
Physiology of Intraspecific and Interspecific Hybrids of 

Acacia auriculiformis A. Conn. ex Benth. 

by 

Sapit Royampaeng 

B.Sc. (Forestry) 2nd class honors, M.Sc. (Forestry) 

(Kasetsart University, Bangkok, Thailand) 

Submitted in fulfillment of the requirements for the degree of 

Doctor of Philosophy 

Faculty of Science, Information Technology and Education 

Northern Territory University 

Darwin 

July 2001 



. .

II 

Declaration 

I hereby declare that the work herein, now submitted as a thesis for the degree of Doctor of 

Philosophy of the Northern Territory University, is the result of my own investigations, 

except as acknowledged in the text. I hereby certify that the work embodied in this thesis has 

not been submitted in whole or in part for any degree at this or any other university. 

Signed: 

Sapit Royampaeng 

Dated: 

\?> :J� 2001



Ill 

Acknowledgements 

I would like to express my appreciation to the people who gave advice, assistance, support 

and friendship over the past three and a half years at NTU. Firstly, I would like to thank my 

supervisor, Dr. Kam Chau Woo, who has provided me with a great opportunity to undertake 

this study in the wet-dry tropics of northern Australia. His valuable guidance, constant 

encouragement and constructive criticism were essential for the completion of this study. 

Dr. Kelvin Montagu put many hours into improving my skill in laboratory work, fieldwork 

and data analysis. His great contribution was crucial during the initial phases of this study, 

and his comment on the manuscript was greatly appreciated. I would like to thank him for his 

time and thought. 

I would like to thank Dr. S.C. Wong and Dr. Beverley Henry, Research School of Biological 

Science, Australian National University, for their help with the micro-bomb calorimeter. 

I would especially like to thank Andrew Metcalfe, Li-Xia Liu and Daniel Gal for their support 

and friendship in the field and laboratory. The staff at School of Biological and 

Environmental Sciences were always helpful and friendly. In particular, I would like to thank 

Mike Bellamy for his kind and efficient help in all computer matters throughout my study. I 

also like to thank all fellow students and friends for their support, encouragement and 

friendship during my study. 

I acknowledge the substantial financial support given by ACIAR (John Allwright Fellowship 

Scholarship) throughout my study. The kind support given by a number of ACIAR (Dr. John 

Fryer and Mrs Heather Crompton) and CSIRO (Mr. Khongsak Pinyopusarerk and Dr. Chris 

Harwood) staff was greatly appreciated. 

The support and assistance given by a number of people in Thailand have also been of great 

importance. I would like to express my appreciation to Dr. Ladawan Puangchit, Kasetsart 

University Faculty of Forestry (KUFF), who initially offered me an opportunity to join the 

ACIAR project 9310. I deeply appreciate her kind support in various ways. To the KUFF 

'Silvie ' postgraduate fellows, particularly Nipon Chaisalee, Watinee Thongchet, Pranom 

Phasuk and Komsan Raungritsarakul, thank you for your invaluable help in the field 

whenever needed. Such challenging and enjoyable fieldwork will never be forgotten. 



lV 

I am grateful to Mr. Vitoon Luangviriyasaeng, Mr. Rattana Thai-Ngam, Mr. Apisit Simsiri 

Mr. Somyoj Kijkar and Dr. Jesada Luangjame (Royal Forest Department) for kindly 

providing valuable help and facilities during the fieldwork in Thailand. 

I would like to express my cordial thanks to my beloved parents and elder brother for their 

love and full support. I dedicate my work to my mother who never had a chance to see how 

far the daughter has pursued her education. 

Lastly, I would like to express my heartfelt thanks to Piyawat Diloksumpun who has always 

been helpful, understanding and patient in every single step of my study. His great support, 

both moral and material, has been essential to the completion of this thesis. 



v 

Abstract 

The growth and physiological characteristics of Acacia auriculiformis, A. mangium and their 

interspecific hybrids and the intraspecific hybrids of Acacia auriculiformis were investigated 

in the field at two sites in the wet-dry tropical region of Australia and Thailand. The study in 

Australia involved 1- to 2-year-old saplings of the intraspecific and interspecific hybrids and 

the parental species. In Thailand, mature trees of A. auriculiformis, A. mangium and the 

natural A. mangium x A. auriculiformis hybrid were used to examine the influence of light 

and seasonal drought on canopy structure, composition and photosynthetic performance. 

Saplings of A. auriculiformis, A. mangium and the A. auriculiformis x A. mangium hybrids 

showed significant differences in growth (4.8-7.9 m at 25 months) and canopy size, and 

physiological adaptation to seasonal drought. Canopy phyllode area appeared to be a good 

indicator for growth in these acacias. Furthermore, larger canopy size was supported by 

lower-cost phyllodes and greater resource-use efficiency. The results help to identify some of 

the important physiological parameters underlying growth performance in these tropical 

acac1as. 

Among the three species, A. auriculiformis and the interspecific hybrids had the highest 

phyllode photosynthetic activity in the dry season and A. auriculiformis also had the most 

rapid photosynthetic recovery after early rains in the wet season. The A. auriculiformis (NT) x 

A. mangium hybrid was the best of the two interspecific hybrid genotypes with respect to 

drought tolerance. The excellent performance of this hybrid genotype and A. auriculiformis 

seemed to be related to their ability to maintain high photosynthesis at low soil water 

availability. The evidence suggests that this may possibly be genetically determined at the 

maternal level. Surprisingly, A. mangium performed poorly in both situations despite a rapid 

increase in soil water availability at the first drought-breaking rains. Their low photosynthetic 

activity could be attributed primarily to stomatal limitation at the leaf-air interface. However, 

phyllode chlorophyll content also declined dramatically in all three species in the dry season 

indicating that non-stomatal factors were also important regulators of photosynthesis during 

drought. Interestingly, chlorophyll content, but not photosynthesis, recovered completely in 

the early wet season. The results indicate that different factors may be involved in the 

regulation of photosynthesis in these acacias at different seasons. 

Heterosis is evident in the interspecific and interprovenance hybrids examined in this study. 

On average, the interspecific hybrids were superior in growth performance to the intraspecific 

hybrids and were equal to the best intraspecific hybrid genotypes i~ drought tolerance. 
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Mature trees of A. auricu/iformis, A. mangium and their interspecific hybrids in Thailand had 

dramatically different canopy structure and form. A. auriculiformis had diamond-shaped, 

A. mangiwn dome-shaped and the natural interspecific hybrid columnar-shaped canopy. Over 

half of the canopy area in A. mangium was presented at the top 3 m, twice the value 

determined for A. auriculiformis and the hybrid. Seasonal drought had different effects on the 

acacias . The canopy of A. auriculiformis and the hybrid was reduced to half of their size with 

most of the loss occurring in the top 6 m of the canopy. In contrast, the canopy size of 

A. mangium decreased less than 15%. Consequently, light availability (penetration) increased 

within the canopy in the dry season. Phyllode nitrogen also increased but photosynthesis, 

SLA and chlorophyll content decreased. However, sun phyllodes still had greater 

photosynthetic activity, Rei and phyllode construction cost than shade phyllodes in both 

seasons. Canopy phyllode area was the predominant factor for canopy gain (photosynthesis) 

and loss (R.i and construction cost) for both seasons. Nevertheless, the hybrid canopy, which 

had the smallest canopy phyllode area and lower photosynthesis, was much more efficient in 

the utilization of resources compared to the other two acacia canopies. 

The results show that the acacia species and genotypes examined in this study had adopted 

distinctive strategies for growth, light capture and drought tolerance and recovery in a 

seasonally wet-dry tropical environment. Some of the physiological traits involved may have 

a genetic basis. 
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CHAPTER ONE 

INTRODUCTION 



Chapter One: Introduction 

1.1 The Study Species 

Acacia auriculiformis A. Cunn. ex Benth. and A. mangium Willd. are leguminous tree 

species in the subfamily Mimosoideae which contains more than fifty genera . The genus 

Acacia possibly includes about 1200-1300 described species of trees and shrubs occurring m 

Australia, Asia, Africa and the Americas (Maslin and McDonald 1996). The major 

characteristics used to classify acacias have been the gross morphology of foliage and 

inflorescence. Typically, A. auriculiformis and A. mangium possess phyllodes. instead of 

leaves, and their phyllode morphology, which remains virtually constant for each spec1es. 

can be taxonomically useful for distinguishing the species. A. auriculiformis had four and 

A. mangium only three prominent longitudinal veins in the phyllode. These species are also 

distinguished by their phyllode shape i.e. length/width ratio (Gan and Sim 1992). 

A. mangium phyllodes are 3-5 times whereas A. auriculiformis phyllodes are 5-11 times 

longer than their width. Additionally, the tiny yellowish flowers of the A. auriculiformis 

inflorescence are easily distinguished from the tiny whitish or creamy flowers of the 

A. mangium inflorescence (Plate 1.1). Another difference is tree fonn. A. auriculiformis 

generally has a crooked stem or multi-stems with heavy branching but some provenances 

have a good tree form, light branching and good stem circularity. In contrast, A. mangium 

possesses a well-defined and relatively straight bole, and a good crown/clear bole ratio . 

However, it has some unfavorable traits such as large branches, fluted stem, poor stem 

circularity and poor self-pruning ability, and susceptibility to heart rot (Pinso and Nasi 

1992) . . 

Both are tropical tree species growing in disjunct regions from tropical Australia to Papua 

New Guinea (Fig. 1.1). A. auriculiformis is native to the Northern Territory (NT) and far 

north Queensland (QLD) of Australia, Papua New Guinea (PNG) and parts of Irian Jaya, 

Indonesia (Boland et a/. 1990), while A. mangium is native to northeast QLD. southwest 

PNG, and parts oflrian Jaya (Pinyopusarerk eta/. 1993). A. auriculiformis is predominantly 

found in coastal, sub-coastal and seasonally tropical lowlands from near sea level to 380 m 

above mean sea level (MSL), but most commonly at elevation less than 80 m above MSL 

with mean annual rainfall ranging from 9 19-2063 mm (Boland eta/. 1990). It has the abd1ty 

to grow in a variety of tropical soil types that include calcareous sands to black cracking 

clay. The seedlings have the ability to compete with Imperata cylindrica during early growth 

stages and, once mature, may reduce the occurrence of this weed to sparse ground cover 

(Pinyopusarerk 1987). 
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A. auriculiformis 

A. mangium 

Plate 1.1 Mature trees of Acacia auriculiformis and A. mangium growing in Sakaerat, 

Nakhon Ratchasima province, Thailand. 
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Figure 1.1 Natural distribution of (a) Acacia auriculiformis. and (b) A. mangium m 

Australia, Papua New Guinea and Indonesia. 
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A . mangium occurs principally from just above MSL to about I 00 m elevation. w1th an upper 

limit of 780 m . The species is distributed mainly along the boundary of the wann and hot 

(humid or wet) tropical climatic zones. The disjunct d1stnbut1on of th1s spec1es IS strongly 

influenced by rainfall patterns and soi l drainage (Nicholson 1981; Pmyopus.1rcrk et a/ 

1993). It occurs in regions with annual rainfall of 1446-2970 mm Wlth a relat1 vely dry pcnod 

of 4 months, and grows satisfactorily on eroded, rocky to gravelly, thm mmeral soils and 

sometimes on well-drained acid soils with low fertility (Pinyopusarerk et a/. 1993 ). 

In their natural range, A. auriculiformis and A. mangium are of hm1ted use to the local 

people. Because of their rapid growth, good wood quality and tolerance to a w1de range of 

soil conditions, they are considered to be two of the most promising e)(Otlc tree spcc1es for 

reforestation and afforestation purposes in many countries. A. mangium IS w1del y planted m 

Indonesia, Malaysia and the Philippines, while A. auriculiformis IS very 1mportant for 

industrial and household wood supplies in China, India, Thailand and Y1etnam (Turnbull and 

Crompton 1990; Turnbull et al. 1998). 

The growth performance of these two species has been investigated e)(tens1vcly w1th other 

fast growing acacias (Yantasath 1986; Anwar 1987; Brewbaker 1987: Pmyopusar~rk 1990) 

and in international provenance trials in many countries (Luangvmyasaeng eta/ I 991 : Yang 

and Zeng 1991; Atipanumpai 1989; Khamis 1991; Harwood and Wllltams 1992) Seed 

production areas and seed orchards for both species have been establ1shed to pro' 1de broad 

genetic bases for plantations around the region (Pinyopusarerk 1987·. Harwood et a/. 1991 : 

Awang and Bhumibhamon 1993; Montagu eta/. 1998). 

1.2 Acacia Hybrids 

Hybridization in tree breeding refers to the crossing between di ffercnt spec1cs ( mtcrspcc1 f1c 

hybridization) or different races within species (intraspecific or mtcrprovcnancc 

hybridization) (Wright 1976; Nikles 1993). Many forest tree spec1 es exh1b1t great gcncttc 

variations among provenance, so crosses between disparate provenances m1ght mvolve 

greater genetic differences of the parents than exist for crosses between some spccte'> 

Crossing between provenance within a species is not accompan1ed by reduced vtabtltt) and 

the kind of advanced degeneration (hybrid-breakdown) wh1ch may occur m 1ntcr.,pc:ufic 

hybrids (Nikles and Griffin 1992). It is therefore useful to spec1fy whether a hybnd 1s an 

interprovenance (within species) or interspecific hybrid. 
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A number of forest tree genera, including Pinus, Populus, Larix, Quercus and Eucalyptus, 

hybridize freely in nature and their manipulated hybridization have long been known (Wright 

1962). Successful hybridization programs of forest tree species have produced the P. elliottii 

var. elliottii x P. caribaea var. hondurensis hybrids in QLD (Nikles and Robinson 1989), the 

E. urophylla x E. grandis and E. grandis x E. pel/ita hybrids in Brazil and the E. tereticornis 

x E. grandis and E. alba x E. urophylla hybrids in Congo (Martin 1989). Within acacias, 

hybridization may occur spontaneously and under controlled conditions but, apparently, only 

between closely related species (New 1984). There have been reports of natural hybrids 

between A. nilotica subsp. indica and A. nilotica subsp. hemispherica, between 

A. auriculiformis and A. leptocarpa and between A. auriculiformis and A. mangium (Zakaria 

1993). 

The first occurrence of a possible hybrid between A. auriculiformis and A. mangium was 

recorded in Sabah and later confirmed by the Queensland Herbarium in 1978 (Pinso and 

Nasi 1992). Subsequently, the spontaneous hybrid has been reported in both natural 

populations and plantations (Sim 1987; Skelton 1987). These F1 hybrids are fertile but the F2 

hybrids exhibit considerable segregation (Kha et a/. 1998; Metcalfe and Woo 1998). The 

hybrid potential is higher when A. auriculiformis functions as the female parent (Rufelds 

1988: Zakaria 1991; Sedgley et a/. 1992). Controlled hybridization techniques developed for 

A. auriculiformis and A. mangium (Zakaria 1991 ; Sedgley et at. 1992; Sedgley and Harbard 

1993) provide opportunities to exploit the potential genetic gains of various hybrid 

combinations for growth performance in the field. 

Sometimes, natural hybrids can lead to taxonomic confusion and their identification becomes 

more difficult as the hybrid generation advances (Zakaria 1993). In the field, the hybrid of 

A. auriculiformis and A. mangium can be distinguished from its parental species by lighter 

colored and smoother bark (Kijkar 1992; Plate 1.2) but this characteristic is not evident in 

the seedling stage. Instead, assessments of both taxonomy and leaf developmental pattern on 

a weekly basis is used to identify the hybrid seedlings (Rufelds 1988; Gan and Sim 1992). 

The hybrid can now be easily identified by isozyme analysis (Wick:neswari 1989). 

In theory, interprovenance and interspecific hybridization can create different gene 

combinations not found in nature and generate heterosis or hybrid vigor (Nikles and Griffin 

1992; Pinso and Nasi 1992). Heterosis has been reported for several forest tree hybrids such 

as the E. tereticornis x E. camalduelensis (Venkatesh and Sharma 1977), E. tereticornis x. 

E. grandis (Martin 1989), E. alba x E. urophylla (Martin 1989) and P. trichocarpa x 

P. deltoides (Wu and Stettler 1994) hybrids including the hybrids of A. mangium and 
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A. auriculiformis (Darus and Ghani 1989; Pin so and Nasi 1992; Y antasath et a/. 1992; Kha 

1996). The general tree form of the A. mangium and A. auriculiformis hybrids is favorable as 

it inherits the stem straightness of A. mangium with the good self-pruning ability and stem 

circularity of A. auriculiformis (Zakaria 1993). The hybrid has intermediate physical and 

mechanical wood properties (Unchi 1991 ), wood density, higher pulp potential, and better 

paper properties such as breaking strength, folded times number and brightness (Kha 1996) 

compared to the parental species. Apparently, the hybrid is a suitable substitute for the 

parental species and has probably better wood quality for plywood, fiberboard and pulpwood 

than A. mangium, mainly because of its higher basic density (Pinso and Nasi 1992). The 

hybrid also shows more resistance to heart rot, while A. mangium is susceptible and hence 

less suitable for sawn timber production. Overall, the hybrids combine the best traits of the 

pure species and have the potential to become an important source of planting material in 

forestry planting programs in the tropical regions of Asia. 

Vegetative propagation is the most suitable method for maintaining heterosis and other 

superior characteristics of the F1 hybrids of A. mangium and A. auriculiformis because the F2 

hybrids produced from seeds exhibit segregation in their morphology and intermediate 

growth rate between their parental species (Kha et a/. 1998; Metcalfe and Woo 1998). 

Vegetative propagation by cuttings (Kijkar 1992; Kha eta/. 1998) and tissue culture (Darus 

1992) have the potential to produce large-scale planting stock of selected materials for 

forestry planting programs and such hybrid clones are being tested for clonal forestry in 

Vietnam (Kha 1996; Kha et al. 1998 ). 

1.3 Acacia Planting in Thailand 

The rapid depletion of forest area has led to wood shortages in many countries, including 

Thailand, around the region . Reforestation can help to restore the imbalance and provide 

wood for household and industrial uses. The use of fast-growing tree species is an important 

strategy in these programs. Both A. auriculiformis and A. mangium have been successfully 

used for reforestation programs in Thailand during the last two decades. The former was first 

introduced into Thailand from Australia as an ornamental tree in 1935 (Pinyopusarerk 1987), 

while the latter came via Sabah, Malaysia by the Forest Industry Organization of Thailand in 

1980 (Boonkird 1980). 
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Plate l.l Mature trees of the natural hybrid of Acacia mangium x A. auriculiformis planted 

in the Forest Tree Seed Management Centre, Saraburi province, Thailand. 
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The tree improvement programs of both tree species were started in the early I 980s when the 

Royal Forest Department of Tha iland (RFD) altered the list of the species selected for its 

reforestation program (Pinyopusarerk 1987). Both acacias were selected because of: ( I) their 

adaptability and fast growth; (2) nitrogen-fixing capabi lity; and (3) their wood quality and 

utility (Pinyopusarerk 1987; Atipunumpai 1989). The acacia improvement program has also 

been carried out by other institutions (e.g. the Thailand Institute of Scienti fic and 

Technological Research, the National Research Council of Thailand) where acacias are 

considered as fast-growing multipurpose tree species (Bhumibhamon 1992; Yantasath eta/. 

1992). The improvement program appears to meet some important criteria but the use of new 

genetic material from Australia and PNG continues to maintain a broad genetic base in future 

breeding populations (Pinyopusarerk eta/. 1998; Turnbull eta/. 1998). 

Natural hybrids of A. mangium and A. auriculiformis exhibiting heterosis and intermediate 

stem and crown characteristics have been propagated vegetatively and planted in 

demonstration trials for future genetic improvement in Thailand (Kijkar 1992; Yantasath 

et a/. 1992; Royampaeng et a/. 1998). Controlled hybridization of intraspecific crosses of 

A. auriculiformis and interspecific crosses between A. auriculiformis and A. mangium was 

conducted under the project on Physiology and Genetic Improvement of A. auriculiformis 

funded by Austra lian Centre of International Agricultural Research (ACIAR) during 1993-

1997 (Jiwarawat et a/. 1996). Seeds produced from these crosses were used to establish the 

progeny trials in Australia (Darwin) and Thailand for future improvement program of these 

acac1as. 

1.4 Photosynthetic Responses to Climatic Changes 

Net photosynthesis (Anct) is influenced by a number of abiotic and biotic factors . The 

following abiotic factors, which may interact synergistically, affect Anct directly: light, C02 

concentration, temperature, soil water status and nutrient availabil ity (Ehleringer and Pearcy 

1983; Larcher 1995). Anct varies with changes in stomatal conductance (gs) in response to 

these environmental factors because gs affects the rate of diffusion of C02 to the site of 

carboxylation, and hence the intercellular C02 concentration (C;). At low gs. Anct increases 

almost linearly with g, but, at high gs. it increases only marginally with gs or is almost 

independent of g, (Wong eta/. 1979; Farquhar and Sharkey 1982). Anct can also be directly 

or indirectly affected by changes in non-stomatal factors such as mesophyll or photochemical 

capacity . This section will concentrate on environmental influences on both stomatal and 

non-stomatal components of photosynthesis. 
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1.4.1 Light 

The response of photosynthesis to increasing photosynthetic photon flux density (PPFD) can 

be approximated by asymptotic exponential function and the initial slope of the relationship 

provides an estimate of apparent quantum yield(~) (Boote and Loomis 1991). For CJ plant, 

the~ values are generally within the range 0.047-0.055 moles C02 per mole incident quanta 

(Ehleringer and Pearcy 1983). 

The photosynthetic light-dependence vanes dramatically with light environments under 

which plants develop. Plants grown at low light usually utilize low PPFD more efficiently 

than those grown at high light, which are better able to utilize strong light intensities and 

produce substantially greater rate of light-saturated photosynthesis (Asar). A. auriculiformis 

seedlings grown under 5% growth irradiance showed a substantially lower Asat than those 

grown under 100% growth irradiance (Cole 1994). Shade plants also have lower light 

compensation point (PPFDc) due to lower dark respiration (R,) (Boardman 1977; Bjorkman 

1981 ; Givnish 1988). Within a canopy, sun leaves also have greater Asa1 than shade leaves 

(Oberbauer and Strain 1986; Morecroft and Roberts 1999). 

When plants are exposed to high light intensities for long periods, photoinhibition can occur, 

especially if water or temperature stresses are also presented (Bjorkman and Powles 1984). 

Intense light may result in a build-up of products of photosynthetic electron transport, and 

lead to an inhibition of electron transport and excessive excitation of the reaction center of 

photosynthesis (Baker 1993). Photoinhibition often causes a greater decline in ~ than in Asat 

(Leverenz et a/. 1990). Low ~ helps to protect the reaction center fTom damage from 

excessive light by deflection of excessive excitation away from the reaction center (Osmond 

and Chow 1988). 

Anet and gs generally responds to increasing PPFD in a similar manner and the PPFD 

required for maximal gs varies dramatically with species, leaf age and growth environments 

(Schulze and Hall 1982). The stomatal response to light appears to be either a direct response 

to photon flux or a response to some product of photosynthesis in the mesophyll t issue, 

rather than a means of maintaining constant Ci, because Ci increases when ambient C02 

concentration (C,) increases (Wong eta/. 1979). 
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1.4.2 Soil Water Availability 

Generally, gs decreases approximately linearly with decreasing soil water availability after 

reaching a threshold value, which depends on species, soil type and rate of transpiration 

(Leuning 1995). There is evidence that the effects of soil water status on stomata are 

functions in response, at least in part, to an abscissic acid (ABA) signal originating from 

roots (Davies et a/. 1990). Pre-dawn leaf water potential ('¥ pd) is a usefu l measure of water 

availability to a plant because it integrates soil water potential over the root zone of the plant 

(Schulze and Hall 1982). Consequently, Asa1 and gs values at Asal are often negatively 

correlated with'¥ pd (Reich and Hinckley 1989; Fordyce et at. 1997). 

The effects of water stress on Ancl have also been comprehensively investigated (Schulze and 

Hall 1982; Davidson and Reid 1989; Chaves 1991; Ni and Pallardy 1992; Flexas et at. 

1998). Under mild water stress, rapid stomatal closure decreases carbon flux to the 

mesophyll , thus decreasing photosynthesis (Schulze and Hall 1982; Kirschbaum 1987; 

Escalona et a/. 1999). The parallel decline in C02 fixation and g5 has led to the assumption 

that stomatal closure is a predominant factor inhibiting photosynthesis under water stress. 

Stomatal closure is indeed one of the first lines of defence against desiccation since it is a 

rapid, flexible and reversible process. As water deficit intensifies, stomatal control of 

photosynthetic activity becomes progressively less effective as C; generally increases 

(Kirschbaum 1987; Luo 1991 ; Tezara and Lowlor 1995). These findings suggest that 

stomatal factors may play the most important role in controll ing Ane1 during moderate water 

stress, but mesophyll (non-stomatal) factor become more important during severe drought. 

Water stress affects mesophyll metabolism and reduces photosynthetic capacity as a 

consequence of decreased RuP2 synthesis, as well as of decrease in Rubisco activity and/or 

in carboxylation efficiency (Lowlor 1995; Flexas et al. 1998; Escalona et a!. 1999). Other 

evidence shows that the initial effect of water stress reduces the capacity for RuP2 

regeneration but the carboxylation efficiency may be unaffected (Farquhar and Sharkey 

1982). Generally, mesophyll photosynthesis is affected only when relative water content of 

leaves falls to 50-70%, and irreversible damage in the chloroplast does not occur until 

relative water content decreases below about 30% (Chaves 1991). Despite severe water 

stress, mesophyll photosynthesis may be unaffected under short-term pot experiments where 

water stress develops too rapidly (Kramer 1983). 

Stomatal limitations of C02 uptake may be prolonged well after rehydration of water

stressed plants (Chaves 1991 ). In water-stressed orange trees, stomatal limitations can persist 

for more than 2 months following rewatering (Fereres et a!. 1979). Water stress has two 
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independent and parallel effects on the mesophyll capacity for photosynthesis in 

E. pauciflora and photosynthetic recovery followed a distinct two-stage pattern (Kirschbaum 

1988). The first effect was simply reversible, and its reversal involved concurrent increases 

in gs and the leaf capacity to assimilate C02• The second effect may involve damage to 

photosynthetic machinery that requires protein synthesis for its reversal. In the field, 

photosynthetic recovery in A. auriculiformis after 5 months of drought was primarily related 

to restoration of foliage chlorophyll content, even though stomatal limitations were removed 

rapidly (Montagu and Woo 1999). Overall, effects of water stress on photosynthesis and the 

recovery after stress relief can involve both stomatal and non-stomatal limitations and may 

vary with species. 

