557 132.4786 1.0954 125.5622 0.0080 0.9182 0.0059 0.6725 
S. suburb/cu/are old 3 a 1.1985 137.3775 1.1398 130.6505 0.0083 0.9493 0.0062 0.7098 
S. suburb/cu/are old 3 b 1.1802 135.2874 1.1236 128.7893 0.0073 0.8407 0.0053 0.6074 
S. suburb/cu/are old 3 b 1.2985 148.8375 1.2401 142.1516 0.0074 0.8473 0.0053 0.6077 
S. suburb/cu/are old 4 a 1.2151 139.2867 1.1607 133.0478 0.0074 0.8526 0.0054 0.6242 
S. suburb/cu/are old 4 a 1.1836 135.6733 1.1274 129.2267 0.0075 0.8589 0.0054 0.6239 
S. suburb/cu/are old 4 b 1.2348 141 .5365 1.1739 134.5594 0.0076 0.8767 0.0055 0.6298 
S. suburb/cu/are old 4 b 1.2135 139.1007 1.1545 132.3357 0.0075 0.8634 0.0054 0.6236 
S. suburb/cu/are old 5 a 1.1506 131.8888 1.0997 126.0570 0.0071 0.8150 0.0053 0.6021 
S. suburb/cu/are old 5 a 1.2022 137.8013 1.1511 131 .9457 0.0069 0.7954 0.0051 0.5815 
S. suburb/cu/are old 5 b 1.2193 139.7582 1.1511 131.9484 0.0078 0.8979 0.0054 0.6238 
S. suburb/cu/are old 5 b 1.2120 138.9267 1.1440 131.1290 0.0079 0.9056 0.0055 0.6314 

mean 1.2150 139.2688 1.1575 132.6836 0.0076 0.8610 0.0055 0.6254 
SD 0.0373 4.2751 0.0374 4.2884 0.0003 0.0370 0.0002 0.0271 
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