1.4.3 Atmospheric Water Availability 

The ambient air humidity variable sensed by stomata is the leaf-to-air vapor pressure 

difference (LA VPD) (Grantz 1990). Stomata tend to close with increasing LA VPD in most 

plant species (Schulze and Hall 1982). Localized water deficits in the mesophyll rather than 

peristomatal water loss might be responsible for the responses of stomata to changes in air 

humidity (Schulze 1994). Therefore, stomatal closure in response to increased LA VPD 

represents an efficient method of controlling transpiration and, thus, leaf water status. The 

extent of stomatal sensitivity to LA VPD also varies considerably with species and growth 

conditions (Bunce 1986; Schulze 1994; Maroco eta/. 1997). In absolute terrns, decline in gs 

with increasing LA VPD may be smaller when soil is dry and gs is low, than when soil is wet 

(Muchow et a/. 1980; Graham and Running 1984) or it may be similar for the wet and dry 

soils (Schulze and Hall 1982). Furthermore, stomata are more responsive to increasing 

LA VPD than decreasing LA VPD (Maroco et a/. 1997), and high LA VPD and high 

transpiration rates induced by increased LA VPD can reduce the mesophyll capacity for 

photosynthesis (Sharkey 1984; Bunce 1986). High LA VPD can also decrease assimilation 

rate directly by affecting the photosynthetic tissue and photochemical processes or C02 

assimilation (Dai eta/. 1992; Comic 1994). 

1.4.4 Temperature 

A majority of species has a broad optimal temperature for Anct. which declines gradually as 

leaf temperature (Trcar) is varied from optimum (Ferrar et a/. 1989; Wiebel et a/. 1993). 

However, Anet of some species can be more temperature sensitive and has a narrower optimal 

range of Trear (Sun and Ehleringer 1986). Tropical species generally have higher optimal 

temperature than temperate species. The optimum Trear reported for A. auriculiformis is 



Chapter One 12 

25-35°C (Trivedi eta/. 1992; Cole I 994) and for A. mangium 24-30°C (Atipunumpai 1989) 

and seems to vary with growth environment. 

The combination of high temperature and other stresses may predispose leaves to 

photoinhibition (Chaves 1991) leading to a reduction in Anet as Ttcaf is varied from the 

optimum due to a decrease in ~ and carboxylation efficiency of photosynthesis (Rhleringer 

and Bjorkman 1977; Tenhunen eta/. 1984). The decline in ~ with increased temperature has 

been attributed to increased oxygenase activity of Rubisco. Hence, it is likely that oxygenase 

activity is larger in tropical species than temperate species. 

Temperature also has a direct effect on g5, and the temperature at which g5 is maximal varies 

widely between species and growth conditions. Midday stomatal closure is often observed in 

plants experiencing high air temperature (Tair) and large relative humidity (RH) during the 

day. This can lead to a decline in Anct as stomatal closure would lead to a reduction in C; 

(Tenhunen et a!. 1981 ). In contrast, the midday depression of Anct and g5 in some cases 

would not be followed by a decline in C; if stomata are closing in response to reduced Asat to 

retain a constant C; (Farquhar and Sharkey 1982). However, the effect of C; upon Anet may 

be insufficiently large to explain all the reduction in Anet as Ttcar is varied from the optimum 

(Down ton et a/. 1987). If T1car rises above Tair. the leaf is exposed to a larger LA VPD, which 

may lead to a decrease in g5 and a concomitant fall in C;. The fall in C; limiting Anet may be 

significantly larger than under conditions where T1car is closely coupled to T8;., and may be 

more important than the direct temperature effect on Anet· Under low LA VPD conditions, the 

majority of the decline in Anet is due to non-stomatal limitations (Down ton et a/. 1987). 

1.5 Photosynthesis and Tree Growth 

The photosynthetic rate under natural atmospheric conditions and optimal conditions with 

respect to all other environmental factors is a constitutional characteristic of certain groups 

and species of plants. Variations in the Anet among provenance or clones within the species 

of some forest trees (Ceulemans et al. 1987; Larcher 1995), including A. auriculiformis 

(Cole et a!. 1994) and A. mangium (Atipanumpai 1989) have been published. Genetically 

determined differences in photosynthetic rate are quite large, and they may provide the basis 

for a selection criterion in tree-breeding programs. 

Tree growth is basically a matter of carbon balance. Since the majority of plant productivity 

is represented by carbohydrate, the products of C02 assimilation, it could be expected that" 

the growth rate of the plant would be correlated with its assimilation rate. In broad species 

comparisons, Reich eta/. ( 1998) have demonstrated that the relative growth rate is positively 
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correlated with the Anet· Similarly, the superior growth of acacia and eucalyptus tree 

seedlings compared to other fast growing species also indicated a positive correlation 

between growth rate and net photosynthetic rates of these species (Sun 1986). However, it is 

possible that the contribution of Anet towards a deeper understanding of plant growth might 

have been greatly overestimated because the great significance of dry matter partitioning, 

life-spans and costs of leaves, developmental processes and canopy structure have been 

overlooked (Korner 1991 ). 

No correlation between leaf Anet and biomass production has been reported in several species 

(Gifford and Evans 1981; Atipanumpai 1989; Cole et at. 1994). Instead, total leaf area of 

plant is of greater significance in determining differential growth rates than Anct alone 

(Postuka and Nelson 1986), and the total phyllode area was a better criterion for growth 

performance than photosynthetic rate in different provenances of A. auriculiformis (Cole 

et a/. 1994; Puangchit et a/. 1996; Woo et a/. 1998) and A. mangium (Atipanumpai 1989). 

Plants can achieve larger canopy area in three major manners by: (1) increasing partitioning 

of the plant biomass to foliage; (2) retention of fo liage for longer period; and (3) production 

of lower-cost foliage (Poorter 1989). The fast growing seedlings of A . auriculiformis 

appeared to produce lower cost phyllodes with greater SLA, thereby, resulting in greater 

resource-use efficiency (Montagu and Woo 1998; Woo eta/. 1998). 

Severe and prolonged seasonal drought is a common phenomenon in the wet-dry tropics. 

Consequently, plants with superior physiological mechanisms for adaptation to drought 

stress would be capable of achieving faster growth rate . Compared with slow-growing 

families , fast-growing families of black spruce, Picea mariana, were better able to maintain 

higher leaf photosynthesis under water stress and recover more rapidly after stress relief (Tan 

and Blake 1997). A. auriculiformis achieved greater stem volume yield by maintaining larger 

canopy area during the dry season (Puangchit et a/. 1996). In tree species, the benefits of 

increase in leaf area, at least before stand closure, a longer duration of photosynthesis and a 

photosynthetic mechanism more tolerant to drought and other stresses would enhance 

productive growth (Kramer 1986). The partitioning of root to shoot ratio is another important 

factor (Poorter 1989; Korner 1991 ). 

Dark respiration (~) was negatively correlated with relative growth rate for a number of tree 

species (Reich et a/. 1998). ~ also varies with changes in cl imatic factors. Water stress 

generally induces a reduction in ~ in a wide range of plant species while an increase in 

temperature has the opposite effect (Larcher 1995). Decreasing the night temperature from 

23°C to l7°C had resulted in a large increase in height growth of loblolly pine seedlings, 

which could be partly attributed to decreased ~ (Kramer 1986). However, the more 

productive provenances of A. mangium were not associated with lower ~ (Atipunumpai 

1989). 
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The discussion shows that the relationships governing plant growth and performance in the 

fie ld are extremely complex. Extrapolation of single-leaf measurements to whole-tree carbon 

balance, and thus biomass production, is difficult and probably unrealistic. On the other 

hand, total leaf area (or leaf area index) has been shown in studies from many species to be a 

more reliable and useful indicator of plant growth performance. An understanding of the 

physiological mechanisms governing growth performance can provide invaluable 

information and insight for future genetic improvement programs of forest tree species. 

1.6 Canopy Photosynthesis 

Whole-tree carbon gain depends on the photosynthetic capacity of individual leaves and their 

integration into effective canopy. Scaling leaf-level photosynthesis to the canopy level is 

complicated because of the effect of canopy structure on the microenvironment surroundmg 

the leaves. Understanding canopy photosynthetic capacity as a whole requires determination 

of the environmental variables and physiological responses that influence the photosynthetic 

characteristics of individual leaves throughout the canopy. 

Light is the primary environmental factor that varies most dramatically through the canopy. 

The pattern of light availability plays an important role in controlling leaf development, leaf 

energy balance and water use, and photosynthesis within the canopy (Norman and Campbell. 

1989; Ellsworth and Reich 1993; Holbrook and Lund 1995; Terashima and Hikosaka 1995). 

Basically, PPFD declines exponentially with depth in the canopy, with light penetration 

dependent on a number of factors such as the total amount of leaf area displayed, vertical 

distribution of leaves, leaf angle, leaf spectral properties (reflectance and transmittance of 

visible wavelengths) (Holbrook and Lund 1995). The vertical distribution of average PPFD 

levels within a forest can be well approximated by 

(-klAI l ) PPFD(z) = PPFDco> exp < > 

where PPFD<z> is the PPFD at the depth z in the canopy, PPFD<o> is the PPFD on the top of 

canopy, k is an empirically determined coefficient, and LAI<z> is the leaf area index 

(cumulative leaf area per a unit ground area, LAI) to the depth z (Norman 1975). Naturally, 

each tree species has its own unique spatial pattern for displaying photosynthetic surfaces 

and, hence, for intercepting photon flux. LAI can be use to indicate the relative amount of 

light intercepted by tree canopy (Nobel et a/. 1993; Holbrook and Lund 1995). In tree 

species with greater LAI, a greater proportion of light will be intercepted because there are . 

more layers of leaf material for light capture. 
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Light interception for canopy photosynthesis is dependent not only on leaf area for light 

capture but also on the distribution and orientation of leaves in the canopy (Ellsworth and 

Reich 1993 ). Tree canopies are likely to be composed of vertically oriented leaves at the top 

and horizontal )~aves lower down (Hollinger 1989; Holbrook and Lund 1995 ). This pattern 

may be related to the fact that canopy photosynthetic gain is maximized by characteristics 

that lead to a uniform light distribution through the canopy by enhancing light penetration at 

the canopy top and increasing interception at lower levels. 

For the same reasons, leaf nitrogen allocation is important for maximal canopy carbon gain. 

Based on the optimization theory, leaf nitrogen is allocated in such a way that leaves in 

higher light environments (canopy top) have higher nitrogen concentrations and 

consequently greater photosynthetic capacity (Hirose and Werger 1987; Hirose eta/. 1989). 

On the other hand, the coordination theory of nitrogen allocation hypothesized that plants 

allocate nitrogen to maintain a balance between two physiological processes defined as the 

Rubisco-limited and electron transport-limited rate of carboxylation (Chen et a/. 1993 ). 

However, the nitrogen required for balancing these two processes decreases with decreasing 

light intensity. Hence, leaf nitrogen is also expected to decrease with depth in the canopy. 

Distribution of photosynthesis in tree canopies is also closely correlated with variations in 

leaf structure (Holbrook and Lund 1995). Particularly, speci fie leaf area (SLA), as an inverse 

index of leaf thickness, is generally lower in leaves that develop in high light as a result of 

increased leaf thickness (Hollinger 1989; Ellsworth and Reich 1993; Ninemets 1997). Hence, 

SLA increases systematically from the top to the bottom of the canopy as the light 

interception decreases (Beadle 1993). Variation of SLA within the tree canopy is thought to 

be due to the direct effect of light levels for leaf development (Holbrook and Lund 1995). In 

some forest tree species, the trends of SLA within the canopy are highly correlated with 

photosynthetic capacity and leaf nitrogen (Hollinger 1989; Ellsworth and Reich 1993 ). 

The distribution of photosynthesis and leaf nitrogen within canopy can be expressed on 

either a mass or area basis. On a mass basis CNmass), leaf nitrogen may be invariable or 

increase slightly with increasing light within canopy but, on an area basis CNaru). leaf 

nitrogen generally increases with increasing light (Hollinger 1989; Ellsworth and reich 1993; 

Morecroft and Roberts 1999). Diverse responses of Narea and Nmass in respect to canopy ltght 

environment can be explained by variations in SLA due to the multiplicative effects of ligh1 

on leaf structure. It is, therefore, essential to understand how SLA, photosynthetic rate and 

leaf nitrogen are interrelated and contribute to the tree canopy photosynthetic capacity. 
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1.7 Plant Resource-Use Efficiency 

Natural selection favors plant species whose traits maximize the benefits whilst reducing the 

costs of performing various processes and functions. Plants favored by natural selection 

usually have greater resource-use efficiency. Benefits to plants are usually in the form of 

photosynthetic carbon gain and, therefore, costs are leaf costs associated with photosynthesis 

including nutrient partitioning of leaves and water loss during carbon gain (Cowan 1986). 

The relationship between leaf costs and benefits reflects the underlying trade-off between the 

carbon gain and energetic costs of plant species. An analysis of leaf costs and benefits based 

upon carbon, nitrogen and water budgets, which are involved in photosynthetic processes, 

can be applied to determine the optimization of plant carbon gain as a whole plant strategy. 

The concepts of carbon and energy cost in plant tissues are related because fixed carbon is 

the form in which energy is stored and transported. All costs of carbon or energy producing 

net gain in dry matter is defined as construction cost, which includes carbon actually 

incorporated into new biomass and the carbohydrate metabolized to produce A TP and 

reductant for biosynthesis processes, transport processes and nutrient uptake and reduction 

(Chiariello et a/. 1989). The construction cost varies with age and chemical composition of 

the plant tissues, plant phenology and environmental conditions (Lafitte and Loomis 1988). 

Leaves of deciduous species are less costly to produce compared to those of evergreen 

species, which contain more structural, supporting and defensive tissues contributing to 

increased stress tolerance and leaf longevity (Williams et al. 1989; Kikuzawa 1991; Griffin 

1994). Environmental factors such as water, light, C02 concentration and nitrogen 

availability can impact the construction cost in various ways. Construction cost is likely to 

increase with high availability of light or nitrogen (Lafitte and Loomis 1988; Williams eta/. 

1989; Griffin eta!. 1993). 

All the biochemical and photobiological processes of photosynthesis require proteins which 

may account for over 75% of the total leaf nitrogen (Field and Mooney 1986). The 

photosynthetic nitrogen-use efficiency (PNUE) can be practically applied for an analysis of 

the nitrogen cost and benefit in tree species. as long as photosynthetic rate and nitrogen are 

expressed on the same basis (Field and Mooney 1986; Sobrado 1991 ). PNUE is not an 

ecologically complete definition of nitrogen-use efficiency (NUE) as suggested by a few 

authors (Vitousek 1982; Berendse and Aerts 1987). However, it is useful for initiating the 

mechanistic interpretation of NUE, and allows the direct comparison of NUE among species 

under defined conditions (Field and Mooney 1986). 
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Transpiration is often viewed as a water cost associated with carbon fixation because a great 

amount of water is lost from the leaf during photosynthesis. Like NUE, one method of 

assessing this cost is by measuring photosynthetic water-use efficiency (PWUE}, described 

as the ratio of photosynthetic capacity to transpiration rate (Sobrado 1991 ; Larcher 1995). 

High relative growth rate has been achieved with the high water-use efficiency (WUE) in 

wheat cultivars (Van den Boogaard et a/. 1996) and some trees and shrubs under dry 

conditions (DeLucia and Schlesinger 1991 ). Surprisingly, the effect of water availability on 

leaf construction cost in a wide range of xeric and mesic Mediterranean plant species was 

found to be insignificant (Merino 1987). Apparently, some of the morphological, 

phenological and physiological attributes that increase PWUE may also impose limitations 

on the carbon gain (DeLucia and Schlesinger 1991 ). Nonetheless, it is reasonable to assume 

that the maintenance of high PWUE is beneficial for tree growth. 

Plants are likely to maintain optimal resource-use in order to maximize growth based on 

available resources and environmental constraints . It is likely that fast growing trees might 

utilize resources more efficiently in realizing biomass increase compared to slow growing 

species. One successful strategy involves rapidly developing leaves with high SLA to 

intercept light as much as possible (Poorter 1989). These thinner leaves have a low 

construction cost per unit leaf area, thus ensuring a high return in carbon gain. This strategy 

could potentially maximize canopy leaf area and canopy photosynthetic carbon gain for a 

minimum investment of leaf nitrogen. Hence, the PNUE is higher for fast growing species 

than for slow growing species even though fast growing species may invest proportionally 

more nitrogen in compounds involved in photosynthesis. Furthermore, the thicker leaves of 

slow growing species may use nitrogen less efficiently due to shading within a leaf (Evans 

1989a). 

Associations of PNUE and PWUE with photosynthetic capacity have been reported (Field 

and Mooney 1986; Sobrado 1991) but the trade-off between PNUE and PWUE remains to be 

reconciled (Field eta/. 1983; Van den Boogaard eta/. 1996). In order to attain a high PWUE 

through low g5, especially under dry environments, plants may require high leaf nitrogen, 

which could lead to low PNUE (Field et al. 1983; DeLucia and Schlesinger 1991 ; Van den 

Boogaard eta/. 1996). Alternatively, high PWUE may be achieved by a high photosynthetic 

rate at similar g5 • This would require higher leaf nitrogen associated with a higher 

photosynthetic capacity or a more efficient use of nitrogen for photosynthesis (Field and 

Mooney 1986; DeLucia and Schlesinger 1991; Van den Boogaard eta/. 1996). In the end, 

whatever the situation, the trade-off between PNUE and PWUE may represent a functional 

compromise between attributes maximizing carbon gain · and physiological and 

morphological adaptations to environments. 
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1.8 Thesis Aims and Hypotheses 

1.8.1 General Aims 

Hybrid vigor or heterosis is strongly expressed in the F1 hybrids. Tree breeding strategies 

have recently been broadened to elucidate how the unique combination of morphological and 

physiological characteristics of hybrids results in the expression of hybrid vigor (Hinckley 

et a/. 1989). There is, however, no information available on the morphological and 

physiological attributes associated with acacia hybrids. The general aims of the present study 

are: ( 1) to understand the morphological and physiological attributes underlying the superior 

performance of intraspecific and interspecific hybrids of A. auriculiformis; and (2) to 

identify morphological and physiological parameters as se lection criteria for the acacia 

improvement program in the seasonally wet-dry tropics. 

1.8.2 Specific Aims 

The specific aims of the study are as follows: 

1) To examine and compare growth performance and seasonal changes in morphological 

and physiological characteristics of the interspeci fic controlled crosses of 

A. auriculiformis and A. mangium and the parental species; 

2) To determine and compare the growth performance and seasonal changes in 

morphological and physiological characteristics of intraprovenance and interprovenance 

controlled crosses of A. auriculiformis and genotypes produced by open pollination and 

from natural provenances; 

3) To determine resource-use efficiency, with respect to carbon cost, WUE and NUE, of 

intraspecific and interspecific hybrids of A. auriculiformis; and 

4) To integrate and compare the seasonal measurement of canopy structure, canopy light 

environment and phyllode physiological characteristics of the natural hybrid of 

A. mangium and A. auriculiformis and the parental species. 

1.8.3 Hypotheses 

The hypotheses of the present study are as follows: 

1) The growth performance of intraprovenance, interprovenance and interspecific hybrids 

of A. auriculiformis varies according to genetic background. The greater the genetic 

diversity of the parents the greater the heterosis of the hybrids; 



Chapter One 19 

2) Morphological and physiological characteristics are genetically determined and related 

to inherent variations in growth performance of the hybrids; and 

3) The morphological and physiological characteristics contributing positively, directly or 

indirectly, to whole-tree carbon gain play an essential role in rapid growth of the hybrids. 

These factors would include higher photosynthetic capacity, greater canopy area, canopy 

structure leading to greater light interception, higher resource-use efficiency, and greater 

drought tolerance and faster recovery from drought. 

1.9 Thesis Structure 

The thesis comprises nine chapters. Chapter 1 is a general introduction to the topic in the 

form of a literature review. Chapter 2 describes plant materials and approaches to field 

measurements and analysis m the laboratory. Chapters 3 to 6 determine growth and 

physiological performance in saplings of intraspecific and interspecific hybrids of 

A. auriculiformis growing in the wet-dry tropics of Australia. Chapter 3 focuses on seasonal 

variations in growth and physiological performance of interspecific hybrids of 

A. auriculiformis and A. mangium in comparison with the parental species. This is followed 

by Chapter 4, which compares the capacity of photosynthetic recovery after seasonal drought 

of these species. Variations in tree growth and physiological characteristics of intraspecific 

hybrids of A. auriculiformis of different genetic background are described in Chapter 5. 

Chapter 6 determines resource-use efficiency based on carbon, nitrogen and water budget of 

the intraspecific and interspecific hybrids of A. auriculiformis. 

Chapters 7 and 8 determine canopy structure and physiology in mature trees of the natural 

hybrid of A. mangium and A. auriculiformis and the parental species growing in Thailand. In 

Chapter 7, canopy structure and variations in phyllode traits along light gradients within the 

canopy are described. Chapter 8 focuses on diurnal and seasonal changes in photosynthetic 

characteristics of contrasting phyllodes within the canopy. In addition, the seasonal changes 

in canopy carbon balance of these acacias are compared. 

Chapter 9 is a general discussion and summary of the significant findings of these 

investigations. 
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Chapter Two: Materials and Methods 

2.1 Study Sites 

There were four study sites in this study. One was located south of the equator in Darwin in 

the Northern Territory of Australia and the others north of the equator in forestry research 

stations in central Thailand. All the sites are located in the seasonally wet-dry tropics but the 

environmental conditions vary between the sites in Australia and Thailand. 

2.1.1 Weather 

2.1.1.1 Australia 

The study site was established at the Berrimah Agricultural Research Farm (12°26'S , 

130°54'E), 15 k:m from Darwin (Fig. 2 .1 ). The climate in Darwin is monsoonal , with a 

distinct wet season (December-April) and dry season (May-November). Fig. 2.2 shows the 

long-term (30 years) means of monthly rainfall, relative humidity (RH) at 0900 h and daily 

minimum and maximum temperatures from the Darwin Airport station, about 10 k:m from 

the study site. The wet season is characterized by frequent heavy rain, which accounted for 

over 90% of the annual rainfall ( 1817 m.m), high RH and extensive cloud cover. By contrast, 

the dry season has very low rainfall (June-August is virtually rainless) and low RH. The 

monthly means of daily minimum temperature varied by about 6.2°C, with the lowest value 

(19.4°C) determined in July. The monthly means of daily maximum temperature were over 

30°C throughout the year with an annual variation of only about 2.6 °C. 

2.1.1.2 Thailand 

The three study sites were located at the following research stations of the Royal Forest 

Department (RFD): (1) Sakaerat Gene Conservation Station; (2) Research and Training in 

Reforestation and Afforestation Station; and (3) Forest Tree Seed Management Centre, 

formerly known as the ASEAN Forest Tree Seed Centre (Fig. 2.1). The first two sites are 

located in Sakaerat (l4°30'N, 101°55'E), Nakhon Ratchasima province, about 250 km 

northeast from Bangkok, while the third study site is in Muak Lek ( l4°38'N, 101 ° 13'E), 

Saraburi Province, about 100 k:m northeast from Bangkok. 
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China 

India 

(2)& (3) 

Nakhon Ratchaoima 

• 

Figure 2.1 Location of the study sites: (1) Berrimah Agricultural Research Farm (Darwin, 

Australia); (2) Sakaerat Gene Conservation Station and (3) Research and Training in 

Reforestation and Afforestation Station (Nakhon Ratchasima province, Thailand); and 

(4) Forest Tree Seed Management Centre (Saraburi province, Thailand). 
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The typical climate in Thailand is monsoonal. Fig. 2.2 shows the means of monthly 

rainfall, RH at 0900 h and daily maximum and minimum temperature obtained from 

the Sakaerat and Muak Lek weather stations from 1994-1999. Compared to Darwin, 

the study sites in Thailand have a considerably shorter and cooler dry season but the 

RH is much higher. The means of annual rainfall were 1146 and 1321 mrn for 

Sakaerat and Muak Lek respectively, with a marked peak in September. These values 

were about 63-72% of the mean annual rainfall in Darwin. The dry period in both 

areas is between November to mid-March. The monthly means of RH in both areas 

varied between 62 and 87%. The monthly means of daily minimum and maximum 

temperature in each year varied by 8. 7°C to 6.8°C respectively. 

2.1.2 Genetic Materials 

1.1.1.1 Intraspecific and Interspecific Hybrids by Controlled Hybridization 

Genetic materials for the progeny trial of intraspecific and interspecific hybrids of 

A. auriculiformis (Section 2.1.3) were produced by controlled pollination in a breeding 

population established at the Sakaerat Gene Conservation Station in 1994 under the project 

on Physiology and Genetic Improvement of A. auriculiformis funded by ACIAR ( 1993-

1997) (Jiwarawat eta/. 1996). This breeding population consisted of marcots (20 per parent 

tree) propagated from plus trees selected from the progeny trial of A. auriculiformis 

established in the station in 1989 (Luangviriyasaeng eta/. 1995), and from a nearby stand of 

A. mangium. The genetic origin of the ramets and the composition of the breeding population 

are listed in Appendix 1. 

Controlled intraprovenance, interprovenance and interspecific crosses were designed as an 

incomplete half-diallel of 10 parents (QLD4 was not used). The flowering phenology of the 

breeding population and characteristics of seeds produced by the controlled crosses were 

determined (Jiwarawat et a/. 1996). In addition, seeds of A. auriculiformis were obtained 

from open pollination of the breeding population and from a number of genotypes from 

natural provenances of A. auriculiformis and A. mangium and used for the establishment of 

two trials in Australia and Thailand. 
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2.1.2.2 Mature Trees of A. auriculiformis, A. mangium and Their Natural 

Hybrid in Thailand 
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Tree samples used for the study on canopy photosynthesis of A. auriculiformis, A. mangium 

and their natural hybrid were selected from existing plantings located at the three study sites 

in Thailand as described in Chapters 7 and 8. The selected A. auriculiformis tree sample 

(QLD provenance CSIRO# 16142/ 1486) was part of a progeny trial of 25 seedlots of NT, 

QLD and PNG provenances of A. auriculiformis at the Sakaerat Gene Conservation Station. 

The selected A. mangium sample was located at the Research and Training in Reforestation 

and Afforestation Station. The selected natural Am x Aa hybrid at the Forest Tree Seed 

Management Centre was part of the only known mature 1987 planting of these acacia 

hybrids in Thailand. These natural hybrid trees were derived from seeds obtained from 

A. mangium planted next to A. auriculiformis at the field station of the Forest Tree Seed 

Management Centre at Pak Chong, Nakhon Ratchsima province (Kijkar 1992). 

2.1.3 Establishment of Intraspecific and Interspecific Trial in Darwin 

Seeds were submersed in boiling water and allowed to cool at room temperature. They were 

then soaked for at least 4 hours before sowing over wet river sand in seedling trays and 

covered with vermiculite . About 2-3 weeks after germination, the seedlings were transferred 

to propagation tubes (35 x 35 x 125 mm) filled with a homogenous mixture of thunderpeat: 

light topsoil: river sand ( 1:2:1) ferti lized with 6 kg per m3 of Osmocote (NPKS= 18:2.6: 1 0:4). 

The 3-month-old seedlings were planted in the Benimah Agricultural Research Farm in 

December 1997 following a Randomized Complete Block Design with six replicates 

(Appendices 2 and 3). Each replicated block consisted of three trees per genotype per sub

block randomly located and spaced with 3 x 3 m. Each plant received a total of 400 g of 

fertilizer (NPK=13.5: 15.1: 12.5) in two equal surface applications, one at planting and the 

second two months later. No irrigation was applied during the study period (December 1997-

April 2000). Because there were insufficient seedlings to establish a fully replicated trial 

containing all the genotypes, other acacia seedlings were used as substitutes in two of the 

replicated blocks. Sixteen genotypes from the first four replicated blocks were determined in 

the present study (Chapters 3-6) as listed in Appendix 4. 

A similar trial was established in July 1998 at the Research and Training in Reforestation 

and Afforestation Station, Thailand. 
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2.2 Tree Growth and Canopy Assessments 

Tree height (ht), diameter at ground level (dgl) and diameter at 1.30 m (dbh) were measured 

at 3-month intervals. For multi-stemmed trees, dbh of the largest stem was analyzed for 

mean dbh of each genotype. Stem volume was calculated as (ndbh2ht)/12, assuming a form 

factor of 2/3. The mean dbh of multi-stemmed tree used for stem volume estimation was 

calculated as (dbh1
2+dbh/+ ... +dbh/) 112

• Length of clear bole was measured to the first fork 

where a second leading shoot was larger than 2/3 of the diameter of the main stem. If no 

forking occurred, the bole length was assumed at 75% of the total height (Harwood et a/. 

1991). 

Tree form, defined as stem straightness, was assessed visually using a 4-point scoring system 

as follows: 

4 = straight to slightly crooked stem with no forking, 

3 =single slightly crooked stem with one or two forks at >50% of the total height, 

2 = crooked stem with one or two forks at <50% of total height, 

1 =very crooked stem with multiple forks at <1 m. 

Canopy phyllode area was estimated as the product of the total phyllode number and the 

mean phyllode area. Each sample tree was divided visually into main branches, sub-branches 

and branchlets for the estimation of total phyllode number. Phyllode number was counted on 

ten branchlets per tree, and canopy phyllode number was calculated by multiplying the 

average phyllode number per branchlet by the number of branchlets, sub-branchlets and 

main branches. For the progeny trial in Darwin, the mean phyllode area was determined on 

30 phyllodes per tree sample using a leaf area meter (Delta T devices, Cambridge, UK). For 

the canopy analysis in Thailand, the mean phyllode area was determined on 30 phyllodes per 

canopy section with the LI-3000 leaf area meter (LI-COR Inc., Lincoln, USA). 

2.3 Phyllode Characteristics 

In the progeny trial in Darwin, 30 fully-expanded phyllodes were collected randomly 

throughout the canopy from each tree sample for phyllode morphology determination. For 

the study in Thailand, 30 fully-expanded phyllodes were collected randomly from three 

different canopy sections: (1) top (0-3 m below canopy), (2) middle (3 -6m below canopy) 

and (3) bottom (>6 m below canopy) . Phyllode area was determined as described in section 

2.2. For speci fic phyllode area (SLA) determination, phyllode samples were dried at 70°C 

for five days until the weight remained constant and then weighed. SLA was calculated in 

the standard way as the ratio ofphyllode surface area divided by phyllode dry weight. 
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Phyllode angle was determined on 30 phyllodes per tree sample (for progeny trial in Darwin) 

or canopy section (for canopy analysis in Thailand) when appropriate with an electronic 

level (pro-Smartlevel~, Macklanburg-Duncan, USA). 

Phyllode area index (LAl) was determined by dividing canopy phyllode area by total canopy 

ground area. 

2.4 Gas Exchange Measurement 

Phyllode gas exchange (Net photosynthesis (Ane1) and stomatal conductance (g5)) was 

determined in the field using a LI-6400 portable photosynthesis system (LI-COR Inc. , USA) 

(Plate 2.1 a). The standard LI-6400 leaf chamber with leaf area of 6.0 cm2 was used. Phyllode 

temperature (T1ear), air temperature {Tair), photosynthetic photon flux density (PPFD), 

ambient C02 concentration (C.) were recorded with LI-6400. To minimize T1car changes due 

to enclosure, leaf chamber temperature was maintained at the same ambient temperature 

prevailing at the time of measurements using chamber block temperature control of LI-6400. 

Transpiration (E), leaf-to-air vapor pressure difference {LA VPD) and intercellular C02 

concentration (Ci) were calculated using the LI-6400 software. For all measurements, 

phyllodes were maintained at similar levels of their inclination in order to minimize errors on 

phyllode light interception. 

In Darwin, light-saturated photosynthesis {Asa1) measurements were undertaken between 

0800-1130 h during the wet and early dry seasons or between 0830-1000 h during the end of 

the dry season where gas exchange decreased rapidly after reaching a maximum value (data 

not shown). The measurements were accepted only when PPFD was above 800 

J.Lmol m·2 s·' and thus non-limiting for photosynthesis of A. auriculiformis, A. mangium and 

their hybrids. Measurements were undertaken on four tree samples (one each from four 

different replicated blocks) per genotype and on three fully-expanded sun phyllodes per tree 

sample. 

In Thailand, diurnal gas exchange measurements were determined hourly between 0700-

1800 h on the same five fully-expanded phyllodes at two different positions in the canopy: 

(1) sun level, 0-1 m below canopy; and (2) shade level, 6-8 m below canopy. For 

determination of photosynthetic light response, transparent plastic filters of 3 em x 5 em with 

a varying thickness of plastic sheets were used to reduce the light intensity from full 

sunlight. The measurements were undertaken in the morning when PPFD was above 1500 

J.Lmol m·2 s·'. For complete darkness, the measurement chamber was wrapped in black cloth. 

Leaf chamber temperature was maintained at 30°C during these measurements. 
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Plate 2.1 (a) LI-6400 portable photosynthesis system (LI-COR Inc., USA) for gas exchange 

measurements; and (b) pressure chamber (Soil Moisture Corporation, USA) for phyllode 

water potential measu rements. 
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2.5 Dark Respiration 

Dark respiration (Rs) was determined approximately 2-3 hours after sunset using a Ll-6400 

portable photosynthesis system (LI-COR Inc., USA). Leaf chamber temperature was 

maintained at the same ambient temperature prevailing at the time of measurements. In 

Darwin, Rs measurements were made on the same three intact phyllodes that were used 

previously for gas exchange determination in each tree sample . 

In Thailand, it was impractical to determine Rs on the intact phyllodes within the tree canopy 

at night. Instead, the branch containing the same phyllodes used for diurnal gas exchange 

measurements was excised after sunset. To avoid obstruction in the xylem water transport 

system, the branch sample was cut again and immediately immersed in water. Rs values of 

phyllodes in the excised branch were found to be quite variable for the first 20 minutes after 

excision but eventually stabilized after 1-4 hours. Hence, all excised branches were kept in 

the darkness for about 1-2 hours before Rs measurements were made on the same phyllodes 

used for diurnal gas measurements. The values obtained from the excised branch were within 

the same range as those obtained from intact phyllodes at the same canopy level (data not 

shown). 

2.6 Phyllode Water Potential 

Phyllode water potential ('I'1eaf) was measured using a pressure chamber (Soil Moisture 

Corporation, USA) (Plate 2.1 b). In Darwin, the measurements of pre-dawn phyllode water 

potential ('I' pd) were made about 2-3 hours before dawn on the same day the phyllode gas 

exchange was measured. Five fully-expanded phyllodes per tree sample were collected, 

sealed in plastic and measured within 10 minutes. 

In Thailand, the diurnal 'I'1eaf measurements were determined hourly between 0700-1800 h 

on five fully-expanded phyllodes from each canopy section following the gas exchange 

measurements. The 'I' pd was determined before dawn as described above. 

2.7 Phyllode Chlorophyll Content 

Phyllode chlorophyll content was determined in situ usmg a calibrated SP AD-50 1 

chlorophyll meter (Minolta Corp., Japan). In Darwin, phyllode chlorophyll measurements 

were determined on the same three phyllodes of each tree sample used for gas exchange 
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measurements. In Thailand, ten fully-expanded phyllodes were determined at each of every 

1.0- 1.7 m down the canopy. 

For chlorophyll calibration determination, 30 phyllode samples were collected from each 

species and chlorophyll content was determined at three different locations on each phyllode 

sample using the SP AD meter. The locations on each phyllode samples were marked, and 

the phyllodes were removed, stored on ice in airtight containers and transported back to the 

laboratory. Three disc samples (1.21 cm2 each) were removed from the marked positions on 

each phyllode, and leaf chlorophyll was extracted in 8 ml of 80% acetone. The extract was 

centrifuged (5 min at 3000 rpm) and the chlorophyll content of the supernatant was 

determined at 645 and 663 nm in a V ARJAN 634 spectrophotometer (Parra et a/. 1989). 

Chlorophyll contents were expressed on phyllode area basis (Amon 1949): 

Chl a +Chi b = 22.22 A645+9.05A663
, 

where Chi a and Chi b are chlorophyll a and b and A645 and A663 are the absorbance at 645 

and 663 nm respectively. Total chlorophyll concentration was plotted against SPAD 

readings. 

The calibration equations used for the non-destructive determination of phyllode chlorophyll 

content in the three acacia species are : 

(1) A. auriculiformis 

(2) A. mangium 

(3) Aa x Am bybrid and Am x A a bybrid 

where Chi is phyllode chlorophyll content (rnmol m·2) and SPAD is SPAD reading. 

2.8 Phyllode Nitrogen Content 

In Darwin, five fully-expanded phyllodes of similar branch position and age to the phyllodes 

used for gas exchange measurements were collected per tree sample for phyllode nitrogen 

determinations. In Thailand, ten fully-expanded phyllodes from each of every 1.0-1. 7 m 
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down the canopy were collected. Phyllode samples were dried at 70°C for five days until the 

weight remained constant, ground to a fine powder with a mechanical mortar and pestle, and 

stored in sealed sample vials until analysis. Phyllode nitrogen content was determined by a 

micro-Kjedahl procedure using 0.2 g of ground samples (AOAC 1990). DigestiOn was 

carried out with concentrated sulfuric acid on block digesters (Windrift Instruments Model 

DB25, Australia), and the nitrogen concentration of the digests was determined on flow 

injection analysis (Quik Chern Method 13-107-06-2-D, Lachar Instruments, USA). Nitrogen 

concentration on a mass basis was then converted to area-based phyllode nitrogen using SLA 

values determined in Section 2.3. 

2.9 Phyllode Construction Cost 

All ground samples used for nitrogen analysis were also used for the determination for 

phyllode construction cost. The samples were redried at 70°C immediately prior to the 

analysis to remove residual moisture picked up during storage. There are two components in 

this analysis: (1) ash content; and (2) heat of combustion . 

2.9.1 Ash Content Analysis 

Ash content was determined gravimetrically after combustion to a white-grey end pomt at 

600°C for 6 hours. Pre-heated crucibles were weighed immediately before adding dried, 

ground sample (approximately 0.1 g) and then reweighed. After combustion, the crucibles 

were cooled in a desiccator before being reweighed. 

2.9.2 Heat of Combustion 

Heat of combustion was determined on 0.01-g sample pellets with an applied Phillipson 

oxygen micro-bomb calorimeter (Gentry Instruments Inc., USA) calibrated against benzoic 

acid pellets. Three replicates were determined for each sample and the coefficient of 

variation obtained was less than 2%. Ash-free heat of combustion was calculated by 

converting the heat of combustion on a total dry weight basis to the corresponding ash-free 

weight. 

2.9.3 Calculation of Phyllode Construction Cost 

Minimum and maximum values of phyllode construction cost ·were calculated from the 

equation developed by Williams et al. 1987: 
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(0.06968H - 0.06SX1 - A) + [ kN ][
180

·
15

] 
c = c 14.0067 24 

0.89 

where C =construction costs (g glucose g-1
), 

He= ash-free heat of combustion (kJ g-1
), 

A = ash content (gash g-1), 

N =nitrogen content (g N g-1
), 

k = -3 when N is imported as ammonia into a plant, giving minimum costs, and 

k = +5 when N is imported as nitrates into a plant, giving maximum costs . 
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Mean construction costs were calculated as an average of the minimum and maximum 

values. SLA values were applied to convert phyllode construction cost on a mass basis to the 

area basis. 

2.10 Statistical Analysis 

Data are presented as means ± standard errors (se) in all Tables and Figures. Analysis of 

Variance (ANOVA) was applied for simple comparisons of tree means whenever 

appropriate. Seasonal variations in physiological parameters were analyzed using repeated 

measures ANOV A, with genotypes nested within provenances or species for the progeny 

trial in Darwin, or with canopy levels nested within species for canopy analysis in Thailand 

whenever appropriate (Statistica V. 5.0, Statsoft Inc., USA). Post hoc comparisons between 

means were determined using Duncan's Multiple Range Test. The significance of the linear 

or non-linear relationships among tree parameters was determined using the Sigmaplot 

regression features (Sigmaplot V.5.0, SPSS lnc., USA). Selection of suitable fitted curves 

was based upon the coefficient of determination (r2
) and the significance of correlation. 

The following asymptotic equation (Boote and Loomis, 1991) was applied to describe the 

photosynthetic PPFD response: 

Anet= Asat1-e Asat - Rd, [ 
(-~PPFD) ] 
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where Anct = net photosynthesis (J..tmol m·2 s·1
); 

PPFD = photosynthetic photon flux density (J..lmol m-2 s·'), 

Asa1 = light-saturated photosynthesis (J-Lmol m·2 s· '), 

~ = quantum yield of photosynthesis, 

Rs = dark respiration (J-Lmol m·2 s·1
). 
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Analysis of Covariance (ANCOV A) was used to determine the differences in the slope 

between fitted curves for linear relationships. Combined curve-fitting procedures (Ross 

1981) were applied to test for the differences between fitted curves for non-linear 

relationships. Multiple regression between tree parameters was analyzed using stepwise 

regression analysis (Statistica V. 5.0, Statsoft Inc., USA). 
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Chapter Three: Interspecific Hybrids of Acacia auriculiformis. I. 

Growth Performance and Physiological Characteristics 

3.1 Introduction 

Because of their rapid growth, good wood quality and adaptability to a wide range of soi l 

conditions, Acacia auriculiformis and A. mangium are widely used for reforestation and 

afforestation programs throughout South-East Asia and China (Turnbull and Crompton 

1990; Bhumibhamon 1993; Gunn and Midgley 1992; Wang and Fang 1992). Their growth 

performance in provenance trials is comparable to a range of other acacia and eucalyptus 

forestry species (Anwar 1987; Pinyopusarerk and Puriyakom 1987; Atipanumpai 1989; 

Brewbaker 1987; Harwood and Williams 1992; Khamis 1991; Luangviriyasaeng eta/. 1991 ; 

Yang and Zeng 1991 ). The results indicate that it is possible to achieve significant gain in 

plantation productivity simply by using selected provenances. Generally, the PNG 

provenances of both species have faster growth compared to the other provenances. Seed 

production areas and seed orchards for both species have been established in several 

countries to extend the genetic base for plantations (Pinyopusarerk 1987; Harwood et a!. 

1991 ; A wang and Bhumibhamon 1992; Montagu eta/. 1998). 

Hybridization between A. auriculiformis and A. mangium occurs naturally and under 

controlled conditions (Zakaria 1993; Sedgley et a!. 1992). The first natural interspecific 

hybrid between A. auriculiformis and A. mangium was reported in 1978 (Pinso and Nasi 

1992) and subsequently confirmed in natural populations and plantations (Sim 1987; Skelton 

1987). The F 1 hybrids are fertile, but the F2 hybrids exhibit considerable segregation (Kha 

et al. 1998; Metcalfe and Woo 1998). The F1 hybrids, combining the best traits of the 

parental species, have the potential to become a suitable substitute for the parental species in 

forestry planting programs (Pinso and Nasi 1992; Yantasath et a/. 1992; Zakaria 1993; Kha 

1996). Controlled hybridization techniques have been developed (Zakaria 1991; Sedgley 

et a/. 1992; Sedgley and Harbard 1993) to enhance genetic gains in acacia hybrids. The 

Am x Aa (Darus and Ghani 1989; Kha 1996; Royampaeng et a/. 1998) and Aa x Am 

(Yantasath et al. 1992) natural hybrids showed marked heterosis and outstanding hybrid 

clones have been selected for mass-propagation in clonal forestry in Vietnam (Kha 1996; 

Kha et al. 1998). 

Little is known about the physiological processes associated with the growth variations 

between A. auriculiformis, A. mangium and their hybrids. It ~as been assumed that an 

increase in photosynthesis would result in an increase in tree growth, as photosynthesis 



Chapter Three 34 

provides the material needed for growth (Kramer 1986). A high genotypic correlation 

between photosynthetic rate and seedling dry weight in Douglas-fir (Campbell and Rediske 

1966) and between net photosynthetic and growth rate of acacia and eucalyptus tree 

seedlings (Sun 1986) suggested that photosynthesis could be used as a criterion in tree 

selection for rapid growth. However, total leaf area was more important than leaf 

photosynthetic activity for increasing tree productivity (Helms 1976; Brix 1983). Similarly, 

provenances of A. auriculiformis (Cole et a!. 1994) and A. mangium (Atipunumpai 1989) 

with higher growth rates was supported by large total phyllode area rather than by high net 

photosynthesis. 

This is not surprising since growth rate is a reflection of whole-tree carbon gain. It depends 

not only on leaf photosynthetic capacity but also on factors such as total leaf area, leaf 

duration, construction cost of photosynthetic tissues, SLA, respiration, drought tolerance and 

carbon partitioning. Kramer ( 1986) suggested that benefits from increase in leaf area, at least 

before stand closure, a longer duration of photosynthesis and a photosynthetic mechanism 

more tolerant of water and other stresses would enhance productive growth. 

The role of these factors is complex and remains an outstanding problem in acacia research 

and tree improvement programs. Furthermore, many important physiological processes 

including photosynthesis are often inhibited by environmental constraints. At present, little 

attention has been paid to the selection of genotypes with physiological characteristics that 

are well adapted to local environmental conditions. 

This chapter examines the variations in physiology and growth performance of the progenies 

of the Aa x Am hybrids produced by controlled hybridization (Jiwarawat et a/. 1996) and 

their parental species over several seasons in Darwin. The relationship between growth 

performance and physiological characteristics is also discussed. 

3.2 Materials and Methods 

3.2.1 Tree Growth and Canopy Characteristics 

The study was carried out at the progeny trial in the Berrimah Agricultural Research Farm, 

Darwin (Section 2. 1.3; Plate 3.1). Six genotypes of A. auriculiformis, A. mangium and their 

hybrids were selected for this study (Table 3.1 ). The form characteristics (tree form, length 

of clear bole and number of stems per tree) and growth parameters (tree height, dgl, dbh, 

canopy phyllode area and stem volume) of these trees were determined as described in 

Section 2.2. 



Chapler Three 35 

(b) 

Plate 3.1 The progeny trial of the intraspecific and interspec ific hybrids of Acacia 

auriculiformis established in December 1997 in the Berrimah Agricultural Research Farm, 

Darwin, Australia : (a) I year; and (b) 2 years after planting. 
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Table 3.1 List of selected genotypes of Acacia auriculiformis (Aa), A. mangium (Am) and 

the Aa x Am hybrids planted in December 1997 in Darwin, Australia. Abbreviations: NT, 

Northern Tenitory; PNG, Papua New Guinea; and QLD, Queensland. (Numbers in bracket 

are CSIRO seedlot number). 

Local no. Species Genotype 1 Seed sources 

34 A. auriculiformis NT (16160) Natural provenance 

32 A. auriculiformis QLD (16142) Natural provenance 

38 A. mangium PNG (19233) Natural provenance 

37 A. mangium QLD (19214) Natural provenance 

36 Aa x Am hybrid Aa (NT2) xAm Controlled pollination 

35 Aa x Am hybrid Aa (QLD2) x Am Controlled pollination 

1 The ftrst parent represented in the cross is the female and the second, the male. 

3.2.2 Gas Exchange Measurement 

For each genotype, four tree samples (one each from four different replicated blocks) were 

selected for measurements of gas exchange and phyllode characteristics. A531 and related 

photosynthetic parameters (Sections 2.4) and Rt (Sections 2.5) were determined on three 

fully-expanded sun phyllodes of each tree sample. 'I' pd was determined on five fully

expanded phyllodes from each tree sample (Section 2.6). Measurements were undertaken in 

June 1998 (early dry season), November 1998 (early wet season), March 1999 (wet season) 

and September 1999 (dry season). 

3.2.3 Phyllode Characteristics 

Phyllode angle (Sections 2.3) and phyllode chlorophyll content (Sections 2.7) were 

determined following the gas exchange measurements. Fully-expanded phyllodes were 

collected and determined for phyllode morphology (Section 2.2), SLA (Section 2.3) and 

phyllode nitrogen content (Section 2.8). 

3.2.4 Statistical Analysis 

Growth parameters were analyzed using ANOV A with genotypes nested within species. 

Repeated measures analyses with genotypes nested within species were applied for seasonal 

variations in physiological parameters (Section 2.10). The significance of the linear or non

linear relationships among tree parameters was determined using the Sigmaplot regression 

features (section 2.1 0) . 
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In order to determine seasonal variations in the relationship between Asa" g5 and LA VPD, the 

data were pooled for the wet (November 1998 and March 1999) and dry (June 1998 and 

September 1999) seasons. The significance of the differences between fitted curves was also 

determined as described in section 2.1 0. 

3.3 Results 

3.3.1 Phyllode Morphology 

Phyllode area, phyllode length and phyllode width varied between species and between 

genotypes within species (Table 3 .2; Plate 3 .2). A. mangium had the largest (85. 7-102.1 cm2) 

and A. auriculiformis the smallest (23.0-28.2 cm2
) phyllodes. The length/width ratio, a useful 

indicator of phyllode shape, differed significantly among species but significant difference 

between genotypes within species was not observed. Phyllodes of A. auriculiformis were 

long and narrow, with a phyllode length/width ratio of 4.8-5.0. In contrast, A. mangium 

phyllodes were large and wide, with a phyllode length/width ratio of 2.3-2.6. The phyllodes 

of the hybrids were intermediate between their parental species and had a ratio value of 

about 3.2. 

Table 3.2. Phyllode morphology of 12-month-old Acacia auriculiformis (Aa), A. mangium 

(Am) and the Aa x Am hybrids in Darwin, Australia. Abbreviations are described in Table 

3.1. For each parameter, values (means ± se) followed by the same superscript letter are not 

significantly different at P<0.05 (n=120). 

Species/Provenance 
Phyllode area Phyllode length Phyllode width Phyllode Length/ 

(cm2
) (em) (em) width ratio 

A. auriculiformis 

NT 23.0±1.6d 12.0±0.5 c 2.6±0.1 d 5.0±1.0 a 

QLD 28.2±2.1 d 13.4±0.3 d 3.0±0.2 d 4.8±0.4. 

A. mangium 

PNG 102.1±6.3 1 17.8±0.4 1 8.0±0.5 a 2.3±0. 1 c 

QLD 85.7±4.0b 17.1±0.7 1b 6.8±0.1 b 2.6±0. 1 be 

Aa x Am hybrids 

Aa (NT) xAm 53.6±3.3 c 15.0±0.4 c 4.9±0.4 c 3.2±0.4 b 

Aa (QLD) xAm 61.2±3.7 c 16.2±0.3 be 5.3±0.3 c 3.2±0.1 b 
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Plate 3.2 Phyllode morphology of 12-month-old Acacia auricu/iformis(Aa). A. mangwm 

(Am)and Aa x Am hybrids in Darwin, Australia : (a) Aa (NT): (b) Aa (QLD): (c) Aa (QLD) x 

Am; (d) Aa (NT) x Am; (e) Am (QLD); and (f) Am (PNG). Abbreviations are descnbcd 1n 

Table 3.1. 

Di fferences in the phyllode angle of inclination between seasons (P<O.O I), between pec 1e~ 

(P<O.Ol) and between genotypes within species (?<0.05) were statistically s1gmficant (Table 

3.3). Phyllode angle was lowest in the wet season and highest in the dry season except lor 

the NT A. auriculiformis genotype, which had similar phyllode angle for all seasons. 

Presumably, the more horizontal phyllodes (lower phyllode angle) increased light caprurc .m 

the wet season where cloud cover often occ•Jrred during the day. On average. the phyllode 

of A. auricu/iformis were more vertical (44.5-57 .2°) than those of the hybnds (41 .5-52.6°) 

and A. mangium (38.1-49.9°). However, the absolute differences were small. 
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T able 3.3 Phyllode angle in saplings of Acacia auriculiformis (Aa), A. mangium (Am) and 

the Aa x Am hybrids in Darwin, Australia, measured in the wet (March 1999). early dry 

(June 1998), dry (September 1999) and early wet (November 1998) seasons. Abbreviations 

are described in Table 3. 1. Values (means ± se) followed by the same superscript letter are 

not significantly different at P<0.05 (n= 120). 

Phyllode angle (0
) 

Species/Genotype 
Wet season Early dry season Dry season Early wet season 

A. auriculiformis 

NT 49.9±4.5 abc 47.4±1.1 bed 49.0±3.2 be 48 .6±0.6 bed 

QLD 44.5±2.6 cdc 48.4±1.1 bed 57.2±4.0 1 48.0±3.7 bed 

A. mangium 

PNG 38.1±1.9c 43 .2±1.2 cdc 48 .3±2.9 bed 40.4±1.7de 

QLD 42.3±2.0 cdc 49.9±2.7 abc 49.5±3.4 be 43.9±2.4 cdc 

Aa x Am hybrids 

Aa (NT} xAm 43 .4±2.0 cdc 44.5±1.1 cde 45.6±2.4 bcdc 43 .7±2.3 cdc 

Aa (QLD) xAm 41.5±1.7cdc 42.2±1.3 cdc 52.6±1.6"b 44.8± 1.3 bedc 

3.3.2 Growth Performance 

Table 3.4 shows significant variations in stem form characteristics between species (?<0.05) 

and within species (P<0.001) . Generally, A. mangium had the best and A. auriculiformis the 

worst form characteristics. A. mangium had 1.5-2.0 stems per tree compared to values of 

1.0-2.4 and 1.8-2.8 for the hybrids and A. auriculiformis respectively. It also had the longest 

clear bole. The PNG genotype was superior to the QLD genotype of A. mangium. 

On an individual basis, the Aa (QLD) x Am hybrid had the most promtsmg form 

characteristics. It had better tree form (3.5), single stem and longer clear bole (4.1 m) than 

the A. mangium genotypes and the Aa (NT) x Am hybrid. As the QLD A. auriculiformis 

genotype also showed better tree form characteristics than the NT genotype, the results 

suggest maternal influence for form characteristics. 
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Table 3.4 Tree form characteristics of 25-month-old Acacia auriculiformis (Aa), 

A. mangium (Am) and Aa x Am hybrids in Darwin, Australia. Abbreviations are described m 

Table 3.1. For each parameter, values (means ± se) followed by the same superscript letter 

are not significantly different at P<0.05 (n=4-12). 

Species/Genotype Tree form 1 No. of stems per tree Length of clear bole (m) 

A. auriculiformis 

NT 1.3±0.2 c 2.8±0.5 a 0.3±0.0' 

QLD 2.5±0.1 ab 1.8±0.2 bed 1.4±0.4 be 

A. mangium 

PNG 3.2±0.3 I 1.5±0.2 be 2.4±1.3b 

QLD 2.5±0.2 ab 2.0±0.1 be 1.0±0.4 be 

A a x Am hybrids 

Aa (NT) xAm 1.5±0.2 c 2.4±0.2 ab 0.5±0.1 c 

Aa (QLD) xAm 3.5±0.4 . I .O±O.Od 4. 1±0.4 . 

1 a 4-point scoring system ranging from I (worst) to 4 (best). 

Fig. 3.1 shows tree height, dgl, dbh and canopy phyllode area in three acacia species at 

different ages. The tree height of all three species was similar at 3 months after planting, but 

the hybrids became superior in height growth thereafter (Fig. 3.1a). A. mangium and the 

hybrids also had greater dbh, dgl and canopy phyllode area compared to A. auriculiformis. 

As expected, all three parameters increased more rapidly in the wet than in the dry season in 

all three species. In contrast, the height growth increased almost linearly throughout the year. 

Tree height, dgl and dbh varied significantly between species at 12 and 25 months (Table 

3.5). Difference within species in dbh was significant at both periods but not tree height and 

dgl. On genotype basis, the Aa (QLD) x Am hybrids showed the greatest height, dgl and dbh 

and the NT A. auriculiformis genotype the smallest at both periods. The QLD genotype of 

A. auriculiformis and the hybrids had about 42-75% larger dbh than the NT genotype, 

because of the multi-stemmed characteristic of the latter (Table 3 .4). For A. mangium , the 

PNG genotype had about 42-75% larger dbh compared to the QLD genotype. 
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Figure 3.1 Variations in growth parameters of Acacia auriculiformis (Aa), A. mangium (Am) 

and the Aa x Am hybrids in Darwin, Australia: (a) tree height; (b) diameter at ground level 

(dgl); (c) diameter at 1.30 m (dbh); and (d) phyllode canopy area. Each symbol represents 

mean and se (n=8-24) of each species. Dry seasons are indicated by the shaded regions on 

the x-axis. 



Table 3.5 Tree height, diameter at ground level (dgl) and diameter at 1.30 m (dbh). canopy area and stem volume (Vol) in sapl ings of Acacia auriculiformis, 

A. mangium and the Aa x Am hybrids in Darwin. Australia . Abbreviations are described in Table 3.1. For each column, values (means ± se) followed by the 

same superscript letter are not significan tly different at P<0.05 (n=4- 12). 

Height (m) dgl (em) dbh (em) Canopy area (m2 tree·') Vol (d.m3
) 

Species/Genotype 
12 months 25 months 12 months 25 months 12 months 25 months 12 months 25 months 25 months 

A. auriculiformis 

NT 2.4±0.2 c 4.8±0.2 d 4.4±0.4 c 8.5±0.6b 1.2±0.1 d 3.6±0. 1 d 5.3±1.7b 10.3±0.8 c 3.7±0.4 c 

QLD 2.7±0.3 c:d 5.3±0.7 c:d 4.5±0.5 c 9.7±0.8 b 2.1±0.5cd 5.1±0.6 c 6.0±1.3 b 14.0±1.7 c 6.5±1.9 be 

A. mangium 

PNG 3.4±0.1 ab 7.1±0.1ab 5.8±0.4 ab 14.8±0.9 I 3.3±0.3 ab 9.7±0.5. 15.0±0.6 a 69.6±6.11 25.8±4.5 a 

QLD 2.8±0.2 c 6.0±0.1 c 5.0±0.3 be 12.7±0.8 I 2.5±0.3 be 7.1±0.5b 9.7±2.oab 56.6±1.4 ab 14.5±1.5 b 

Aa x Am hybrids 

Aa (NT) xAm 3.4±0.2 b 7.0±0.1 b 6.3±0.5 a 13.4±1.2 a 2.5±0.2 be 6.9±0.3 b 15.2±3.6 1 47.3±8.0b 17.5±2.1 ab 

Aa (QLD) xAm 4.1±0.2 a 7.9±0.6a 6.6±0.2 a 15.4±0.8 1 3.7±0.4 a 10.2±0.5 a 15.1±l.Oa 53.3±4.5 b 22.1±3.5 ab 

J::. 
N 
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There was significant difference in canopy phyllode area between species (Table 3.5). At 12 

months, the hybrids had the largest and A. auriculiformis the smallest canopy area. At 25 

months, however, A. mangium had the largest and A. auriculiformis the smallest canopy 

area. Significant variations in stem volume were observed at 25 months. The PNG 

A. mangium genotype had about 7 times greater stem volume than the NT A. auriculiformis 

genotype. Although the PNG A. mangium genotype had the highest stem volume, 

A. mangium had the largest (78%) variations in stem volume within species. The Aa (QLD) x 

Am hybrid had 17% less stem volume than the PNG A. mangium genotype but it had the best 

fonn characteristics. Interestingly, the Aa (NT) x Am hybrid had only 28% less stem volume 

than the Aa (QLD) x Am hybrid, despite its poor form characteristics. Both hybrids had over 

two times greater stem volume than their female parental A. auriculiformis genotypes. 

Tree growth in the three acacias was directly related to canopy size. Fig. 3.2 shows a strong 

relationship between canopy area and stem volume at 25 months (r2=0.67). The data 

appeared to be clustering because of the large di fferences in growth (stem volume) between 

species. A. auriculiformis, which had the smallest canopy area, also had the smallest stem 

volume, while the larger canopy area in A. mangium and the hybrids produced higher stem 

volume. 

3.3.3 Seasonal Variations in Phyllode Characteristics 

3.3.3.1 Specific Phyllode Area (SLA) 

Fig. 3.3 shows the seasonal variations in SLA of the three acacias. The highest SLA values 

were obtained in the wet and early dry seasons and the lowest in the dry and early wet 

seasons. Generally, the hybrids had the highest and A. auriculiformis the lowest SLA except 

for the dry season where A. mangium had the lowest SLA. The seasonal (P<O.OO 1) and 

interspecific (P<O.O 1) variations were statistically significant but the genotype variation 

within species (p=0 .474) was not (Table 3.6). The results suggest a rapid expansion of 

phyllode area during wet season growth, as expected. 
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Figure 3.2 Relationship between stem volume and canopy area of 25-month-old Acacia 

auriculiformis (Aa), A. mangium (Am) and the Aa x Am hybrids in Darwin, Australia. Each 

symbol represents the mean of each tree sample. 



Chapter Three 

10 

:r 
Wet Early dry 

-o- A. auriculifonnis 

...._ A. mangium 

~ A a x Am hybrids 

Season 

45 

T 
Dry Early wet 

Figure 3.3 Seasonal variations m specific phyllode area (SLA) in saplings of Acacia 

auriculiformis (Aa), A. mangium (Am) and the Aa x Am hybrids in Darwin, Australia, 

measured in the wet (March 1999), early dry (June 1998), dry (September 1999) and early 

wet (November 1998) seasons. Each symbol is the mean ± se of each species (n=240). 



Chapter Three 46 

Table 3.6 Specific phyllode area (SLA) tn saplings of Acacia auriculiformis (Aa) , 

A. mangium (Am) and the Aa x Am hybrids in Darwtn, Australia, measured in the wet (March 

1999), early dry (June 1998), dry (September 1999) and early wet (November 1998) seasons. 

Abbreviations are described in Table 3.1. Values (means ± se) followed by the same 

superscript letter are not signi ficantly different at P<0.05 (n= 120). 

SLA(m2 kg ' 1) 

Species/Genotype 
Wet season Early dry season Dry season Early wet season 

A. auricu/iformis 

NT 9.24±1.29 bed 8.87±0.51 bed 8.22±0.13 cd 8.04±0.23 cd 

QLD 8.75±1.07 bcd 9.91±0.3 1"be 7.46±0.56d 8.05±0.60 cd 

A. mangium 

PNG 9.77±l.OO"be 10.80±0.29 ab 7.44±0.37 d 7.38±0.13 d 

QLD 1 0.07±0.39 •be I 0.30±0.30 ab 7.09±0.32 d 8. 17±0.37 cd 

Aa x Am hybrids 

Aa (NT) xAm 11.32±1.10" 10.91 ±0.35 ob 8.29±0.08 cd 8.52±0.53 bed 

Aa (QLO) x Am I 0. 16± 1.1 5 ob 10.73±0.29 ab 8.24±0. 11 cd 8.15±0.25 cd 

3.3.3.2 Phyllode Chlorophyll Conte11t 

Phyllode chlorophyll content decreased about 43-56% during the dry season compared with 

the wet season but recovered by 81 - l 00% in the early wet season (Table 3. 7) . Phyllodes of 

A. mangium trees contained higher chlorophyll content in the wet season but their dry season 

content declined to the level presented in other species (Fig. 3 .4). These values varied 

significantly with season but there were no significant differences between species 

(?=0.657) or genotypes within species (?=0.442). 
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Figure 3.4 Seasonal variations m phyllode chlorophyll content in saplings of Acacia 

auriculiformis (Aa), A. mangium (Am) and the Aa x Am hybrids in Darwin, Australia, 

measured in the wet (March 1999), early dry (June 1998), dry (September 1999) and early 

wet (November 1998) seasons. Each symbol is the mean ± se of each species (n=24). 
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Table 3.7 Phyllode chlorophyll content in saplings of Acacia auriculiformis (Aa), 

A. mangium (Am) and the Aa x Am hybrids in Darwin, Australia, measured in the wet (March 

1999), early dry (June 1998), dry (September 1999) and early wet (November 1998) seasons. 

Abbreviations are described in Table 3.1. Values (means ± se) followed by the same 

superscript letter are not significantly different at ?<0.05 (n=12). 

Phyllode chlorophyll content (mmol m"2 ) 

Species/Genotype 
Wet season Early dry season Dry season Early wet season 

A. auriculiformis 

NT 0.58±0.02" 0.36±0.02 be 0.30±0.05 be 0.59±0.01 a 

QLD 0.56±0.05 a 0.34±0.02 be 0.32±0.02 be 0.53±0.03. 

A. mangium 

PNG 0.64±0.02. 0.37±0.04 be 0.40±0.08 b 0.52±0.07" 

QLD 0.61 ±0.01. 0.34±0.04 be 0.27±0.02 t 0.58±0.04 a 

Aa s: Am hybrids 

Aa (NT) xAm 0.57±0.02. 0.33±0.04 be 0.31 ±0.0 1 be 0.57±0.04. 

Aa (QLD) x Am 0.60±0.02 a 0.38±0.01 be 0.39±0.01 be 0.58±0.01. 

3.3.3.3 Phyllode Nitroge11 Content 

Variations in phyllode nitrogen content per unit phyllode area CNarea) between the wet and 

dry seasons are shown in Table 3.8. Nun was higher m the wet season than in the dry season 

except for A. mangium where the dry season values were similar or greater than the wet 

season values. A. auriculiformis phyllodes eontamed the most nitrogen determined in both 

seasons. The interspecific variations in nitrogen content were significant (P<0.05) but the 

differences between genotypes within specie were not stattstically signi ficant (P=0.528). 
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Table 3.8 Phyllode nitrogen content (N.rea) in saplings of Acacia auriculiformis (Aa). 

A. mangium (Am) and the Aa x Am hybrids in Darwin, Australia, measured m the wet (March 

1999) and dry (September 1999) seasons. Abbreviations are described in Table 3.1. Values 

(means± se) followed by the same superscript letter are not significantly different at P<0.05 

(n=4). 

Narea (g m'2) 

Species/Genotype 
Wet season Dry season 

A. auriculiformis 

NT 2.94±0.25 ab 2.56±0.06 ab 

QLD 3.05±0.26 1 2.74±0.14 ab 

A. mangium 

PNG 2.51±0.18 ab 2.5 1±0.10b 

QLD 2.55±0.11 ab 2.68±0.t6 •b 

Aa x Am hybrids 

Aa (NT) xAm 2.55±0.18"b 2.53±0.03 ab 

Aa (QLD) xAm 2. 77±0.36 ab 2.56±0.0 1 ab 

3.3.4 Seasonal Variations in Physiological Characteristics 

3.3.4.1 Light-Saturated Photosynthesis (AsaJ 

Asat of the three acacia species varied greatly with season (Fig. 3 .5). As expected, the htghest 

values were determined in the wet season, intermediate values in the early dry and early wet 

seasons and the lowest values in the dry season. Di fferences between spectes were htghl y 

significant (P<O.OOl) (Table 3.9). The values in the wet season were comparable between 

species but there were large differences between species and genotypes in the dner seasons. 

Generally, A. mangium had the lowest Asa1 rates and was most sensitive to seasonal changes. 

On the other hand, the hybrids had the highe~t Asa1 in the wet season and mtermedtate values 

in the drier seasons. 
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Figure 3.5 Seasonal variations in light-saturated photosynthesis (Asat) in saplings of Acacia 

auriculiformis (Aa), A . mangium (Am) and the Aa x Am hybrids in Darwin, Australia, 

measured in the wet (March 1999), early dry (June 1998), dry (September 1999) and early 

wet (November 1998) seasons. Each symbol is the mean ± se of each species (n=24). 
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Table 3.9 Light-saturated photosynthesis (A531) in saplings of Acacia auriculiformis (Aa), 

A. mangium (Am) and the Aa x Am hybrids in Darwin, Australia, measured in the wet (March 

1999), early dry (June 1998), dry (September 1999) and early wet (November 1998) seasons. 

Abbreviations are described in Table 3.1. Values (means ± se) followed by the same 

superscript letter are not significantly different at ? <0.05 (n= 12). 

A 511 (JlmOI m'2s' 1
) 

Species/Genotype 
Wet season Early dry season Dry season Early wet season 

A. auriculiformis 

NT 2l.l±t.4•bc 18.3±2.0 bc 8.42±2.27 c( 20.8±0.9 abc 

QLD 21.4±2. 1 abc 17.1±1.2 bed 7.68±2.20 ef 10.7±3.4 def 

A. mangium 

PNG 21.4± 1.0 abc 15.4±2.2 cd 5.5l±l.50 cf 8.2±1.6ef 

QLD 21.2± 1.2 abc 12.0±0.9 de 3.82±0.86 f 8.2±1.6 cf 

A a x Am hybrids 

Aa (NT) xAm 22.6±1.0 ab 19.7±1.5abc 8.72±2.06 ef 14.5±3.1 cd 

Aa (QLD) xAm 25.3±0.8 a 15.7±1.5 cd 7.04±1.60 ef 10.8±2.0def 

The NT A. auriculiformis trees had comparatively high Asa1 in the dry season and the highest 

Asat in the early wet season (Table 3.9). The dry season rate of these trees was almost twice 

as high as that of the QLD A. mangium genotype. Compared with the Aa (QLD) x Am 

hybrid, the Aa (NT) x Am hybrid also had higher Asat in the drier seasons although the 

difference within species was not statistically significant (?=0.084). 

The NT A. auriculiformis genotype had the fastest photosynthetic recovery (98% of the wet 

season values) from seasonal drought and the A. mangium trees the slowest (38-39% of the 

wet season values) in all species determined. Interestingly, the Aa (NT) x Am hybrid had the 

second highest recovery rates (64% of the wet season values) in the early wet season. The 

results suggest that this photosynthetic characleristic might have a genetic basis. 
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3.3.4.2 Stomatal Co11ducta11ce (gJ 

Seasonal changes in gs at the Asa1 values followed the same trend as those of Asa, (F1g. 3.6) . 

The g5 values of all three species were highest in the wet season and declined about 88-96% 

during the dry season. The interspecific variations were small in the wet season (27%) 

compared to the other seasons where the maximum values were about 138-350% greater 

than the minimum values (Table 3.1 0). A. mangium had the lowest g5 in the drier seasons, 

which is consistent with its low Asat values in these seasons. As observed for Asa~> the gs 

values of the NT genotype in both A. auriculiformis and the hybrids were about I 0-157% 

higher than the QLD genotype in the drier seasons. However, the differences in gs were not 

statistically significant either between species (P=0.096) or between genotypes within 

species (P=O.l23). 

Table 3.10 Stomatal conductance (gs) in saplings of Acacia auriculiformis (Aa), A. mangiun: 

(Am) and the A ax Am hybrids in Darwin, Australia, measured in the wet (March 1999), early 

dry (June 1998), dry (September 1999) and early wet (November 1998) seasons. 

Abbreviations are described in Table 3 .1. Values (means ± se) followed by the same 

superscript letter are not significantly different at P<0.05 (n= 12). 

g, (mol m·2s. 1
) 

Species/Genotype 
Wet season Early dry season Dry season Early wet season 

A. auriculiformis 

NT 0.82±0.16" 0.30±0.06 be 0.075±0.033 cd 0.36±0.05 b 

QLD 0.68±0. 13 a 0 .23±0.03 bed 0.071 ±0.019 cd 0.14±0.05 bed 

A. mangium 

PNG 0.84±0.05 a 0.20±0.07 bed 0 .036±0.0 I 0 d 0 .08±0.02 cd 

QLD 0.66±0.17 1 0. 13±0.03 bed 0.028±0.002 d 0.09±0.02 cd 

Aa x Am hybrids 

Aa (NT) xAm 0.74±0. 13 1 0.31±0.07be 0.087±0.030 cd 0.23±0.07 bed 

Aa (QLD) x Am 0.81±0. 10 ' 0.21±0.04 bed 0.070±0.017 cd 0.12±0.05 bed 
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Figure 3.6 Seasonal variations m stomatal conductance (gs) in saplings of Acacia 

auriculiformis (Aa), A. mangium (Am) and the Aa x Am hybrids in Darwin, Australia, 

measured in the wet (March 1999), early dry (June 1998), dry (September 1999) and early 

wet (November 1998) seasons. Each symbol is the mean ± se of each species (n=24). 
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3.3.4.3 Pre-Dawn Phyllode Water Potential ('P,.t) 

The \f pd of all three species declined from the wet to the dry season and then recovered m the 

early wet season (Fig. 3.7). Interspecific variations were smaller (24-28%) in the wet and 

early dry seasons compared to 242% and 141% variations in the dry and early wet seasons 

respectively (Table 3.11). The hybrid trees had the highest and A. mangium trees the lowest 

'I'pd in the dry season, but A. mangium trees showed the fastest recovery rate (86-95% o f the 

wet season values) in \fpd in the early wet season. Surprisingly, thi s fast recovery was not 

reflected in an increase in Asa1 (Fig. 3.5) and gs (Fig. 3.6) values in this season. The NT 

genotype of A. auriculiformis and the hybrid had much lower (73-89%) \f pd in the dry season 

than the QLD genotype but produced higher Asa1 (Table 3 .9) and g5 (Table 3 . I 0) values. The 

results show that these species varied in their response to 't' pd and the impact of \f pd on A,., 

and g5 seems to vary with species. The implications of these results will be di scussed m 

Section 3.3.5.2. 

Table 3.11 Pre-dawn phyllode water potential (\fpd) in saplings of Acacia auriculiformis 

(Aa) , A. mangium (Am) and the Aa x Am hybrids in Darwin, Australi a, measured in the wet 

(March 1999), early dry (June 1998), dry (September 1999) and early wet (November 1998) 

seasons. Abbreviations are described in Table 3.1. Values (means ± se) followed by the same 

superscript letter are not significantly different at P<0.05 (n=20). 

't' pd (MPa) 
Species/Genotype 

Wet season Early dry season Dry season Early wet season 

A. auriculiformis 

NT -0.25±0.05 • -0.55±0.02 ab -2 .63±0.45 c -0.94±0.24 he 

QLD -0.26±0.03. -0.59±0.02 ab - 1.39±0.20 cd -0.93 ±0.21 be 

A. mangium 

PNG -0.26±0.01. -0.46±0.03 ab -1.73±0.38d -0.46±0. 12 ab 

QLD -0.2 1±0.04. -".47±0.02 ab -2.99±0.26 c -0.36±0.05 ab 

Aa x Am hybrids 

Aa (NT) xAm -0.24±0.02 I -0.48±0.0 I ob -1.54±0.48 d -0.8 1 ±0. 12 • be 

Aa (QLD) xAm -0.21±0.04 I -0.46±0.0 1 ab -0.77±0.19 1
b -0.60±0.08 Ill> 
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Figure 3.7 Seasonal variations in pre-dawn water potential ('I' pc~) in saplings of Acacia 

auriculiformis (Aa), A. mangium (Am) and the Aa x Am hybrids in Darwin, Australia, 

measured in the wet (March 1999), early dry (June 1998), dry (September 1999) and early 

wet (November 1998) seasons. Each symbol is the mean ± se of each species (n=40). 
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3.3.4.4 Leaf-to-Air Vapor Pressure Difference (LAVPD) 

LA VPD of all three species was lowest in the wet season but increased considerably for the 

rest of the year (Fig. 3.8). A. mangium had the highest LA VPD in all the seasons examined; 

in the early wet season, the LA VPD determined in A. mangium was 19-26% and 20-95% 

greater than that determined in the hybrids and A. auriculiformis respectively. This might 

partly account for the low Asa~ and gs reported for A. mangium during this season, despite of 

its high recovery rate in \f' pd· In the early wet season, the NT A. auriculiformis genotype had 

the lowest LA VPD value compared to the other genotypes (Table 3.12). This again might be 

responsible for the highest Asa, and g5 observed in this genotype in this season. 

Table 3.12 Leaf-to-air vapor pressure difference (LA VPD) in saplings of Acacia 

auriculiformis (Aa), A. mangium (Am) and the Aa x Am hybrids in Darwin, Australia, 

measured in the wet (March 1999), early dry (June 1998), dry (September 1999) and early 

wet (November 1998) seasons. Abbreviations are described in Table 3 .1. Values (means ± 

se) followed by the same superscript letter are not significantly different at P<0.05 (n= l2). 

LA VPD (kPa) 
Species/Genotype 

Wet season Early dry season Dry season Early wet season 

A. auriculiformis 

NT 0.62±0.13 e 2.06±0.24 bed 2.03±0. 11 bed 1.54±0.24 d 

QLD 0.55±0.12 e 2.15±0.37 bed 2.12±0.11bcd 2.4 7±0.29 abc 

A. mangium 

PNG 0.61 ±0.08 e 2.40±0.32 abc 2.29±0.06 bed 2.97±0.43 3 

QLD 0.62±0.13 e 2. 72±0.09 ab 2.42±0.20 abc 3.01 ±0.32 a 

Aa x Am hybrids 

A a (NT) x Am 0.60±0.10< 1.92±0.27 cd 1.99±0.08 cd 2.39±0.34 abc 

Aa (QLD) xAm 0.6 J±O.l0e 2.22±0.26 bed 2.16±0.06bcd 2.50±0.30 abc 
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Figure 3.8 Seasonal variations in leaf-to-air vapor pressure difference (LA VPD) in saplings 

of Acacia auriculiformis (Aa), A. mangium (Am) and the Aa x Am hybrids in Darwin, 

Australia, measured in the wet (March 1999), early dry (June 1998), dry (September 1999) 

and early wet (November 1998) seasons. Each symbol is the mean ± se of each species 

(n=24). 
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3.3.4.5 Intercellular to Ambient C02 Concentration (C/CcJ Ratio 

The C;IC. ratio of all three species decreased during the dry season and then recovered in the 

early wet season (Fig. 3.9), indicating that stomatal limitations to C02 fixation increased as 

the dry season progressed but began to disappear when the wet season began. The variations 

in C;IC. ratio were smaller (8%) in the wet season but increased substantially (37-47%) in 

the drier seasons (Table 3.13). A. mangium had the lowest C;IC. ratio in the early dry and dry 

seasons as we11 as the slowest recovery rates (57-64%) in the early wet season. Significant 

differences were observed between species (P<0.05) but not within species (P=0.378). 

Table 3.13 Intercellular to ambient C02 concentration (C/Ca) ratio in saplings of Acacia 

auriculiformis (Aa), A. mangium (Am} and the Aa x Am hybrids in Darwin, Australia. 

measured in the wet (March 1999), early dry (June 1998), dry (September 1999) and early 

wet (November 1998) seasons. Abbreviations are described in Table 3. 1. Values (means ± 

se) followed by the same superscript Jetter are not significantly different at P<0.05 (n= 12). 

(C ,IC.) ratio 
Species/Genotype 

Wet season Early dry season Dry season Early wet season 

A. auriculiformis 

NT 0.79±0.04 I 0.63±0.03 abc 0.35±0.07 < 0.65±0.02 abc 

QLD 0.75±0.05 ab 0.59±0.03 bed 0.48±0.08 cde 0.56±0.05 bed 

A. mangium 

PNG 0.8 1±0.01 1 0.45±0. 11 cdc 0.40±0.04 de 0.46±0.05 cdc 

QLD 0.76±0.03 ab 0.44±0.09 cdc 0.43±0.10dc 0.49±0.04 cde 

Aa x Am hybrids 

Aa (NT) xAm 0.75±0.04 ab 0.58±0.1 0 bed 0.43±0.06 de 0.69±0.02 ab 

A a (QLD) x Am 0.76±0.02 ab 0.58±0.04 bed 0.46±0.06 cde 0.59±0.06 bed 
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Figure 3.9 Seasonal variations in intercellular to ambient C02 concentration (CvCa) ratio in 

saplings of Acacia auriculiformis (Aa), A. mangium (A m) and the Aa x Am hybrids in 

Darwin, Australia, measured in the wet (March 1999), early dry (June 1998), dry (September 

1999) and early wet (November 1998) seasons. Each symbol is the mean ± se of each species 

(n=24). 
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3.3.4.6 Dark Respiration (Rtf) 

RJ values were highest in the wet season and declined progressively with the dry season but 

then started to recover in the early wet season (Fig. 3.1 0). Seasonal variations and vmiations 

between and within species were highly significant (?<0.01) (Table 3.1 4). A. mangium had 

the lowest RJ for all the seasons determined . The PNG A. mangium genotype had the lowest 

Rl in the wet season and the smallest decrease (1 8%) in the dry season. Its wet season values 

were about 39% that of those obtained for the QLD A. mangium genotype. In the hybrids, the 

RJ values of the NT genotype were lower (14-49%) than the QLD genotype for all the 

seasons determined. In A. auriculiformis, the QLD genotype had values 36-52% lower than 

that of the NT genotype except in the early dry season where the R1 value was simi lar in both 

genotypes. 

RJ generally increases with increasing temperature (Gates 1980). The night temperature 

varied by about l0°C between seasons in Darwin but there is no evidence that the decline in 

RJ observed during the cooler dry season was directly associated with temperature change 

(Fig. 3.l l ). 

Table 3.14 Dark respiration (R,) of saplings of Acacia auriculiformis (Aa), A. mangium 

(Am) and the Aa x Am hybrids in Darwin, Australia, measured in the wet (March 1999), early 

dry (June 1998), dry (September 1999) and early wet (November 1998) seasons. 

Abbreviations are described in Table 3.1. Values (means ± se) followed by the same 

superscript letter are not significantly different at P<O.OS (n= 12). 

R, (llmol m·2 s"1
) 

Species/Genotype 
Wet season Early dry season Dry season Early wet season 

A. auriculiformis 

NT 1.38±0.10" 0.75±0.05 cd 0.68±0.07 cde 0. 79±0.11 cd 

QLD 1.00±0.28 be 0.75±0.11 cd 0.50±0.12 de 0.52±0. 14 de 

A. mangium 

PNG 0.51 ±0.19dc 0.66±0.04 cdc 0.42±0.01 de 0.46±0.06 de 

QLD 1.30±0.12 ab 0.65±0.60 cdc 0.43±0.05 de 0.40±0.01 e 

Aa x Am hybrids 

Aa (NT) xAm 0.83±0.19 ( 0.69±0.10 cde 0.43±0.06 de 0.45±0.03 de 

Aa (QLD) xAm l , 17±0.05 ab 0.79±0.02 cd 0.52±0.03 de 0.67±0.09 cdc 
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Figure 3.10 Seasonal variations in dark respiration CR!) in saplings of Acacia auriculiformis 

(Aa), A. mangium (Am) and Aa x Am hybrid in Darwin, Australia, measured in the wet 

(March 1999), early dry (June 1998), dry (September 1999) and early wet seasons 

(November 1998). Each symbol is mean and standard error of each species (n=24). 
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Figure 3.11 Relationship between dark respiration (~) and temperature in saplings of 

Acacia auriculiformis (Aa), A. mangium (Am) and Aa x Am hybrid in Darwin, Australia. 

Each symbol is the mean of each genotype (n=12).Figures 3.10 and 3.11 
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R.J values, expressed as percentage of Asac. also varied greatly between seasons in all three 

species (Table 3.15). The percentage R, values were generally higher in the dry season 

because Asat declined proportionally more than R, during this period. The PNG A. mangium 

genotype had the lowest value (2.46%) in the wet season, whilst the Aa (NT) x Am hybrid 

had the lowest value (3 .10-6.07%) for the other seasons determined. However, the variations 

between species (P=0.080) and within species (?=0.067) were not statistically significant. 

Table 3.15 Dark respiration (R,) as percentage of light-saturated photosynthesis (A531) 

percentage in saplings of Acacia auriculiformis (Aa), A. mangium (Am) and the Aa x Am 

hybrids in Darwin, Australia, measured in the wet (March 1999), early dry (June 1998), dry 

(September 1999) and early wet (November 1998) seasons. Abbreviations are described in 

Table 3. 1. Values (means ± se) followed by the same superscript letter are not significantly 

different at P<0.05 (n= 12). 

R.! (% of Aut) 
Species/Genotype 

Wet season Early dry season Dry season Early wet season 

A. auriculiformis 

NT 6.54±0.41 !Kd 4.19±0.38 bed 9.72±2.60b 3.80±0.29C<J 

QLD 4.72±1.31 bed 4.38±0.49 bed 7.73±1.81 bed 5.45±1.07 bed 

A. mangium 

PNG 2.46±1.00d 4.45±0.45 bed 9.35±2.35 lK 6.01 ±0.91 1Kd 

QLD 6.22±0.65 bed 5.56±0.811Kd 14.82±5.83 a 5.47±1.08 bed 

A a x Am hybrids 

Aa (NT) x Am 3.65±0.80 cd 3.66±0.67 cd 6.07±2.16 bed 3.1 0±0.73 cd 

Aa (QLD) x Am 4.66±0.35 bed 5.13±0.39bcd 8.48±1.72 lK 6.20±0.591Kd 
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3.3.5 Relationships Between Physiological Parameters 

3.3.5.1 Eff ect of Cs on A sat 

Seasonal variations in A~, are directly related to stomatal responses to seasonal water 

availability. A strong non-linear relationship between Asac and gs was observed for both wet 

and dry seasons (Fig. 3.12). The data for all three species are pooled because stgni ficant 

variations in the relationship between species were not observed. A~, mcreased 

concomitantly as g5 increased. The impact of g5 on Asac was marginally greater (92%) in the 

dry season compared to the wet season (84%). The same value of g5 in the dry season 

produced a marginally higher Asac than in the wet season, indicating that these three acacias 

had a greater intrinsic water-use efficiency (WUE) in the dry season compared to the wet 

season. The results also show that stomatal control diminished with increasing g5 value. In 

the wet season, non-stomatal control began to predominate when gs exceeded 0.3 mol m·2 s· 1
• 

This value increased to about 0.4 mol m·2 s-1 in the dry season. However, the differences in 

these relationships were not statistically significant. 

3.3.5.2 Eff ect of 'f/pd 011 Photosynthetic Parameters 

Seasonal variations in Asac and g5 are greatly affected by changes in soil moisture content. 

The exponential relationship between \l'pd and A~1 (Fig. 3.13) indicates that Asac declined 

concomitantly as 'i'pd decreased during the dry season. The variations between spec ies were 

significant (P<O.O l ), with the A. auricu/iformis being the least sensitive to changes in '¥ pd· 

g5 also declined exponentially with decreasing in "l'pd (Fig. 3.1 4). Partial stomatal closure 

(i.e. when g5 <0.2 mol m-2 s-1
) was generally observed when \1' pd was lower than -I MPa. The 

g5 parameter of A. auriculiformis was the least sensitive to limiting soil water and that of 

A. mangium the most sensitive. g5 became a limiting factor to photosynthesis in 

A. auriculiformis when 'i'pd was lower than -0.8 MPa and in A. mangium when '¥p<1 was less 

than -0.5 MPa . However , the differences in the relationship between species were not 

statistically significant. 



Chapter Three 

30 

20 

10 

30 

20 

0.0 

(a) wet season 

0 
0 

6 · ~ 
OJQA~· ~ • 

0 ~·0 6~ '21 6 
0 0 

0 
0 

• 

(b) dry season 

0.5 

0 A. auriculiformis 
e A. mangium 
6 A a x Am hybrids 

A •• 1=26.51 &/ (0.14+g,) 

r2=0.84, n=135 

Asa1=34.56g/(0. 18+g,) 

r2=0.92, n=148 

1.0 

( I · 2 .J) g. mo m s 

64 

1.5 

Figure 3.12 Relationship between light-saturated photosynthesis (Aso1) and stomatal 

conductance (gs) in saplings of Acacia auriculiformis (Aa), A. mangium (Am) and the 

Aa x Am hybrids in Darwin, Australia, measured in the (a) wet and (b) dry seasons. Data of 

all three species is pooled, as the interspecific difference in the relationship was not 

significant. 
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Figure 3.13 Relationship between light-saturated photosynthesis (Au1) and pre-dawn 

phyllode water potential ('f' pd) in saplings of (a) Acacia auriculiformis (A a), (b) A. mangium 

(Am) and (c) the Aa x Am hybrid. Each symbol is the mean of each tree sample (n=3-5) . 
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Figure 3.14 Relationship between stomatal conductance (g5) and pre-dawn phyllode water 

potential ('I' pd) in saplings of (a) Acacia auriculiformis (Aa), (b) A. mangium (Am) and (c) 

the Aa x Am hybrids. Each symbol represents the mean of each tree sample (n=3-5). 



Chapter Three 67 

3.3.5.3 Effect of LAVPD on Photosynthetic Parameters 

Fig. 3.15 shows the negative linear relationship between A~1 and LA VPD, indicating that 

A-sat declined linearly with rising LA VPD. The decline varied with season and the seasonal 

variations were highly significant (P<O.O I). The dry season relationship had a slope of 8.34 

(Fig. 3.15b) compared to a value of 5.05 in the wet season (Fig. 3.15a). The results indicate 

that Asat was more responsive to changes in LAVPD in the early dry to dry seasons than in 

the early wet to wet seasons. This difference was highly significant (P<O.O I). 

Fig. 3.16 shows the exponential relationship between g5 and LA VPD; g5 declined as LA VPD 

increased. The effect of LA YPD on g5 was greater in the wet season (81 %) than in the dry 

season (33%). 1 he low r2 value obtained in the dry season could be partly attributed to the 

restricted range (<0.5 mol m·2 s·1) of g5 values determined during this season. g5 was more 

responsive to increases in LA VPD in the dry season than to decreases in LA VPD in the wet 

season. However, differences in the relationship between wet and dry seasons were not 

statistically significant. 

3.3.5.4 Effect of Narea on A sat 

Phyllode nitrogen is incorporated primarily into proteins associated with the photosynthetic 

apparatus. The linear relationships of Asat and Narta between three acacia species were 

significant (P<0.05) (Fig. 3.17). The hybrids had the strongest correlation but the 

relationship for A. mangium was not significant, possibly because the range of Narta 

determined was relatively small. 
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Figure 3.15 Relationship between light-saturated photosynthesis (A531) and leaf-to-air vapor 

pressure difference (LA VPD) in saplings of Acacia auriculiformis (Aa), A. mangium (Am) 

and the Aa x Am hybrid in Darwin, Australia, measured in the (a) wet and (b) dry seasons. 

For each season, data of all three species is pooled, as the interspecific difference in the 

relationship was not significant. 
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Figure 3.16 Relationship between stomatal conductance (g5) and leaf-to-air vapor pressure 

difference (LA VPD) in saplings of Acacia auriculiformis (Aa) , A. mangium (Am) and the 

Aa x Am hybrids in Darwin Australia, measured in the (a) wet and (b) dry seasons. For each 

season, data of all three species is pooled, as the interspecific difference in the relationship 

was not significant. 
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Figure 3.17 Relationship between light-saturated photosynthesis (Arnax) and phyllode 

nitrogen content CNarea) in saplings of (a) Acacia auriculiformis (Aa) , (b) A. mangium (Am) 

and (c) the Aa x Am hybrids in Darwin, Australia. 
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3.4 Discussion 

3.4.1 Morphology and Growth Performance 

Intermediate characteristics in stem form, crown form, stem bark and phyllode morphology 

were found in the natural Am x Aa hybrids (Kijkar 1992; Pinso and Nasi 1992; Kha 1996). 

Both genotypes of the Aa x Am hybrid saplings in the present study clearly showed 

intermediate phyllode morphology (Table 3.2). These Aa x Am hybrids had similar phyllode 

length/width ratios to those reported for the natural Am x Aa hybrids in Vietnam (Kha 1996) 

and Thailand (Royampaeng et a/. 1998). However, seedlings of the natural Am x Aa and 

Aa x Am hybrids were found to have a wide range of phyllode length/width ratios when 

grown under nursery conditions (Gan and Sim 1992). 

Hybrid vigor in interspecific hybrids of forest tree species is inexplicably rare or not 

dramatic compared to the advantage expected of gene recombination between two parents 

(Pinso and Nasi 1992), but there are exceptions. Superior growth performances were 

reported in the tree hybrids of Eucalyptus tereticornis x E. camaldulensis (Venkatesh and 

Sharma 1977), E. pel/ita x E. resinifera (de Figueredo Luz et a/. 1996) and Populus 

trichocarpa x P. deltoides (Wu and Stettler 1994). The natural Am x Aa hybrids also showed 

superior tree height, dbh and stem volume (Kha 1996) and mean annual increment (MAl) in 

tree height and dbh (Royampaeng et. a/. 1998) compared to the parental species. Apparently, 

these acacia hybrids had inherited the better stem straightness of A. mangium and the better 

self-pruning ability and stem circularity of A. auriculiformis (Pinso and Nasi 1992; Zakaria 

1993). 

The Aa x Am hybrids in the current study showed superior height, dgl and dbh growth 

compared to their parents but, in stem volume determinations, they were superior only to 

A. auriculiformis (Fig. 3.1 ; Table 3.5). Of the two hybrids, the Aa (QLD) x Am hybrid had 

the best tree form. Interestingly, the QLD genotype of A. auriculiformis also outperformed 

the NT genotype in form characteristics (Pinyopusarerk and Puriyakom 1987; 

Luangviriyasaeng eta/. 1991; Table 3.4). These results suggest that there may be a maternal 

influence in form characteristics for these acacia hybrids. 

The growth performance of the 25-month-old Aa x Am hybrids and A. mangium in this study 

was greater than that of the 30-month-old Am x A a hybrids and A. mangium in Vietnam (Kha 

1996). These differences are conceivably associated with the so-called genotype

environment interaction (GEl) effect on the expression of hybrid vigor as observed in Pinus 

elliottii var. elliottii and P. caribaea var. hondurensis hybrids in different planting sites 
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(Nikles and Griffin 1992). Namkoong and Kang ( 1990) suggested that particular traits of 

some hybrids are desirable only in some environments, and breeding can be directed to 

util ize these traits in those environments. Awareness about this phenomenon is important 

when the results are applied to new planting sites. To avoid any practical constraints, it is 

recommended to study the preference of hybrid materials at the site where plantmg is going 

to be conducted . 

3.4.2 Variations in Physiological Processes 

3.4.2.1 Stomatal and Non-stomatal Limitations of Photosynthesis 

Declines in A
511 

caused by seasonal drought are due primarily to stomatal closure rather than 

the direct effect on the capacity of the photosynthetic apparatus (Dai et a/. 1992; Comic 

1994). Differences in g5 and A511 are reflected by differences in C/Ca ratio if the Asat value is 

under stomatal limitation, and the photosynthetic process per se is not directly affected 

(Cowan 1982). Partial stomatal closure generally lowers C / Ca ratio by increasing the 

gradient between the atmosphere and photosynthetic sites, while a reduction in An<~ through 

factors other than C0 2 supply increases it (Farquhar and Sharkey 1982). 

The C/Ca ratio in all three acacias decreased as the dry season progressed (Fig. 3.9), 

indicating that the observed decline in Asat was likely to be due to stomatal limitations. 

However, the magnitude of stomatal limitation varied with species. A mangium, which had 

the lowest A511 (Table 3.9) and g5 (Table 3.10) but similar C/Ca ratios (Table 3.13) to the 

other two species, seemed to have a greater component of non-stomatal factors involved in 

photosynthesis compared to either A. auriculiformis or the hybrids. The decline in 

photosynthesis of tropical tree species in northern Australia in the dry season have been 

shown to be related to either stomatal limitations (Prior eta/. 1997a; 1997b) or non-stomatal 

inhibition (Eamus and Cole 1997). 

The observed seasonal trends in A51, and gs were directly related to changes in soil water 

availability (Figs. 3.5-3.7). The relationship between A511 and 'I' pd (Fig . 3 .13) was exponential 

rather than the linear as previously reported for A. auriculiformis on Melville Island, NT 

(Eamus and Cole 1997). However, the linear relationship in their study was determined at 

relatively high 'l'pc~ value (-0.3 MPa) compared to a value of - 3.0 M Pa in this study. In 

Quercus marilandica and Q. rubra, the relationship also became linear when the 'l'pc~ values 

exceeded - 2.0 MPa (Reich and Hinckley 1989). In any case, the best exponenttal 

relationship between 'I' pd with either ~~ or ~ was obtained apparently at low values of 'I' pd 

(Figs. 3. 13 and 3.14; Fordyce eta!. 1997; Prior eta/. 1997a; 1997b). 
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The three acacias clearly differed in their response to soil water availability and the impact of 

\f' pd on Asa, and g5 (Figs. 3.7, 3.13 and 3.14). The high \f' pd values determined for the A ax Am 

hybrids in the dry season (Fig. 3. 7) suggest that these trees were better at extracting water 

from drying soil, presumably by having a deeper root system. Water deficits in deep rooted 

trees developed more slowly and were less severe than in shallow rooted trees (Crombie et 

a/. 1988). However, the photosynthetic capacity the Aa x Am hybrids was more sensitive to 

changes in '¥ pd compared to the parental species (Fig. 3 .13). In contrast, A. auriculiformis 

trees were able to maintain high photosynthetic activity even at low '¥ pd· The NT genotypes 

of A. auriculiformis as well as the A a x Am hybrids (Table 3.11) also showed better 

adaptation to water stress than their respective QLD genotypes. According to Bunce (1981 ), 

these genotypes and species possess a major photosynthetic characteristic for adaptation to 

dry sites. If the inheritance of this characteristic was maternally determined, as the data 

suggested, the potential of the NT A. auricu/iformis genotypes should be exploited in genetic 

development programs of this species as well as its interspecific hybrids. 

LA VPD often increases when soil water availability becomes limiting causing a subsequent 

decline in & through stomatal closure (cf. Figs. 3.6-3.8) and a reduction in photosynthesis if 

C02 becomes limiting (Farquhar and Sharkey 1982). In these acacias and some annual 

Ipomoea species (Maroco et a/. 1997), the importance of stomatal limitations to 

photosynthesis diminished at high gs (Fig. 3 .12) because Asa1 declined proportionally less 

than gs at high LA VPD (Figs. 3.15 and 3.16). 

The extent of stomatal responses to LA VPD also depends on species and growth 

environments . Prior et a/. (1997b) showed that stomatal responses to LA VPD in 

E. tetrodonta was most pronounced in the transition between wet and dry seasons. 

Furthermore, g, of A. auricu/iformis and Syzygium euca/yptoides foliages that expanded in 

the dry season was more sensitive to LA VPD compared to foliages that expanded in the wet 

season (Thomas et a/. 2000). However, the responsiveness of g5 to LA VPD of a number of 

tropical acacia and eucalyptus species did not vary between seasons (Eamus and Cole 1997). 

ln the present study, g, of the three acacia species was more sensitive to increases in LAVPD 

from the early dry to dry seasons than to decreases in LA VPD from the early wet to wet 

seasons (Fig. 3.16). The study on some annual Ipomoea species suggested that the poor 

stomatal response observed during the decreasing LA VPD phase was probably due to the 

persistence of ABA released from the mesophyll cells during water stress (Maroco et a!. 

1997). 
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Generally, differences in photosynthesis between species can be attributed to differences in 

LA VPD if either the stomatal response of the species to LA VPD and/or the magnitude of the 

LA VPD to which the species are exposed differ. The linear relationship between Asat and 

LA VPD in acacias became more negative, and the effect of stomata on Asa, increased 

marginally, during the dry season as soil water deficit and relative humidity increased 

(Figs. 3.12, 3.15 and 3 .16). Nevertheless, there was no significant difference in the responses 

between species. Differences in Asa1 observed between species are, therefore, probably due to 

differences in LA VPD to which the three acacias were exposed (Fig. 3.8) as observed in 

other tropical acacia and eucalyptus species (Cole 1994). 

Non-stomatal factors, such as changes in mesophyll metabolism and photochemical capacity, 

could affect photosynthetic decline during seasonal drought and became predominant when 

the drought was prolonged and developed slowly in 2-year-old trees of A. auriculiformis 

(Montagu and Woo 1999). The substantial decrease in phyllode chlorophyll content in the 

dry season (Table 3.7) indicates the importance of non-stomatal factors during seasonal 

drought in these acacia species. The rapid recovery of chlorophyll content, but not Asat. in the 

early wet season further indicates that different factors were limiting photosynthesis at 

different time. The roles and interactions of stomatal and non-stomatal factors involved in 

the recovery of photosynthetic capacity from prolonged drought will be discussed in greater 

detail in Chapter 4. 

Unlike phyllode chlorophyll content or SLA, Narea hardly changed in the dry season (Table 

3.8). The results indicate that relatively little or no nitrogen had been mobilized out of the 

photosynthetic tissue in the dry season despite the significant decline in chlorophyll content. 

Presumably, the protein components of the chlorophyll protein complexes remained in the 

cell after these complexes had been degraded. This would explain the rapid recovery of 

phyllode chlorophyll content observed in the early wet season long before photosynthesis 

had fully recovered. Such a strategy would enable the plant to take advantage of any rain 

falling in the early wet season (Montagu and Woo 1999). 

3.4.2.2 Recovery of Photosynthetic Capacity 

There are distinct differences in the recovery of photosynthetic capacity between species in 

the early wet season (Table 3 .16). A. mangium trees had the lowest ( <40%) recovery in Asa, 

despite a maximum (86-95%) recovery in 'I' pd· These trees had the lowest '¥ pd in the dry 

season (Fig. 3.7) but were able to take up water rapidly after early rains and increased their 

'I' pd to just below the wet season values in the early wet season. Presumably, they had an 

extensive root system that maintained a highly active fine root system at the top of soil 
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profi le, as reported for Artemisia tridentata trees (Richards and Caldwell 1987). In contrast, 

g
5 

recovered only partially (Fig. 3.6), while LAYPD values were even higher than dry season 

values (Fig. 3.8). Highest LA VPD values were observed for E. tetrodonta growing in the 

wet-dry Australian savanna between September and November where gs and transpirational 

cooling were minimal (Prior et a/. 1997b). These persistent stomatal limitations were 

evidently responsible for the poor recovery of photosynthetic activity determined in 

A. mangium phyllodes in this study, perhaps, analogous to the situation in water-stressed 

orange trees after rewatering (Fereres eta/. 1979). 

Table 3.16 Recovery in light-saturated photosynthesis (Asat), stomatal conductance (g5), 

pre-dawn phyllode water potential ('!' p<~), intercellular to ambient C02 concentration (C;IC.) 

ratio, specific phyllode area (SLA) and phyllode chlorophyll content (Chi) in saplings of 

Acacia auriculiformis (Aa), A. mangium (Am) and the Aa x Am hybrids in the early wet 

season (November 1998). Abbreviations are described in Table 3. 1. 

Recovery(% of the wet season value) 
Species/Genotype 

C;IC, A sat g$ 'f'pd SLA Chi 

A. auriculiformis 

NT 98 44 71 82 87 102 

QLD 50 21 41 75 92 95 

A. mangium 

PNG 38 10 86 57 76 81 

QLD 39 14 95 64 81 95 

Aa x Am hybrids 

A a (NT) x Am 64 31 56 92 75 100 

Aa (QLD} xAm 43 15 30 78 80 97 

By contrast, trees of A. auriculiformis showed remarkable recovery (50-95%) of A511 after the 

first rains of the early wet season had rapidly removed stomatal limitations (Table 3.16). 

This phenomenon was directly related to the restoration of phyllode chlorophyll content 

(Montagu and Woo 1999) as well as g5 • The C;IC. ratio also recovered substantially. The 

interspecific hybrids showed intermediate values for practically all of these parameters. 

All three acacias showed rapid recovery in phyllode chlorophyll content, apparently to take 

advantage of the first rains in the early wet season. Thus, it seems unlikely that non-stomatal 

limitations were responsible for the observed variations in photosynthetic recovery. On the 

other hand, the data indicates that stomatal limitations were the primary cause affecting this 
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recovery. Because gs values were exceptionally high in the wet season, a gs recovery of only 

45% was sufficient to fully restore photosynthetic capacity. The major factors most likely to 

be regulating gs in the recovery phase were \f pd and LA VPD. The roles of these factors will 

be discussed in detail in Chapter 4. 

3.4.2.3 Dark Respiration 

Water stress typically reduces Rl in a wide range of plant spec1es (Larcher 1995). Rl 

declined moderately as tissue water potential fell when water stress was not too severe 

(Bunce and Miller 1976; Bradford and Hsiao 1982). Rl also declined in these acacias as soil 

water availability became limiting (Figs. 3. 7 and 3.1 0). Soil water potential also affected the 

relationship between Rl and temperature in white oak, Q. alba, under severe drought 

(Dougherty and Hinckley 1981 ). More importantly, Rl increases monotonically with 

increasing temperature (Gates 1980) and, therefore, could potentially impact on plant growth 

performance. The greater relative growth rate reported for a number of tree species was 

directly correlated with lower Rl (Reich et a/. 1998). Increase in height growth of loblolly 

pine seedlings was achieved by decreasing night temperature, which decreased Rl (Kramer 

1986). The temperature effect on R1 had been observed in E. cama/dulensis and Combretum 

quadrangu/are (Luangjame 1990) and A. mangium (Atipunumpai 1989) seedlings. In the 

present study, the lack of a correlation between night temperature and Rl (Fig. 3.11) 

indicates that the seasonal variations in Rl observed were primarily due to variations in soil 

water availability rather than night temperature. 

3.4.3 Relationships Between Growth and Physiological Characteristics 

The relationships between gas exchange and plant growth have been examined in a wide 

range of plant species. The interspecific variation in relative growth rate (RGR) was 

positively correlated with Asat for several deciduous and evergreen (Reich eta/. 1998), acacia 

and eucalyptus (Sun 1986) tree seedlings but not for perennial wild seedlings (Poorter and 

Rernkes 1990) . The current results suggest that Asa1 per se was not a good indicator for 

growth performance in these fast growing acada species. The PNG A. mangium genotype, 

which did not have the highest Asat (Table 3.9), still achieved the greatest stem volume 

because of a large canopy area (Table 3.5; Fig. 3.2). Similar results were reported for other 

fast growing tropical species (Atipunumpai 1989; Cole et a/. 1994). Furthermore, stem 

volume growth in an A. auriculiformis trial was best correlated with canopy size at the end of 

dry season (Puangchit et a/. 1996). 
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The results indicate that the relationships governing plant growth and performance in the 

field are extremely complex, and it would be simplistic to relate plant growth in the field 

directly to single-leaf parameters. Nonetheless, the use of single-leaf parameter to evaluate 

growth rate for a single species may be justified under certain conditions, and only on a case

by-case basis. For instance, compared with the QLD genotype, the PNG A. mangium 

genotype had greater stem volume and higher Asat when the soil water availability became 

limiting (Table 3.9). Under these (drought) conditions, Asat could be a good indicator of fast 

growth in this acacia species. In another example, RJ in the wet season appeared to be 

negatively correlated with growth performance in A. auriculiformis and A. mangium but not 

the interspecific hybrids. Strong negative correlation between RGR and RJ has indeed been 

reported for a number of tree species (Reich et a/. 1998). On the other hand, the most 

productive provenances of A. mangiwn were not associated with either high photosynthetic 

rates or low R.! but with total phyllode area (Atipunumpai 1989). However, this A. mangium 

study related the gas exchange measurements of seedlings under laboratory conditions with 

the growth performance of the trees in the field. In any case, the extrapolation of data 

collected in shade house or laboratory to the field should be avoided whenever possible. 

Finally, the Aa x Am hybrids were superior in height and diameter growth to both the 

parental spectes. In stem volume determinations, they were superior only to 

A. auriculiformis. This parameter varied widely between and within species suggesting that 

it may be potentially useful as a selection parameter for wood production and growth-related 

traits in these acacias. Furthermore, the preliminary results in this chapter suggest that the 

genetic components of characteristics such as tree growth, tree form, root system and 

drought tolerance might be under maternal influence. Further studies are needed to evaluate 

their potential in future genetic improvement programs. 
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Chapter Four: Interspecific Hybrids of Acacia auriculiformis. 11. 

Recovery of Gas Exchange Characteristics from Seasonal Drought 

4.1 Introduction 

The major feature of the environment m the wet-dry tropics of Northern Austraha is 

prolonged and severe seasonal drought (Fig. 2.2, Chapter 2). The wet season (November

April) is characterized by frequent heavy rain, extensive cloud cover and a low vapor 

pressure deficit (VPD). Rainfall in the wet season accounts for over 95% of the annual 1800 

mm (approximate) rainfall. There is little or no rain, VPD is high and the days are 

predominately cloud-free during the dry season (May-December). The maximum 

temperatures are over 30°C throughout the year but the night temperature is lower in the dry 

season (Fig. 2.2, Chapter 2). The duration of each season and the amount of ramfall vary 

considerably from year to year. For example, the dry season may last till January, and the 

rain that breaks the prolonged dry season is often patchy and irregular depending on the 

predominance of convection storms (Taylor and Tulloch 1985). 

Drought is the major limiting factor for plant growth in the wet-dry tropics. Under this 

condition, C02 fixation and gs usually decrease in parallel. This has led to the assumption 

that stomatal closure is primarily responsible for the inhibition of photosynthesis under water 

stress. Rapid stomatal closure decreases not only water loss but also carbon flux to the 

mesophyll, thereby, decreasing photosynthesis (Schulze and Hall 1982; Kirschbaum 1987; 

Escalona et al. 1999). 

The photosynthetic response to water stress depends on the duration and intensity of the 

stress condition as well as the genetically determined traits of the plants. Well-adapted 

species or genotypes are expected to maintain high photosynthetic capacity and high water

use efficiency during drought and have a rapid recovery in photosynthesis after drought 

(Chaves 1991). 

The importance of stomatal and non-stomatal mechanisms for limiting leaf photosynthesis, 

regardless of plant water status, is widely recognized (Farquhar and Sharkey 1982; Chaves 

1991; Ni and Pallardy 1992; Escalona eta/. 1999). These limitations may vary with species 

and environment. In long-term drought, stomatal control becomes progressively less 

effective as soil water deficit intensifies (Tezera and Lawlor 1995). Non-stomatal factors 

predominated during water stress in a number of tree species (Briggs et a/. 1986; Ni and 

Pallardy 1992). Water stress affects mesophyll metabolism and reduces photosynthetic 
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capacity as a consequence of decreased RuP2 synthesis, as well as decreased Rubisco activity 

and/or carboxylation efficiency (Lawlor 1995; Flexas eta/. 1998; Escalona et a/. 1999). An 

understanding of water stress effects on photosynthetic characteristics would ideally be 

based on how stomatal and non-stomatal limitations operate during and after the relief of this 

stress. 

To date, there is relatively little research on the recovery of plants following water stress. 

The available data show that stomatal limitations restrict photosynthetic recovery when 

annual plants are rewatered after short-term drought (Boyer 1971 ). After rewatering, Anet of 

stressed Eucalyptus pauciflora seedlings recovered more rapidly than stomatal aperture 

suggesting there was a greater control by stomata than mesophyll during recovery 

(Kirschbaum 1987). In orange trees, stomatal limitations persisted for more than 2 months 

following rewatering (Fereres et a/. 1979). By contrast, stomatal limitations of 2-year-old 

A. auriculiformis after 5 months of seasonal drought were removed rapidly after 1-8 days of 

the first rains in the wet season (Montagu and Woo 1999). This photosynthetic recovery 

seemed to be related primarily to the restoration of phyllode chlorophyll content. The results 

in Chapter 3 indicate that the recovery rates of Anet and gs varied significantly in different 

genotypes of A. auricultformis, A. mangium and their interspecific hybrids despite the ful l 

recovery of phyllode chlorophyll content. The evidence suggests that the nature and degree 

of stomatal limitations may vary between species/genotypes during recovery after prolonged 

drought. The factors associated with these limitations remain to be determined. 

This chapter investigates the recovery of photosynthetic capacity and Rt m existing 

phyllodes of A. auriculiformis, A. mangium and their interspecific hybrids after seasonal 

drought in the wet-dry tropics. It will examine two major issues: (l) the role of stomatal and 

non-stomatal limitations; and (2) the genotypic variations between and within the three 

acacia species. 

4.2 Materials and Methods 

The present study was carried out at the progeny trial in Berrimah Agricultural Research 

Farm, Darwin (Section 2.1.1.1 ). Some tree samples of the A a (QLD) x Am genotype had died 

in the dry season in 1999, so the present study was conducted on the remaining five 

genotypes examined in Chapter 3 (Table 3.1 ). For each genotype, the same four tree samples 

examined in Chapter 3 were determined . Three fully-expanded sun phyllodes of each tree 

sample were tagged . A
511 

(Section 2.4), .Rt (Section 2.5) and phyllode chlorophyll content 

(Section 2.7) were determined on the tagged phyllodes every month from September 1999-
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April 2000. \fpd (Section 2.6) and SLA (Section 2.3) were determined on five and thirty 

fully-expanded sun phyllodes of each tree sample respectively. 

Repeated measures analysis was applied for the variations between genotypes in 

physiological parameters (Section 2.1 0) . Linear and non-linear relationships among tree 

parameters were determined using the Sigmaplot regression features, and the significant 

difference between fitted curves was analyzed (Section 2.1 0). The multiple regression 

between dependent variable Asat and the independent variable of g \f d LA VPD T C·IC 
S> p • , leaf, , a 

ratio and phyllode chlorophyll content was analyzed using the stepwise regression analysis 

(Section 2.1 0). 

4.3 Results 

4.3.1 Rainfall 

After almost 5 months of drought in 1999, the first rainfall (less than 10 mm) was recorded 

in mid-September, but no additional rain fell until mid-October (Fig. 4 .1 ). The dry season 

eventually ended with a number of small showers spread over a couple of days in mid

October (totaling 30 mm). The total rainfall in October was 102 mm, 128% of the 30-year 

average for this month. In November, it dropped to 77 mm, 56% of the 30-year average for 

the month. Heavy rain fell frequently after December, and the total rainfall during the study 

period (September 1999-April 2000) was 1945 mm, about 107% of the 30-year average 

annual rainfall. RH was lowest in September but increased gradually when the rain began to 

fall except in November when the rainfall was below average. During the study period, 

September-December had the highest daily maximum temperature and September the lowest 

daily minimum temperature. The temperature range in both the monthly means of daily 

minimum and daily maximum temperature was less than 3°C (Fig. 4.1) . 

4.3.2 Recovery of Physiological Parameters 

The lowest \f pd values for all three species were observed in September, the end of the dry 

season (Fig. 4.2a). The values varied between species in this period; the hybrids had the 

highest and A. mangium the lowest \f pd values. \f pd increased rapidly after showers in mid

October, reaching full recovery by February. In the case of A. mangium, full recovery was 

achieved by mid-December. The variations in \fpd values between genotypes, highest 

(>100%) in September, diminished as recovery progressed (Table 4.1). Both A. mangium 

genotypes showed the faster recovery even though they both had low \f pd values at the end 

of the dry season. 
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Figure 4.1 (a) Daily rainfall, (b) monthly means of relative humidity (RH) at 0900 hand (c) 

monthly means of daily maximum temperature and minimum temperature at Darwin Airport 

station (10 km from the study site), Darwin, Australia. 
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Table 4.1 Recovery of pre-dawn phyllode water potential (\fl pd) in saplings of Acacia 

auriculiformis (Aa), A. mangium (Am) and the Aa (NT) x Am hybrid in Darwin , 

Australia. Abbreviations: NT, Northern Territory; PNG, Papua New Guinea; and 

QLD, Queensland. Values (means ± se) followed by the same superscript letter are 

not significantly different at P<0.05 (n = 20). 

Species/genotype 
't' pd (MPa) 

Sep 99 Oct 99 Dec 99 MarOO 

Aa (NT) -2.63±0.45 d -1.79±0.32 c -0.60±0.07 ab -0.25±0.05 a 

Aa (QLD) -1.39±0.20 c -1.26±0. 12 be -0.56±0.17 ab -0.26±0.03 • 

Am (PNG) - 1. 73±0.38 c -0.82±0.12 ab -0.37±0.08 a -0.26±0.01 a 

Am (QLD) -2.99±0.26 d -1.08±0.13 be -0.37±0.06 ° -0.2 1±0.04 a 

Aa (NT) xAm -1.54±0.48 c -1.14±0.23 be -0.58±0.02 ab -0.24±0.02 • 

In September, the Au, and g5 values of all three species had decreased by up to 80% of the 

wet season values (Figs. 4 .2b-c). Mid-October showers led to an immediate increase 

(recovery) of Au, and g5• Asa1 increased steadily right through to mid-March but the recovery 

for ~ fluctuated during this period. The initial recovery in g5 in A. mangium and the Aa (NT) 

x Am hybrid was reversed temporarily in mid-November but by late December they began to 

increase steadily. Full recovery of both A581 and g5 was achieved in all species by about mid

February. A. mangium had the slowest recovery for both parameters even though it had the 

fastest recovery in 'I' pd· 

The Aa {Nl) x Am hybrid and NT A. auriculiformis genotype had the highest Asa, values 

determined in September as well as the fastest recovery (Table 4 .2). These two genotypes 

appeared to be the most drought tolerant genotypes examined in this study. Drought 

tolerance in the Aa (NT) x Am hybrid, as previously discussed in chapter 3, might have a 

maternal influence. In contrast, the QLD A. mangium genotype had the lowest A sat value in 

September and the slowest recovery of all the genotypes examined. Compared with the QLD 

A. mangium genotype, the PNG genotype had a higher A"' value in September and faster 

recovery, suggesting that it was relatively more drought tolerant than the QLD genotype. 
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Table 4.2 Recovery of light-saturated photosynthesis (Asat) in saplings of Acacia 

auriculiformis (Aa), A. mangium (Am) and the Aa (NT) x Am hybrid in Darwin, 

Australia. Values (means ± se) followed by the same superscript letter are not 

significantly different at P<0.05 (n = 12), and values in brackets are% of Asat values 

obtained in March 1999. Abbreviations are described in Table 4.1. 

Species/ genotype 
Asat (Jlmol m·2 s"1

) 

Sep 99 Oct99 Dec99 MarOO 

Aa (NT) 8.42±2.27 e 13.73±1.40 d 20.65±1.13 ab 23.43±0.88 a 

(39.9) (65.1) (97.9) (111.0) 

Aa (QLD) 7.68±2.20 ef 9.60±0.90 e 18.05±1.27 be 24.45±1.51 a 

(35.9) (44.9) (84.3.9) (114.3) 

Am (PNG) 5 .51±1.50 ef 12.99±0.64 d 16.08±0.99 e 22.58±0.74 a 

(25.8) (60.7) (75.1) (105.5) 

Am (QLD) 3.82±0.86 f 7.44±1.14 ef 14.13±0.45 ed 23.05±1.74. 

(18.0) (35.1) (66.6) (108.7) 

A a (NT) x Am 8.72±2.06 e 14.50±1.31 cd 18.16±0.77 be 24.13±1.12 a 

(38.6) (64.2) (80.3) (106.7) 

The changes in g5 values from September-March are similar to that obtained for Asat (Table 

4.3). Again the Aa (NT) x Am hybrid and NT A. auriculiformis genotype showed the fastest 

recovery and the QLD A. mangium genotype the slowest recovery. 

Consistent with the decline observed for Asat and g5, the C/Ca ratio was minimal in 

September (Fig. 4.3a), indicating stomatal limitations during seasonal drought. However, it 

recovered almost completely following the first rains in mid-October. As with g5, the initial 

recovery in A. mangium was temporarily reversed in November but recovered fully by 

February. 
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Table 4.3 Recovery of stomatal conductance (g5) in saplings of Acacia auriculiformis (Aa). 

A. mangium (Am) and the Aa (NT) x Am hybrid in Darwin, Australia. Values (means± se) 

followed by the same superscript letter are not significantly different at P<O.OS (n = 12). and 

values in brackets are % of gs values obtained in March 1999. Abbreviations are descnbed m 

Table 4 .1. 

Species/genotype 
g. (mol m'2 s·') 

Sep 99 Oct 99 Dec 99 Mar OO 

Aa (NT) 0.075±0.033 d 0.31±0.06 be 0.44±0.09 b 0.83±0.10. 

(9.2) (38.3) (53 .3) (101.6) 

Aa (QLD) 0.07 1±0.019 d 0.25±0.01 bed 0.24±0.03 bed 0.83±0.14. 

(10.5) (37.4) (35.6) ( 122.5) 

Am (PNG) 0.036±0.010 d 0.38±0.07 be 0.36±0.05 be 0.87±0.08 . 

(4.3) (45 .6) (34 .2) ( 103.5) 

Am (QLD) 0.028±0.002 d 0.18±0.07 cd 0.29±0.01 be 0.71±0.17 . 

(4.2) (27.6) (54.8) (107.0) 

Aa (NT) xAm 0.087±0.030 d 0.47±0.05 b 0.41±0.09 b 0.85±0.11 • 

( 11.7) (63 .8) (55.0) ( 115.1) 

The highest (>2 kPa) LA VPD was observed in September and the lowest (<1 kPa) m 

February-March (Fig. 4 .3b). LA VPD of all three species declined by about 50% after the 

mid-October rains but the decline was temporarily reversed in mid-November. A. mangium 

again exhibited substantially higher LA VPD in this period compared to the other species. In 

contrast, the T1ear of all three species was highest in November and lowest in September 

(Fig. 4.3c). T1ear was higher than 30°C throughout the study period. A. mangium had the 

highest T1ear in November but otherwise the difference between species was essentially not 

significant. 

4.3.3 Recovery of Phyllode Characteristics 

Phyllode chlorophyll content declined by 50% by the end of the dry season in September 

(Fig. 4.4). Unlike physiological parameters, it did not recovered immediately after the rains 

in mid-October. Instead, it increased rapidly in mid-November and then more gradually 

afterwards. By mid-February, phyllode chlorophyll content had reached values similar to 

those determined in the previous wet season. Differences between genotypes were 

significant (P<O.OS) (Table 4.4). The PNG A. mangium genotype had the highest phyllode 

chlorophyll content throughout most of the period examined. 
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Figure 4.3 Recovery of (a) intercellular to ambient C02 concentration (C/Ca) ratio, (b) leaf

to-air vapor pressure difference (LA VPD) and (c) phyllode temperature (T1ear) from seasonal 

drought in saplings of Acacia auriculiformis (Aa), A. mangium (Am) and the Aa (NT) x Am 

hybrid in Darwin, Australia. Measurements were undertaken on the same phyllode during 

September 1999-April 2000. Each symbol is the mean± se (n = 12-40). 
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Table 4.4 Recovery of phyllode chlorophyll content from seasonal drought in saplings of 

Acacia auriculiformis (Aa), A. mangium (Am) and the Aa (NT) x Am hybrid in Darwin, 

Australia. Values (means ± se) followed by the same superscript letters are not significantly 

different at P<O.OS (n = 12). Abbreviations are described in Table 4.1. 

Species/genotype 
Phyllode chlorophyll content (mmol m'2) 

Sep 99 Oct 99 Dec 99 MarOO 

Aa (NT) 0.30±0.05 cd 0.19±0.04 d 0.58±0.03 b 0.59±0.01 b 

Aa (QLD) 0 .32±0.02 cd 0.26±0.02 d 0.57±0.04 b 0.66±0.0 1 b 

Am (PNG) 0.40±0.08 c 0.31 ±0.06 cd 0.62±0.06 b 0.80±0.03 . 

Am (QLD) 0.27±0.02 d 0.24±0.02 d 0.64±0.03 b 0 .77±0.03 I 

Aa (NT) x Am 0.3 1 ±0.0 1 cd 0.23±0.03 d 0.54±0.03 b 0.70±0.02 ab 

When A~1 was expressed on a chlorophyll basis, the photosynthetic activity was highest in 

mid-October for all genotypes (Table 4.5). This distortion occurred because C02 fixation 

made a rapid recovery after the first rains in mid-October but phyllode chlorophyll content 

declined in this period. Because of the relatively low chlorophyll content, the NT 

A. auriculiformis genotype and the Aa (NT) x Am hybrid had the highest A.a1 values for 

practically the whole period examined. 

Table 4.5 Variations in light-saturated photosynthesis (Asa1) per unit of phyllode chlorophyll 

content (Chi) in saplings of Acacia auriculiformis (Aa), A. mangium (Am) and the Aa (NT) x 

Am hybrid in Darwin, Australia. Values (means± se) followed by the same superscript letter 

are not significantly different at ? <0.05 (11 = 12). Abbreviations are described in Table 4.1 

Photosynthetic capacity (J..lmol [C02] mmol [chtr's· ') 
Species/genotype 

Sep 99 Oct 99 Dec 99 Mar 00 

Aa (NT) 30.55±8.59 bed 79.46±9.75 a 33.86± 1.61 be 39.83±1.25 be 

Aa (QLD) 23 .94±5.15 cd 38.41±5.78 be 32.35±3.30 bed 37. 17±2.80 be 

Am (PNG) 14.59±3.56 d 4 7. 7 6±9 .4 1 b 26.36± 1.32 cd 28.21 ±1.05 cd 

Am (QLD) 13.73±2.31 d 30.26±2.47 od 22.29±0.63 cd 30.02±2.75 cd 

Aa(NnxAm 29.01±6.71 cd 65.63±5.22 a 34.02±2.03 be 34 .62± 1.93 be 
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Figure 4.4 Recovery of phyllode chlorophyll content (Chi) after seasonal drought in saplings 

of Acacia auriculiformis (Aa) , A. mangium (Am) and the Aa (NT) x Am hybrid in Darwin, 

Australia. Measurements during September 1999-April 2000 were undertaken on the same 

phyllode. Each symbol is the mean ± se (n = 12-24). 
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SLA decreased in all three species during the dry season but began to increase with the onset 

of the wet season (October-December) and, by mid-March, reached final values similar to 

those determined in the previous wet season (Fig. 4.5). Significant differences between 

genotypes were observed (P<O.O l) (Table 4.6). Overall , the A a (NT) x Am hybrid ancl the 

NT A. auriculiformis genotype had the highest SLA values except in mid-March when both 

the A. mangium genotypes had higher values than the NT A. auriculiformis genotype. 

Table 4.6 Recovery of specific phyllode area (SLA) from seasonal drought in saplings of 

Acacia auriculiformis (Aa), A. mangium (Am) and the Aa (NT) x Am hybrid in Darwin, 

Australia. Values (means ± se) followed by the same superscript letter are not significantly 

different at P<0.05 (n = 120). Abbreviations are described in Table 4.1. 

SLA (m2 kg' 1
) 

Species/genotype 
Sep 99 Oct 99 Dec 99 Mar 00 

Aa (NT) 8.22±0.13 be 7.52±0.28 c 7.79±0.29 c 8 .99± 1.13 ab 

Aa (QLD) 7.46±0.56 c 6.88±0.32 c 7.30±0.22 c 8.50±0.86 be 

Am (PNG) 7.44±0.37 c 7.20±0.28 c 7.13±0.32 c 9.27±0.66 ab 

Am (QLD) 7.09±0.32 c 7.53±0.58 ( 7.67±0.55 c 9.82±0.45 ab 

Aa (NT) x Am 8.29±0.08 be 8.15±0.30 be 8.52±0.27 be 1 0.32±0.50 • 

4.3.4 Factors Affecting Photosynthetic R ecovery 

The recovery in Asa
1 

and g
5 

from seasonal drought occurred simultaneously after the first 

rains fel l. The strong non-linear relationship between Asat and gs during the recovery period 

(Fig. 4.6) indicates that Au,1 increased concomitantly with g5• The increase in gs accounted for 

65-82% of the recovery in Asah indicating that stomatal limitation was the major, but not 

sole, factor regulating photosynthetic recovery. Differences in the relationships between 

species were not significant. 
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Figure 4.5 Recovery of specific phyllode area (SLA) after seasonal drought in saplings of 

Acacia auriculiformis (Aa), A. mangium (Am) and Aa (NT) x Am hybrid in Darwin, 
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phyllode. Each symbol is the mean± se (n = 12-24). 



Chapter Four 91 

30 (a) A. auriculiformis 

0 

o 9:Jo 
00° 

20 0 

ocP 0 0 

~ 
0 

10 
0 A,.1=(27 .62g,)/(0.22+g,) 

0 
l=0.73, n=56 

0 

30 (b) A. mangium 

• • 
7 •' "' N 20 ·s I ...... 

i 
'-' 

<t.w. 10 • 
A,.1=(26. 7 6g,)/(0.22+g,) 

r2=0.82, n=56 

0 

30 (c) A a x Am hybrid 

6 6 

6 

20 

6 

10 6 
A,.1=(25.75g,)/(0.19+g,) 

r2=0.65, n=28 

0 

0.0 0.5 1.0 1.5 

( I -2 -1) g, mo m s 

Figure 4.6 Relationship between light-saturated photosynthesis (Asat) and stomatal 

conductance (gs) during recovery from seasonal drought in saplings of Acacia auriculiformis 

(Aa), A. mangium (Am) and the Aa (NT) x Am hybrid in Darwin, Australia. Each symbol is 

the mean of each tree sample (n=3). 
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The recovery in photosynthetic parameters after drought was generally associated with the 

recovery in '¥pd. The relationship between 'l'pd and A531 (Fig. 4.7) showed that Asar increased 

exponentially with increasing 'I' pd· Differences between species were significant (P<O.OS) 

The same value of 'I' pd resulted in higher Asar value in A. auriculiformis compared with the 

Aa (NT) x Am hybrid and A. mangium respectively. Similarly, gs increased exponentially 

with increasing 'I' pd but the interspeci fie difference in this relationship was not significant 

(Fig. 4.8). 

A negative linear relationship between Asar and LA VPD was observed in all three acacias 

(Fig. 4.9). The Aa (NT) x Am hybrid was the least responsive and A. mangium the most 

responsive to LA VPD but the differences between species were not significant. The 

relationship between gs and LA VPD was exponential, indicating that g
5 

increased 

proportionately more than Asar in response to decreased LA VPD (Fig. 4. 10). Differences in 

this relationship between species were not significant. 

Seasonal drought often results in a loss of photosynthetic capacity that is independent of 

stomatal limitations and the subsequent recovery in photosynthetic capacity would, likewise, 

involve the restoration of phyllode mesophyll capacity. Fig. 4.11 shows that Asar increased 

linearly with phyllode chlorophyll content during the recovery period, even though the 

phyllode chlorophyll content started to recover later than A531 • Differences in the relationship 

between species were not significant. 

Overall, the photosynthetic recovery of the three species was dependent not only on stomatal 

functions in response to 'I' pd and LA VPD but also on the restoration of phyllode chlorophyll 

content. To determine the degree of dependence, the multiple regressions between the 

dependent variable Asar and the independent variables 'I'pd, LAVPD and phyllode chlorophyll 

content during recovery in each species are summarized below: 

A. auriculiformis Asa1 = 14.27 + 1.91 'l'pd + 16.18Chl- 2.95LA VPD; 

A. mangium Asa1 = 13.74- 4.99LAVPD + 14.68Chl; and 

Aa (NT) X Am hybrid Asar = 17.62 + 3.25'1'pr 3.23LAVPD + 11.59Chl. 

A summary of the stepwise statistical procedure is given in Table 4.7 . 
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Figure 4.7 Relationship between light-saturated photosynthesis (Asat) and pre-dawn phyllode 

water potential ('f'pd) during recovery from seasonal drought in saplings of Acacia 

auriculiformis (Aa), A. mangium (Am) and the Aa x Am hybrid in Darwin, Australia. Each 

symbol is mean of each tree sample (n=3-5). 
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Figure 4.8 Relationship between stomatal conductance (g,) and pre-dawn phyllode water 

potential (\l'pd) during recovery from seasonal drought in saplings of Acacia auriculiformis 

(Aa), A. mangium (Am) and the Aa (NT) x Am hybrid in Darwin, Australia. Each symbol is 

the mean of each tree sample (n=3-5). 
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Figure 4.9 Relationship between light-saturated photosynthesis (Asat) and leaf-to-air vapor 

pressure difference (LA VPD) during recovery from seasonal drought in saplings of Acacia 

auriculiformis (Aa), A. mangium (Am) and the Aa (NT) x Am hybrid in Darwin, Australia. 

Each symbol is the mean of each tree sample (n=3) . 
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Figure 4.10 Relationship between stomatal conductance (gs) and leaf-to-air vapor pressure 

difference (LA VPD) during recovery from seasonal drought in saplings of Acacia 

auriculiformis (Aa), A. mangium (Am) and the Aa (NT) x Am hybrid in Darwin, Australia. 

Each symbol is the mean of each tree sample (n=3). 
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Figure 4.11 Relationship between light-saturated photosynthesis (Asat) and phyllode 

chlorophyll content (Chi) during recovery from seasonal drought in saplings of Acacia 

auriculiformis (Aa), A. mangium (Am) and the Aa (NT) x Am hybrid in Darwin, Australia. 

Each symbol is the mean of each tree sample (n=3 ). 
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Table 4. 7 Summary of stepwise procedure for multiple regressions between dependent 

variable light-saturated photosynthesis (Asat) and independent variables pre-dawn phyllode 

water potential (\1' pc!), leaf-to-air vapor pressure difference (LA VPD), and phyllode 

chlorophyll content (Chi) in saplings of Acacia auriculiformis (Aa), A. mangium (Am) and 

the Aa {NT) x Am hybrid in Darwin, Australia. The variables entered in the multiple 

regression were significant at P<O.OS. 

Species Step Variables entered Partial r2 Multiple r2 F p-value 

A. auriculiformis 

(n=56) 'l'pd 0.626 0.626 90.396 <0.001 

2 Chl 0.056 0.682 9.335 0.003 

3 LAYPD 0.053 0.735 I 0.408 0.002 

A. mangium 

(n=56) LAYPD 0.726 0.726 142.766 <0.001 

2 Chi 0.127 0.853 45.875 <0.001 

Aa (NT) xAm 

Hybrid 'l'pd 0.590 0.590 37.374 <0.001 

(n=28) 2 LAYPD 0.135 0.724 12.222 0.002 

3 Chi 0.061 0.786 6.871 0.015 

The results show that the parameter influencing photosynthetic recovery varied with species. 

\f'pd was one of the principle factors (63%) influencing the recovery of A sa t in 

A. auriculiformis, indicating that the recovery was dependent on soil water availability. On 

the other hand, LA VPD was predominant (73%) for the recovery of A sat in A. mangium 

suggesting the dominant effect of atmospheric water availability on the recovery process. For 

the hybrid, \II pc1 was the major factor (59%) on Asat recovery but LA VPD also played a highly 

significant ( 14%) role. Interestingly, phyllode chlorophyll content had a significant partial 

correlation coefficient for all three species indicating the importance of non-stomatal 

limitations for the recovery of A531 in these acacias. 
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4.3.5 Recovery of Dark Respiration 

~ declined by 50% in all three species by the end of the dry season and only began to 

recover with the onset of rain (Fig. 4.12). Total recovery was achieved by February. The 

difference between genotypes was statistically significant (Table 4.8) but the vanat1ons 

between genotypes were small during the recovery period and only became more 

pronounced at complete recovery. Both the PNG A. mangium genotype and the Aa (NT) x 

Am hybrid had lower (24-49%) values than the other genotypes. Their low R, seemed to be 

inversely correlated with faster growth as discussed in Chapter 3. 

The recovery pattern of R, (Fig. 4.12) was similar to that observed for '¥ pd· Fig. 4.13 shows 

that R, increased with'¥ pd· Unlike Asar or gs, both of which had approximate zero y -mterccpt 

(Figs. 4. 7 and 4.8), the positive y-intercept obtained in Fig. 4.13 indicates that R, was less 

responsive to soil water availability than the other two parameters; R, started to increase only 

when the value of '¥ pc1 exceeded -1.0 MPa. The relationship was significantly different 

between species (?<0.05), with A. mangium showing the slowest response to'¥ pd· 

Table 4.8 Recovery of dark respiration (R,) in saplings of Acacia auriculiformis (Aa) . 

A. mangium (Am) and the Aa (NT) x Am hybrid in Darwin, Australia. Values (means ± se ) 

followed by the same superscript letters are not significantly different at ?<0.05 (n = I 2) . 

Abbreviations are described in Table 4.1. 

R.t (~Jmo l mo1'2 s' 1
) 

Species/genotype 
Sep 99 Oct 99 Dec 99 Mar 00 

Aa (NT) 0.54±0.05 d 0.65±0.05 cd 0.85±0.02 be 1.20±0.10. 

Aa (QLD) 0.50±0.12 d 0.61±0.09 cd 0.83±0.11 be 1.15±0.03 . 

Am (PNG) 0.42±0.01 d 0.53±0.10 d 0.76±0.09' 0.81 ±0.08 be 

Am (QLD) 0.41±0.04 d 0.55±0.11 d 0.87±0.15 b 1.07±0.16 •b 

Aa (NT) xAm 0.43±0.06 d 0.53±0.07 d 0.67±0.05 cd 0.86±0.12 be 
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Figure 4.12 Recovery of dark respiration (RJ) from seasonal drought in saplings of Acacia 

auriculiformis (Aa), A. mangium (Am) and the Aa x Am hybrid in Darwin, Australia . 

Measurements were undertaken on the same phyllode during September 1999-April 2000. 

Each symbol represents mean and standard error (n = 12-24). 
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Figure 4.13 Relationship between dark respiration (Ro) and pre-dawn phyllode water 

potential ('¥ pc1) during recovery from seasonal drought in saplings of Acacia auriculiformis 

(Aa), A. mangium (Am) and the Aa (NT) x Am hybrid in Darwin, Australia. Each symbol is 

the mean of each tree sample (n=3-5). 
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4.4 Discussion 

4.4.1 Stomatal Limitations to Photosynthetic Recovery 

Drought tolerant species are normally able to maintain high photosynthetic activity during 

drought and recover rapidly after the water stress (Chaves 1991; Kirschbaum 1988). 

Reductions in photosynthesis in tropical tree species during seasonal drought were primarily 

caused by stomatal closure responding to decreases in soil water availability and increases in 

LA VPD (Chapter 3; Eamus and Cole 1997; Prior eta/. 1997a; 1997b). Stomatal limitations 

were removed by large and rapid increases in gs and C;IC. ratio after the first drought

breaking rains in mid-October (Figs. 4 .2c and 4.3a). ln the seasonally wet-dry tropics, 

increases in & during recovery were found to vary with the amount of drought-breaking rains 

(Montagu and Woo 1999). 

Leaf aging was found to be a major factor causing the decline in Am during seasonal drought 

in some species (David eta/. 1998). But the present study shows that this is unlikely to be an 

important factor in these acacias because the levels of phyllode Am and chlorophyll content 

in the same phyllode had increased in the following wet season compared to the previous 

season. 

Recovery may involve co-regulation of Asa1 and gs. When drought-stressed Quercus alba 

trees were irrigated, Anc1 increased following a recovery in \f'pd (Dougherty and Hinckley 

1981 ). However, g. was more responsive to the increase in \f' pd than Asat suggesting that non

stomatal effects were also involved. In tropical acacias, increases in both Am and gs were 

directly related to increases in soil water availability (Figs. 4 . 7 and 4 .8). The situation, 

however, was probably more complex. For example, stomatal limitations were barely 

affected in mid-November when the total monthly rainfall was only half of the long-term 

average, nevertheless, the \f' pd of all three acacia species continued to increase (Fig. 4.2a). 

Apparently, other factors such as low RH (Fig. 4.1b), high LAVPD (Fig. 4 .3b) and high T1ear 

(Fig. 4.3c) continued to affect photosynthetic response during this period. Low RH might 

cause stomatal closure directly by inducing water stress in the epidermal tissue and guard 

cells as a result of excessive transpirational water loss. Such stomatal responses to LA YPD 

are basically oriented towards photosynthetic optimization of water losses (Cowan 1982). At 

high LA VPD and high T1ear, stomatal closure resulted in reduced potential for photosynthesis 

but a considerable saving in water in A. auriculiformis and other species (Grantz 1990; 

Trivedi et a/. 1992; Comstock and Ehleringer 1993; Prior et a/. 1997a). The exponential 
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relationship obtained between gs and LA VPD (Fig. 4.1 0) IS consistent with such an 

assumption. 

4.4.2 Non-Stomatal Limitations to Photosynthetic Recovery 

Non-stomatal effects such as changes in mesophyll resistance and photochemical capacity 

are often observed during long-term water stress (Chaves 1991) but not in short-term pot 

experiments where water stress develops too rapidly (Kramer 1983 ). The response to long

term water stress is clearly differentiated from response to rapid water stress. These 

differences are amplified in the field and likely to vary with species and environmental 

conditions (Schulze 1986). Changes in leaf chlorophyll content were not observed in 

E. tetradonta saplings during 5 months of seasonal drought, despite a 70% decrease in 

photosynthetic rates (Prior et a/. 1997b ). In contrast, the reduction in chlorophyll content 

accounted for 73% of the decrease in photosynthesis observed in 2-year-old 

A. auriculiformis when the seasonal drought was prolonged and developed slowly (Montagu 

and Woo 1999). In the present study, the large (>60%) decline in A sat at the end of dry 

season (Fig. 4.2b) was also accompanied by a large reduction in chlorophyll content 

(Fig. 4.4). 

The ability to recover from water stress may also be associated with the efficiency of the 

repair mechanism and the impairment of mesophyll photosynthesis by severe and prolonged 

dehydration and photoinhibition can sometimes be irreversible (Chaves 1991 ; Liu 1998). 

The adverse effect of short-term water stress on photosynthesis is usually reversible 

(Kirschbaum 1988). Furthermore, the loss in chloroplastic activity did not appear to be 

associated with a loss of organelle structural integrity, even under severe water stress 

(Fellows and Boyer 1976). This explains the complete and rapid reversibility of 

photosynthetic inhibition by osmotic dehydration. However, irreversible damage in the 

chloroplast is likely to occur when the relative water content decreases below 30% (Chaves 

1991 ). 

In the field, chlorophyll synthesis was required to restore the photosynthetic capacity in old 

acacia phyllodes after seasonal drought (Montagu and Woo 1999; Fig. 4.4). T his restoration 

accounted for almost 60% of the recovery in photosynthetic capacity in the present study 

(Fig. 4.11 ). Even though leaf age was likely to increase susceptibility of photosynthesis to 

drought and decrease the ability to recover after drought (David et a/. 1998), this seasonal 

pattern of decline and recovery was rather related to rainfall. Otherwise, it would have been 

Impossible to reverse the decline in the early wet season when the rain started to fall. 
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4.4.3 Species Variations 

4.4.3.1 Stomatal and Non-Stomatal Effects 

Species differ largely in their ability to respond to drought and to recover after its rehef. 

Many of these differences are related to properties at the whole plant level; others to leaf 

properties including stomatal functioning. Furthermore, genetically determined traits enable 

some species or genotypes quickly to sense the first signs of drought in the atmosphere 

(Comstock and Ehleringer 1993) or in the soil (Schulze and Hall 1982). 

The three acacia species in this study exhibited different physiological responses to seasonal 

drought. The A a (NT) x Am hybrid had the highest \f' pd value at the end of the dry season and 

continued to maintain relatively high \f'pd during the early wet season (Fig. 4.2a). 

Consequently, they showed the highest recovery for Asat · A. auriculiformis trees were able to 

maintain high photosynthetic activity at low \f' pd because their stomata were more responsive 

to increasing soil water availability (Fig. 4.8). Both these physiological responses would be 

advantageous for growth in environments, such as the dry-wet transition, that are subjected 

to irregular rains. 

A. mangium had the lowest \f' pd at the end of dry season but showed a surprisingly rapid 

recovery of \f' pd after the first rains in October (Fig. 4.2a). Like Artemisia tridentata 

(Richards and Caldwell 1987), A. mangium trees apparently had an extensive root system 

capable of maintaining an active fine root system at the very top of the soil profile during the 

dry season. This fine root system would take up water rapidly after rain. Potentially, these 

plants would have an enormous adaptive advantage in the seasonally wet-dry tropics 

(Montagu and Woo 1999). However, despite high \f' pd levels, A. mangium exhibited the 

lowest A511 recovery rates (Fig. 4 .2b), mainly because of low and poor recovery in gs (Table 

4.3 and Fig. 4.2c) and/or phyllode chlorophyll (Table 4.4 and Fig. 4.4). Consequently, 

LA VPD was a major constraint on photosynthetic recovery in this acacia during the recovery 

period (Fig. 4.3b). 

These differences are supported by the results from the multiple regression analysis on Aut 

and the factors controlling it during the recovery period (Table 4.7). Regardless of the 

differences in physiological mechanism involved, the major effects on photosynthetic 

recovery in these species are stomatal. The stomatal effects are directly influenced by '¥ pd in 

A. auriculiformis (63%) and the Aa (NT) x Am hybrid (59%), and by LA VPD in A. mangium 

(73%). The results suggest that photosynthetic recovery of A. auriculiformis and the hybrid 
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was dependent on stomatal response to soil water availability while that of A. mangium on 

stomatal response to atmospheric water availability. However, the high part1al correlation 

coefficient determined for phyllode chlorophyll content (4-13%) emphasizes that non

stomatal effects also play an important role in the recovery . 

The relative importance of these factors varied during the recovery period but this study did 

not assess the proportion of stomatal to non-stomatal effects on photosynthesis. However, 

different methods can be used for this (Farquhar and Sharkey 1982; Jones 1985). For 

example, the initial slope of the C02 response curve is correlated with Rubi sco activity and, 

similarly, C02-saturated photosynthetic rate is correlated with Rubisco availability in the 

mesophyll, and with Rubisco regeneration capacity (von Caemmerer and Farquhar 1981 ). 

4.4.3.1 SLA 

SLA was an important indicator for growth in seedlings of A. auriculiformis (Montagu and 

Woo 1998). Poorter and Remkes ( 1990) suggested that high leaf area ratio (ratio between 

total leaf area and total plant we ight). commonly observed in fast growmg species, is 

achieved by producing leaves with a high SLA. In the present study, SLA varied between 

different acacia species (Table 4 .6) . The Aa (NT) x Am hybrid had the highest SLA values 

throughout the recovery period (Fig. 4 5), indicating that this genotype could produce a 

greater phyllode area than the other species for the same resource investment. Both the 

Aa (NT) x Am hybrid and NT A. auriculiformis genotype which had high SLA values also 

had high photosynthetic activity whether Asat was expressed on the basis of phyllode area or 

chlorophyll content (Tables 4.2 and 4.5) . In contrast, phyllodes of A. mangium had 

comparatively low SLA values and correspondingly low A5a1 from September-December. In 

march when all the plants had fully recovered from water stress, the SLA values in 

A. mangium were comparable to the other species but their Asat values were still less than 

that determined for A. auriculiformis and the Aa (NT) x Am hybrid . 

4.4.4 Concluding Remarks 

The three acacias varied in their adaptive responses to prolonged seasonal droughts and 

resource-use efficiency. The photosynthetic recovery from seasonal drought involved both 

stomatal and non-stomatal factors regardless of differences in the physiological mechanism 

contro lling stomatal opening. In the case of A. auriculiformis and the interspecific hybrid, 

the recovery was mainly dependent on stomatal response to soil water availabi lity; for 

A. mangium, it depended on stomatal response to atmospheric humidity. However, non-
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stomatal factors such as the restoration of phyllode chlorophyll content also played a 

significant role in photosynthetic recovery of all three species. 

Practically nothing is known about the genetic factors, if any, associated with the 

photosynthetic recovery process in tropical acacias. Compared to the other genotypes, both 

the Aa (NT) x Am and the NT A. auriculiformis genotype had faster recovery of phyllode 

photosynthetic activity (Table 4.2) . They also had higher photosynthetic rates per unit of 

phyllode chlorophyll content (Table 4.5) and higher SLA (Table 4.6) during the recovery 

period. It is tempting to suggest that some of these photosynthetic traits might be maternally 

inherited. Further genetic analysis involving reciprocal crosses would help to identify the 

genetic components underlying the physiological processes associated with drought 

tolerance and its recovery . 
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INTRASPECIFIC HYBRIDS OF ACACIA AURJCULIFORMIS: 

VARIATION IN GROWTH PERFORMANCE AND 

PHYSIOLOGICAL CHARACTERISTICS 



Chapter Five: Intraspecific Hybrids of Acacia auriculiformis: 

Variation in Growth Performance and Physiological Characteristics. 

5.1 Introduction 

Acacia auriculiformis occurs naturally from Irian Jaya of Indonesia to Papua New Guinea 

(PNG) and southwards to the Northern Tenitory (NT) and Queensland (QLD) of Australia 

(Boland et a/. 1990; Pinyopusarerk 1990). It is hardy and fast growing, but there are distinct 

variations in growth, tree form and genetic diversity among populations across this extensive 

but disjointed geographic range (Pinyopusarerk eta/. 1991; Wickneswari and Norwati 1993· 
' 

Khasa et a/. 1994). Ln general, the PNG provenances have the best growth while the QLD 

provenances have superior stem quality (Pinyopusarerk and Puriyakorn 1987; Harwood eta/. 

1991: Luangviriyasaeng eta/. 1991; Yenkateswarlu eta/. 1994) but the trees are often forked 

and multi -stemmed, which greatly diminishes their potential for forestry plantation. 

However, the discovery of genotypes with straight stems has revived interest, and 

provenance trials have been established in almost all the countries where A. auriculiformis 

has been introduced. Broadly based seed production areas and seed orchards have also been 

developed and the outstanding clones of the interspecific hybrids of A. mangium and 

A. auriculiformis have been used for clonal forestry in Vietnam (Kha et a/. 1998; Turnbull 

eta/. 1998) . 

Provenances, families or clones of tropical acacias (Atipunumpai 1989; Cole et a/. 1994; 

Awang et a/. 1998) and temperate tree species (Nelson and Ehlers 1984; Wang et a/. 1995; 

Tan and Blake 1997) have distinctly different An<~ values. This parameter could potentially 

be used as an early selection criten on in tree breeding (Ceulemans et a/. 1987). However, 

growth is an integrated process involving various morphological, physiological and 

biochemical components that are each regulated by different genetic factors. Recent studies 

on A. auriculiformis indicated that variations in Anet were not directly correlated with growth 

(Chapter 3; Cole et. a/. 1994; Montagu and Woo 1998). Instead, biomass growth was found 

to be dependent on the total phyllode (canopy) area of the plant (Montagu and Woo 1998; 

Woo et. a/. 1998) that may be related to higher SLA and greater resource-use efficiency. 

Severe and prolonged seasonal drought is a characteristic of the wet-dry tropics. Native 

species are expected to possess physiological mechanisms that would enable them to adapt to 

seasonal drought stress . Fast-growing black spruce families were better able to maintain 

higher leaf photosynthesis under drought stress and recover more rapidly after stress relief 

compared to the slow-growing families (Tan and Blake 1997). Although trees of the NT 
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provenance of A. auriculiformis were better able to adapt to seasonal drought by maintaining 

higher Auct during the dry season, they had poorer stem volume yield compared to the QLD 

trees (Table 3.5, Chapter 3). An understanding of the physiological mechanisms governing 

drought tolerance and growth performance could be invaluable for future genetic 

improvement programs of the species. 

Many forest tree species have great genetic variations among provenance groups and out

crossing between disparate provenances within such a tree species might actually involve 

greater genetic differences than for crosses between some species (Nikles 1993). 

Furthermore, intraspecific hybridization is not accompanied by the reduced viability and 

segregation of advanced generations that may occur in interspecific hybrids (Nikles and 

Griffin 1992). In theory, intraspecific hybridization can create different gene combinations, 

which may not occur in nature, and generate heterosis (Nikles and Griffin 1992; Pinso and 

Nasi 1992). Controlled pollination techniques developed for some tree species 

(fangrnitcharoen and Owens 1997; Harbard et a/. 1999), including A. auriculifonnis 

(Sedgley et a/. 1992: Sedgley and Harbard 1993), could be used to maximize genetic gains 

and exploit the potential of different gene combinations. 

In this chapter, two major aspects of the physiology and growth performance of progenies 

produced by controlled hybndization and open pollination of intraspecific crosses of 

A. auriculiformis were examined. Firstly, this study investigates the variations in growth 

performance between crosses and, secondly, the physiological variations associated with 

growth performance. 

5.2 Materials and Methods 

The study was carried out at the intraspecific and interspecific hybrids of A. auriculiformis 

trial site at the Berrimah Agricultural Research Farm, Darwin (Section 2.1.3). Twelve trees 

from each of 12 genotypes (three each from four different replicated blocks) of intraspecific 

hybrids of A. auriculiformis were selected (Table 5 .I) for the determination of growth 

parameters including tree height, dgl , dbh and canopy phyllode area as well as phyllode 

morphology (Section 2.2). For physiological studies, four tree samples (one each of four 

replicated blocks) per genotype were selected. Asat and related photosynthetic parameters 

including g .. LA VPD and C;IC1 ratio were determined in June 1998 (early dry season), 

November 1998 (early wet season), March 1999 (wet season) and September 1999 (dry 

season) as described in Section 2.4. \}' pd• Rl, SLA, phyllode chlorophyll content and Narca 

were determined following the photosynthetic measurements as described in the relevant 

sections in Chapter 2. 
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Table 5.1 Selected intraspecific genotypes of Acacia auriculiformis planted in December 

1997 in Darwin, Australia . Abbreviations: NT, Northern Territory; PNG, Papua New 

Guinea; and QLD, Queensland. 

Local Number 

3 

4 

31 

34 

9 

12 

30 

33 

22 

25 

29 

32 

Genotype 1 

NT genotypes 

NT1 x NT3 

NT2 x PNG3 

NT2 

NT (CSIRO#l6160) 

PNG genotypes 

PNG 1 x PNG2 

PNGI X QLDl 

PNG2 

PNG (CSIR0#16106) 

QLD genotypes 

QLDI X QLD2 

QLD2 X NT3 

QLD3 

QLD (CSIR0#16142) 

Seed source 

Intraprovenance-controlled pollination 

Interprovenance-controlled pollination 

Open pollination 

Natural provenance 

lntraprovenance-controlled pollination 

lnterprovenance-controlled pollination 

Open pollination 

Natural provenance 

Intraprovenance-controlled pollination 

Interprovenance-controlled pollination 

Open pollination 

Natural provenance 

1 The first parent represented in the cross is the female and the second, the male. 

Growth parameters were analyzed using ANOV A with genotypes nested within provenance. 

Repeated measures analysis with genotypes nested within provenance were applied for 

seasonal variations in physiological parameters (Section 2.1 0). The significance of the linear 

or non-linear relationships among tree parameters was determined using the Sigmaplot 

regression features (Section 2.1 0). To determine wet-dry seasonal differences between Asa~> 

g. and LA VPD, the data from the early wet and wet seasons were pooled to form the wet 

season data, and those from the early dry and dry seasons formed the dry season data. 

Differences between fitted curves were analyzed as described in Section 2.1 0. 
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5.3 Results 

5.3.1 Pbyllode Morphology 

Differences in phyllode area, length, width and length/width ratio between provenances at 12 

months of age were statistically significant (Table 5.2). Generally, the PNG genotypes had 

the largest and widest phyllodes and, hence, the smallest length/width rat1o. 

Table 5.2 Phyllode morphology of 12-month-old intraspeci fic hybrids of Acacia 

auriculiformis, planted in Darwin, Australia. Abbreviations are described m Table 5.1. For 

each parameter, values (means ± se) followed by the same superscript letter are not 

significantly different at P<0.05 (n=l20). 

Provenance/Genotype Area (cm2
) Length (em) Width (em) Length/W1dth rat1o 

NT 

NTxNT 23 .1±2.6 ab 13.8±0.9 1 2.3±0.1 b 6.3±0.2 . 

NTxPNG 26.2±2.7 ab 11.9±0.7 ab 3.0±0.3 ab 4.2±0 4 be 

NT (open pollination) 21.9±3.2 b 10.7±0.7 b 2.8±0.3 ab 4.3±0.6 be 

NT (CSIR0#16160) 23 .0±1.6 ab 12.0±0.5 ab 2.6±0.1 b 5.0±0.5 b 

PNG 

PNGxPNG 26.6±1.9 ab 10.9±0.5 b 3.2±0.2 ab 3.5±0.3 ( 

PNGxQLD 30.7±4.4 1 12.1±0.7 ab 3.4±0.4 • 3.8±0.4 ( 

PNG (open pollination) 29.1±1.5 ab 10.9±0.1 b 3.6±0.2 I 3.2±0.1 ( 

PNG (CSIR0#16106) 27.1 ±2.0 ab 11.7±0.5 b 3.1±0.3 ab 4.0±0.4 be 

QLD 

QLD xQLD 27.7±4.6 ab 12.8±0.9 ab 2.9±0.3 ab 4.7±0.3 be 

QLDxNT 26.5±4.3 ab 12.2±0.9 ab 2.9±0.3 ab 4.4±0.2 be 

QLD (open pollination) 24.6±1.6 ab 11.8±0.2 ab 2.8±0.1 ab 4.4±0 .2 be 

QLD (CSIR0#16142) 28.2±2.1 ab 13.4±0.3 ab 3.0±0.2 ab 4.8±0.3 be 
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Significant differences in phyllode length/width ratio between genotypes within provenance 

were observed (P<0.01). Within provenance, the interprovenance-controlled crosses and 

open-pollinated crosses had different phyllode shape (smaller length/width ratio) compared 

to those of intraprovenance-controlled crosses and natural provenances. Within the NT 

provenance, the phyllode length/width ratio of the interprovenance-controlled and open

pollinated crosses was 14-33% less than that of the intraprovenance-controlled cross and 

natural provenance. The results suggest that phyllode shape may be genetically determined. 

5.3.2 Growth Performance 

Table 5.3 compares the stem form, number of stems per tree and length of clear bole among 

the A. auricu/iformis genotypes at 25 months of age. The QLD and PNG genotypes generally 

had better tree form, viz. better stem form, less number of stems per tree and longer clear 

bole, compared to the NT genotypes. The best genotypes were the QLD x QLD, QLD (open 

pollination) and PNG x QLD progenies. Among the QLD genotypes, the QLD x NT 

progenies had the worst form characteristics. The results suggest that tree form 

characteristics may be genetically determined. 

Fig. 5.1 shows the increases in tree height, dgl, dbh and canopy area over 25 months. Tree 

height increased almost linearly during the entire study period (Fig. 5.1a), but the increases 

for dgl, dbh and canopy area were less in the dry season compared to the wet season 

(Figs. 5.1 b-d). Canopy area was not determined at the end of the dry season in the first year. 

It hardly increased during the second dry season, in fact, the canopy area in the NT 

genotypes decreased 20% indicating their more deciduous nature compared to the QLD and 

PNG genotypes during the dry season. 
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Figure 5.1 Increases in (a) tree height, (b) diameter at ground level (dgl), (c) diameter at 

1.30 m (dbh) and (d) canopy area of intraspecific hybrids of Acacia auriculiformis in 

Darwin, Australia. Abbreviations are as for Table 5 .1 . Each symbol is the mean ± se (n=48}. 

Dry seasons are indicated by shaded regions on the x-axis. 
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Table 5.3 Tree form characteristics of 25-month-old intraspecific hybrids of Acacia 

auriculiformis planted in Darwin, Australia. Abbreviations are described in Table 5. 1. For 

each parameter, values (means ± se) followed by the same superscript letters are not 

significantly different at P<0.05 (n=12). 

Stem form 1 

Provenance/Genotype 
Number of stems Length of clear bole 

per tree (m) 

NT 

NTxNT 1.3±0.3 d 2.8±0.5 a 0.5±0.1 cd 

NTx PNG 2.4±0.2 be 1.9±0. 1 bed 0.6±0.2 bed 

NT (open pollination) 1.5±0.2 d 2.6±0.2 abc 0.4±0. 1 ed 

NT (CSIR0#16160) 1.3±0.2 d 2.8±0.5. 0.3±0.1 d 

PNG 

PNGxPNG 2.8±0.4 abc 1.6±0.3 d 1.8±0.7 ab 

PNGxQLD 3.2±0.4 ab 1.5±0.2 d 1.6±0.3 abe 

PNG (open pollination) 2.8±0.1 abc 1.7±0.3 d 1.5±0.6 abc 

PNG (CSIR0#16106) 2.3±0.2 c 1.8±0.2 cd 1.1±0.4 bed 

QLD 

QLDxQLD 3.3±0.2. 1.3±0.2 d 2.5±0.3 a 

QLDxNT 2.3±0.2 e 2.1±0.2 abed 1.3±0.4 abed 

QLD (open pollination) 3.3±0.3. 1.3±0.1 d 2.3±0.4 1 

QLD (CSIRO#l6142) 2.5±0.1 be 1.8±0.2 cd 1.4±0.3 abed 

1 
a 4-point scoring system ranging from 1 (worst) to 4 (best). 

The mean values of tree height, dgl, dbh, canopy area and stem volume are summarized in 

Table 5.4. Variations in tree height between provenances and between genotypes within 

provenance were statistically significant at 25 months but not at 12 months. Tree height was 

greatest for progenies of the QLD open-pollinated genotypes and lowest for the NT open

pollinated genotypes. Among natural provenances, the QLD and the PNG provenances 

outperformed the NT provenance. Among the NT genotypes, both genotypes of controlled 

crosses appeared to have greater tree height compared to the other genotypes. ln the QLD 

genotypes, trees from controlled crosses and open pollination had the tallest tree height 

whereas, amongst the PNG genotypes, progenies of the PNG x QLD controlled cross had the 

shortest tree height. 



T11ble S.4 Tree height, diameter at ground level ( dgl), diameter at 1.30 m ( dbh), canopy phyllode area and stem volume (Vol) of intraspecific hybrids of 

Acacia auricu/iformis, planted in Darwin, Australia. Abbreviations are described in Table 5.1. For each column, values (means ± se) followed by the same 

superscript letter are not significantly different at P<0.05 (n=12). 

Height (m) dgl (em) dbh (em) Canopy area (m2 tree-1
) Vol (dm3

) 

Provenance/Genotype 
12 months 25 months 12 months 25 months 12 months 25 months 12 months 25 months 25 months 

NT 

NTxNT 3.0±0.21 5.5±0.2"bc 5.2±0.31 10.1±0.6" 1.8±0.2" 4.8±0.3"bc 10.1±1.4" 26.1±2.31 7.2±1.21b 

NTxPNG 2.9±0.3" 5.7±0.31b 4.6±0.71 9.5±o.8• 1.9±0.41 4.9±o.5•bc 8.1±2.21 20.4±4.1 1bc 6.7±1.4ab 

NT (open pollination) 2.2±0.3" 4.7±0.3c 4.0±0.7" 9.0±0.48 1.1±0.3" 4.1±0.5bc 6.1±2.71 18.5±2.0"bcd 4.9±1.2"b 

NT (CSIR0#16160) 2.4±0.2" 4.8±0.1 be 4.4±0.4° 8.5±0.63 1.2±0.1. 3.6±0.1 c 5.6±1.41 10.3±0.8d 3.7±1.4b 

PNG 

PNGxPNG 2.7±0.21 5.7±0.3ab 4.3±0.41 9.7±0.1" 1.9±0.1 1 5.7±0.4"b 6.9±1.31 22.1 ± 1.1 abc 6.7±0.4ab 

PNGxQLD 2.6±0.41 4.9±0.5abc 4.3±0.6" 8.2±0.8" 1.6±0.4" 4.5±o.8•bc 6.6±2.43 14.9±2.7cd 4.9±2. 11b 

PNG (open pollination) 2.9±0.2" 5.5±0.1"bc 4.5±0.5" 9.8±0.61 1.9±0.2" 5.5±0.2"b 7.0±2.01 21.7±1.7"bc 6.9±1.4"b 

PNG (CSIR0#16106) 2.4±0.3" 5.2±0.3abc 4.2±0.4" 9.0±0.5" 1.5±0.3" 4.9±0.4abc 6.4±1.3. 17.7±3.51bcd 5.8±o.8•b 

QLD 

QLDxQLD 2.7±0.38 5.5±0.2abc 4.1±0.4" 8.9±o.s• 1.8±0.3" 5.4±0.3"b 5.4±1.6" 15.8±1.9bcd 5.5±t.5•b 

QLDxNT 2.7±0.4" 5.7±0.3"b 5.1±0.6" 10.4±0.7" 2.1±0.4" 5.7±o.5•b 9.7±2.5" 24.8±4.4"b 9.2±2.6" 

QLD (open pollination) 2.9±0.5" 5.8±0.31 4.2±0.71 9.6±0.7" 1.9±0.5" 5.9±0.5" 5.9±2.5" 21.7±3.6"bc 7.2±1.41 b 

QLD (CSIR0#16142) 2.7±0.31 5.3±0.4abc 4.5±0.5" 9.7±0.8" 2.1±0.5' 5.1 ±0.6abc 6.0±1.31 14.0±1. 7cd 6.5± I. 9•b 

.::.. 
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The differences in dgl between and within provenances were small and not statistically 

significant for both ages (Table 5.4). In contrast, differences in dbh between provenances 

were significant but not between genotypes within provenance. The QLD and PNG 

genotypes generally had larger dbh than the NT genotypes. The smaller dbh determined in 

NT genotypes could be attributed to their multi-stemmed characteristics. Among the NT and 

QLD genotypes, progenies of the controlled crosses and open pollination had larger dbh than 

the natural provenances at 25 months. In contrast, the PNG x QLD cross had the smallest 

dbh of all the PNG genotypes examined. 

The variations in canopy area within provenances were significant at 25 months but not at 12 

months (Table 5.4). Differences between genotypes within provenance were not significant 

at either period. Among the natural provenances, the PNG genotype had the largest canopy 

area but, overall, the NT x NT cross had the largest and the NT natural provenance the 

smallest canopy area throughout the study period. The differences between these genotypes 

were more than one-fold. 

At 25 months, the NT natural provenance had the smallest and the QLD x NT genotype the 

largest stem volume. Among the natural provenances, the QLD genotype had the greatest 

stem volume. The variations within provenance were large (41 -95%). Among the NT 

genotypes, both genotypes of the controlled crosses had greater stem volume. Among PNG 

genotypes, on the other hand, the largest stem volume was observed in open-pollinated cross 

and the smallest in the PNG x QLD controlled cross. Among the QLD genotypes, the 

interprovenance-controlled cross had the greatest and the intraprovenance-controlled cross 

the smallest value. Overall, the QLD open-pollinated genotype had the second best stem 

volume value and the best form characteristics. Interestingly, the NT x NT genotype had the 

third best value for stem volume but one of the worst form characteristics. 

Fig. 5.2 summarizes the relatively ranked means for tree height, dgl, dbh, canopy area and 

stem volume. All genotypes with the highest ranking in tree height, dgl, dbh and canopy area 

at 12 months still exceeded the overall average at 25 months. Large values for tree height 

were generally associated with large values of dgl and canopy area. On the other hand, high 

rankings of dbh were generally accompanied by good form characteristics (Table 5.3). The 

results clearly indicate that genotypes with high ranking of stem volume at 25 months also 

had high ranking for canopy area. This relationship was significant (Fig. 5.3). 
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Figur e 5.2 Ranked means of tree height (ht), diameter at ground level (dgl), diameter at 1.30 m (dbh), canopy phyllode area (ca) and stem volume (Vol) at 12 

and 25 months of intraspecific hybrids of Acacia auriculiformis in Darwin, Australia. Abbreviations: NT, Northern Territory; PNG, Papua New Guinea; 

QLD, Queensland; 1, intraprovenance cross; 2, interprovenance cross; 3, open pollination; anJ 4, natural provenance. 
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Figure 5.3 Relationship between stem volume and canopy phyllode area of 25-month-old 

intraspecific hybrids of Acacia auriculiformis in Darwin, Australia. Abbreviations are 

described in Table 5.1. Each symbol is the value of each tree sample. 
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5.3.3 Variations in Phyllode Characteristics 

5.3.3.1 Specific Phyllode Area (SLA) 

Table 5.5 shows that there were significant seasonal variations m SLA in all 

A. auriculiformis genotypes examined (P<O.OOl). Differences were significant between 

provenances (?<0.0001) but not between genotypes withjn provenance (P=0.574). SLA 

values were highest in the early dry season and decreased by 13-40% in the dry season. This 

decline was reversed either in the early wet season or in the wet season. In the early dry 

season, SLA varied by 36% and the PNG genotypes had the highest values. 

Table 5.5 Specific phyllode area (SLA) in saplings of intraspecific hybrids of Acacia 

auriculiformis, planted in Darwin, Australia. Measurements were undertaken tn the wet 

(March 1999), early dry (June 1998), dry (September 1999) and early wet (November 1998) 

seasons. Abbreviations are described in Table 5.1. Values (means ± se) followed by the same 

superscript letter are not significantly different at P<0.05 (n= 120). 

SLA (m2 kg-1) 

Provenance/geno~e 
Wet season Early dry season Dry season Early wet season 

NT 

NTxNT 8.07±0.88 be 8.97±0.23 be 7.84±0.22 be 8. 14±0.34 be 

NTxPNG 8.19±1.00 be 10. 76±0.40 ab 7.92±0. 53 be 8.29±0.63 be 

NT{open pollination) 8.91±1.38 be 9.12±0.35be 7.5 1±0.40 be 7.44±0.33 e 

NT (CSIR0#16160) 9.24±1.29 be 8.87±0.5 1 be 8.22±0.13 be 8.04±0.23 be 

PNG 

PNGxPNG 10.01 ±1.15 be 12.06±0.32 a 7.60±0.49 be 8.86±0.82 be 

PNG xQLD 8.51±0.55 be 11.43±0.63 ab 7.85±0.59 be 8.82±0.56 be 

PNG (open pollination) 8.92±0.32 be 11.24±0.53 ab 7.13±0.41 c 8. 72±0.39 be 

PNG (CSIR0#16106) 9.82±1.23 b 10.72±0.70 ab 7.76±0.34 be 9.58±0.94 be 

QLD 

QLDxQLD 8.15±0.78 be 9.93±0.48 ab 6.81 ±0.37e 8.25±0.57 be 

QLDxNT 8.60±0.70 be 1 0.02±0.20 ab 7.72±0.60be 8.07±0.79 be 

QLD (open pollination) 8.60±1.06be 9.50±0.58 be 7.01 ±0.29 e 7.35±0.2 1 ( 

QLD (CSIR0#16142) 8.75±1.07 be 9.91±0.31"b 7.46±0.56 e 8.05±0.60 be 
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5.3.3.2 Phyllode Chlorophyll Content 

Phyllode chlorophyll content varied significantly with seasons (P<0.001) (Table 5.6). The 

differences between provenances (P<O.OOl) and within provenance (P <O.Ol) were highly 

significant. Chlorophyll content declined substantially, some as much as 58%. in the dry 

season but by the early wet season most chlorophyll content had recovered almost fully to 

their wet season values. The NT and QLD genotypes had the highest chlorophyll content in 

the wet season. The PNG x PNG and the natural PNG (CSIR0#1 6106) genotypes, which 

had the lowest chlorophyll content in wet season, also had the lowest values in the dry 

season. 

Table 5.6 Phyllode chlorophyll in saplings of intraspecific hybrids of Acacia auriculifomris. 

planted in Darwin, Australia. Measurements were undertaken in the wet (March 1999}, early 

dry (June 1998), dry (September 1999) and early wet (November 1998) seasons. 

Abbreviations are described in Table 5.1. Values (means ± se) followed by the same 

superscript letter are not significantly different at P<O.OS (n=12). 

Phyllode chlorophyll content (mmol m·2 
) 

Provenance/Genotype 
Wet season Early dry season Dry season Early wet season 

NT 

NTxNT 0.60±0.06. 0.44±0.02 be 0.25±0.03 cd 0.55±0.03 ab 

NTxPNG 0.55±0.02 ab 0.32±0.04 cd 0.24±0.03 cd 0.47±0.01 b 

NT (open pollination) 0.60±0.04 I 0.35±0.05 c 0.27±0.02 cd 0.53±0.05 ab 

NT (CSIR0#16160} 0.58±0.02 ab 0.36±0.02 be 0.30±0.05 cd 0.59±0.01 . 

PNG 

PNGx PNG 0.46±0.05 be 0.24±0.04 cd 0.21±0.01 d 0.47±0.04 b 

PNGxQLD 0.56±0.01 ab 0.29±0.05 cd 0.31±0.01 cd 0.50±0.04 ab 

PNG (open pollination) 0 .54±0.05 ab 0.3 1±0.03 ed 0.25±0.03 cd 0.53±0.05 ab 

PNG (CSIRO#l6106) 0.47±0.04 b 0.23±0.04 d 0.20±0.01 d 0.43±0.03 be 

QLD 

QLDxQLD 0.53±0.02 ab 0.29±0.05 cd 0.28±0.02 cd 0.52±0.03 a.b 

QLDxNT 0.60±0.05 1 0.38±0.05 be 0.30±0.02 cd 0.58±0.04 a.b 

QLD (open pollination) 0.58±0.02 ab 0.36±0.01 c 0.33±0.03 cd 0.57±0.03 a.b 

QLD (CSIRO#l6142) 0.56±0.05 ab 0.34±0.02 cd 0.32±0.02 cd 0.53±0.03 a.b 
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5.3.3.3 Phyllode Nitrogen Coutent (NareJ 

Dry season Narea values were 3-18% less than wet season values (Table 5.7). The QLD 

genotypes showed the smallest decline. Provenance variations were highly significant 

(P<0.001). On average, NT trees had comparatively higher Narea in the wet season and QLD 

trees relatively higher values in the dry season, while PNG trees contained relatively less 

Nazu in both seasons. In the NT or PNG genotypes, the interprovenance NT x PNG and PNG 

x QLD crosses had the highest Naru values in the wet season . In contrast, the interprovenance 

QLD x NT cross had the smallest values amongst the QLD genotypes in both the dry and 

wet seasons. However, differences within provenance were not statistically significant 

(P=0.285). 

Table 5.7 Phyllode nitrogen content (Narea) in saplings of intraspecific hybrids of Acacia 

auriculiformis planted in Darwin, Australia. Measurements were undertaken in the wet 

(March 1999) and dry (September 1999) seasons. Abbreviations are described in Table 5 .I. 

Values (means± se) followed by the same superscript letter are not significantly different at 

P<0.05 (n=4). 

Narea (g m·2) 

Provenance/Genotype 
Wet season Dry season 

NT 

NTxNT 3.22±0.23 ab 2.8l±O.o6•b 

NTxPNG 3.37±0.25 a 2.76±0.11 ab 

NT (open pollination) 3.00±0.28 ab 2.68±0.19 b 

NT (CSIR0#16160) 2.94±0.25 ab 2.56±0.07b 

PNG 

PNGxPNG 2.85±0.29 ab 2.56±0.1 0b 

PNGxQLD 3.03±0.24 ab 2.48±0.11 b 

PNG (open pollination) 2.89±0.06 ab 2.48±0.03 b 

PNG (CSIRO#l6106) 2.77±0.29ab 2.44±0.02 b 

QLD 

QLDxQLD 3.11±0.23 ab 2.90±0.06 ab 

QLDxNT 2.93±0.24 ab 2.73±0.12b 

QLD (open pollination) 2.95±0.17ab 2.87±0.04 ab 

QLD (CSIRO#l6142) 3.05±0.26 1b 2.74±0.14 ab 
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5.3.4 Variations in Gas Exchange Parameters 

5.3.4.1 Light-Saturated Photosynthesis (AsaJ 

Asat in all A. auriculiformis genotypes differed significantly with season (P<O.OO 1) 

(fable 5.8). It was highest in the wet season, intermediate in the early dry and early wet 

seasons and lowest in the dry season. Although the differences were less pronounced in the 

wet season, they were significant between provenances (P<O.OOl). Asat values in the dry 

season varied by more than one-fold. Asat values of the QLD and NT genotypes were up to 

64% higher than those ofPNG genotypes, except for the PNG x QLD controlled cross. In the 

early wet season, the NT genotypes had the greatest and the PNG genotypes the smallest 

recovery rates. Overall, the NT and QLD trees were able to maintain high photosynthetic 

activity during seasonal drought and exhibited greater recovery in the early wet season 

compared to PNG trees. 

The interprovenance crosses PNG x QLD and QLD x NT crosses had the highest Asat values 

in the dry and early wet seasons within their respective PNG and QLD genotypes. However, 

the variations between genotypes within provenance were not statistically significant 

(P=0.250). 

5.3.4.2 Stomatal Conductance (gJ 

Seasonal changes in g5 paralleled those in Asa1 (Table 5.9). gs values were highest in the wet 

season and declined dramatically (83-97%) in the dry season but recovered substantially 

(10-48%) in the early wet season. The NT and QLD genotypes had higher recovery rate 

compared to the PNG genotypes. g5 varied significantly between provenances (P<0.05) 

although the differences were small in the wet season and only became more pronounced in 

the drier seasons. The QLD genotypes had the highest values in the dry season. The 

interprovenance-controlled cross had the highest values within their respective PNG and 

QLD genotypes in this season . 
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Table 5.8 Light-saturated photosynthesis (Asat) in saplings of intraspecific hybrids of Acacia 

auriculiformis, planted in Darwin, Australia. Measurements were undertaken in the wet 

(March 1999), early dry (June 1998), dry (September 1999) and early wet (November 1998) 

seasons. Abbreviations are described in Table 5.1. Values (means± se) followed by the same 

superscript letter are not significantly different at P<0.05 (n=12). 

Au1 (~mol m'2 s·1
) 

Provenance/Genotype 
Wet season Early dry season Dry season Early wet season 

NT 

NT x NT 20.8±0.8 I 20.8±1.8 1 5.7±2.0 c 16.0±1.9. 

NTxPNG 20.2±1.3 I 18.0±1.6 I 7.7±1.9 c 15.5±1.8 b 

NT (open pollination) 21.6±0.7 I 18.6±2.8. 7.9±1.4( 14.5±0.8 b 

NT (CSIR0#16160) 21.1 ±0.9 I 18.3±2.0. 8.4±2.3 c 20.8±0.9. 

PNG 

PNGxPNG 20.1±0.3 I 14.5±1.6 b 5.4±0.9 c 6.4± 1.6 ( 

PNGx QLD 19.9±0.9 . 14.1±1.3 b 7.5±2.8 c 12.9±1.5 b 

PNG (open pollination) 20.2±0.3 I 15.5±1.0 b 3.2±1.3 c 12.0±2.1 b 

PNG (CSIR0#16106) 20.1±0.8 . 13.7±2.3 b 4.7±1.0 c 7.0±0.4 c 

QLD 

QLDxQLD 21.3±1.0 . 15.6±1.8 b 8.5±1.9( 9.0±2.1 c 

QLDxNT 22.1±0.9 I 17.6±3.3 1 8.9±1.8 c 13.5±3.5 b 

QLD (open pollination) 19.2±1.2. 18.1±2.2. 7.1±2.7 c 12.4±3.4 b 

QLD (CSIR0#16142) 21 .4±2.0 . 17.1±1.2 1 7.7±2.2 c 10.7±3.4 b 
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Table 5.9 Stomatal conductance (gs) in saplings of intraspecific hybnds of Acacw 

auriculiformis, planted in Darwin, Australia. Measurements were undertaken m the wet 

(March 1999), early dry (June 1998), dry (September 1999) and early wet (November 1998) 

seasons. Abbreviations are described in Table 5.1. Values (means± se) followed by the sanK 

superscript letter are not significantly different at P<0.05 (n= 12). 

g, (mol m·2 s·1
) 

Provenance/Genotype 
Wet season Early dry season Dry season Early wet season 

NT 

NTxNT 0.62±0.10 b 0.33±0.04 b 0.043±0.014 c 0.30±0.09 b 

NTxPNG 0.86±0.20 I 0.26±0.04 c 0.065±0.0 17 c 0.33±0 09 b 

NT (open pollination) 0.99±0.20 I 0.33±0.07 b 0.075±0.008 c 0.20±0 03 c 

NT (CSIR0#16160) 0.82±0.16 I 0.30±0.06b 0.075±0.033 c 0.36±0 05 b 

PNG 

PNGxPNG 0.86±0.24 I 0.19±0.03 c 0.03 7±0.006 c 0.09±0.03 ( 

PNGxQLD 0.58±0.22 b 0.22±0.03 c 0.094±0.024 c 0.18±0.01 c 

PNG (open pollination) 0.87±0.18 1 0.22±0.04 c 0.025±0.007 c 0.22±0.04 ( 

PNG (CSIR0#1 6106) 0.80±0.2 1. 0. 18±0.05 c 0.038±0.005 c 0. 10±0 04 ( 

QLD 

QLDxQLD 0.90±0.18 I 0.21±0.05 ' 0.082±0.012 c 0.18±0.09 ' 

QLDxNT 0.74±0.05 a 0.26±0.08 c 0.096±0.013 c 0.23±0.11 ( 

QLD (open pollination) 0.58±0.21 b 0.28±0.05 c 0.084±0.036 c 0.24±0.10( 

QLD (CSIR0#16142) 0.68±0.13. 0.23±0.03 c 0.07 1±0.019' 0. 14±0.05 < 

5.3.4.3 Pre-Dawn Water Potential ('Ppd) 

\f pd varied significantly (P<O.OO 1) between seasons (Table 5 .I 0). It decreased more than 

five-fold in the dry season but recovered substantially in the early wet season. The 

differences between provenances (P<0.05) and between genotypes within provenance 

(P<O.Ol) were statistically significant. However, the variations between provenances and 

between genotypes within provenance were small except in the dry season. On average. the 

QLD genotypes had the highest '¥ pd values in the dry season. 
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Table 5.10 Pre-dawn phyllode water potential ('I' pd) in saplings of intraspecific hybrids of 

Acacia auriculiformis, planted in Darwin, Australia. Measurements were undertaken in the 

wet (March 1999), early dry (June 1998), dry (September 1999) and early wet (November 

1998) seasons. Abbreviations are described in Table 5.1. Values (means ± se) followed by 

the same superscript letter are not significantly different at P<0.05 (n=20). 

'l'pc~ (MPa) 
Provenance/Genotype 

Wet season Early dry season Dry season Early wet season 

NT 

NTxNT -0.33±0.04 ab -0.45±0.02 ab -2.80±0.24 de - 1.36±0.33 be 

NTxPNG -0.23±0.02 • -0.53±0.03 ab -2.13±0.38 cd -1.36±0.29 be 

NT (open pollination) -0.21±0.01 • -0.53±0.02 ab -1.92±0.36 e -1.29±0. 11 be 

NT (CSIR0#16 160) -0.25±0.05 ab -0.55±0.02 ab -2.63±0.45 de -0.94±0.24 b 

PNG 

PNGxPNG -0.27±0.04 -0.53±0.03 lb -2.60±0.32 d -0.95±0.13 b 

PNGxQLD -0.23±0.03 I -0.54±0.04 ab -1.3 1±0.25 be -1.01±0.38 b 

PNG (open pollination) -0.23±0.01 I -0.53±0.02 ab -3 .04±0.16 de -0.96±0.29 b 

PNG (CSIRO#l6106) -0.23±0.03. -0.71±0.o7•b -3.24±0.07 e - 1.27±0. 16 be 

QLD 

QLDxQLD -0.21±0.01. -0.52±0.02 ab - 1.82±0.30 c -1.45±0. 17 be 

QLDxNT -0.19±0.02 1 -0.64±0. 12 ab -1.75±0.17 c -1.46±0.22 be 

QLD (open pollination) -0.20±0.04 1 -0.51±0.03 ab -2.27±0.58 cd -0.96±0.17 b 

QLD (CSIR0#16142) -0.26±0.03 ab -0.59±0.02 ab -1.39±0.20 be -0.93±0.21 b 

Within the Nf provenance, the open pollination and interprovenance cross had the highest 

'I' pd values in the dry season (Table 5. 1 0). In the QLD provenance, the highest 'I' pd value was 

determined in the natural provenance. The PNG x QLD cross had the highest 'I' pd determined 

in the dry season which might account for the high A,.,(Table 5.8) and g, (Table 5.9) values 

determined in this genotype in the dry season. It is reasonable to assume that the differences 

'I' pd might be associated with differences in the root system and/or root symbiotic organisms 

of these different genotypes. 
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5.3.4.4 Leaf-to-Air Vapor Pressure Difference (LAVPD) 

LA VPD was lowest in the wet season and increased considerably in the drier seasons 

(Table 5.11). Differences between seasons (?<0.001) and between provenances (P<O.Ol) 

were significant even though the differences observed in the wet and early dry season were 

small. Overall , the QLD and NT genotypes showed comparatively lower LA VPD in the dry 

season and early wet season respectively. The QLD open-pollinated cross had the lowest and 

the PNG open-pollinated cross the highest LA VPD values in the dry season. In the early wet 

season, LA VPD was lowest in the NT natural provenance and highest in the PNG natural 

provenance. However, significant variation within provenance was not observed (P=0.511). 

Tab le 5.11 Leaf-to-air vapor pressure difference (LA VPD) in saplings of intraspecific 

hybrids of Acacia auriculiformis, planted in Darwin, Australia. Measurements were 

undertaken in the wet (March 1999), early dry (June 1998), dry (September 1999) and early 

wet (November 1998) seasons. Abbreviations are described in Table 5 .1. Values (means ± 

se) followed by the same superscript letter are not significantly different at ?<0.05 (n= 12). 

LA VPD (k.Pa) 
Provenance/Genotype 

Wet season Early dry season Dry season Early wet season 

NT 

NTxNT 0.64±0.03 c 2.15±0.22 ab 2.32±0.05 ab 1.92±0.27 b 

NTxPNG 0.55±0.04 c 2.03±0.18 b l.98±0. 17b 1.92±0.52 b 

NT (open pollination) 0.63±0.04 c 2.06±0.23 b 2.03±0.08 b 2.09±0.45 b 

NT (CSIR0#16160) 0.62±0.04 c 2.06±0.24 b 2.03±0.11 b 1.54±0.1 0 be 

PNG 

PNGxPNG 0.61±0.03 c 2.38±0.30 ab 2.22±0.04 ab 2.63±0.42 ab 

PNGxQLD 0.58±0.06c 2. 10±0.21 ab 1.97±0.1 1 b 2.42±0.22 ab 

PNG (open pollination) 0.56±0.03 c 2.09±0.18 ab 2.36±0.07 ab 2. 19±0.47ab 

PNG (CSIR0#16106) 0.62±0.04 c 2.19±0.21 ab 2.09±0.10 b 3.00±0.79 1 

QLD 

QLDxQLD 0.82±0.02 c 2.32±0.23 ab 1.98±0.17 b 2.4 1±0.38 ab 

QLDxNT 0.62±0.01 c 2.40±0.36 ab 1.96±0.11 b 2. 16±0.38 ab 

QLD (open pollination) 0.65±0.04 c 2.15±0.14 ab 1.76±0.26 be 2.49±0.57 ab 

QLD (CSIR0#16142) 0.55±0.05 c 2. 15±0.38 ab 2. 12±0.1 1 ab 2.47±0.29 ab 
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5.3.4.5 CIC. Ratio 

C/ C. ratios differed significantly between seasons (P<O.Ol) (Table 5.12). The values 

decreased 30-65% in the dry season, compared to the wet season, but recovered substantially 

(71-84%) in the early wet season. The results indicate that photosynthetic activity in these 

intraspecific hybrids was regulated primarily by stomatal limitations during the transition to 

the dry season. Variations between provenances were not statistically significant (P=0.899) 

but significant differences were observed between genotypes within provenance (P<O.Ol). 

All genotypes showed small variations in C/Ca ratios in all seasons except in the dry season 

where the values varied by about one fold. The highest dry season value was determined in 

the PNG x QLD cross. 

Table 5.12 Intercellular to ambient C02 concentration (C/Ca) ratio m saplings of 

intraspecific hybrids of Acacia auriculiformis, planted in Darwin, Australia . Measurements 

were undertaken in the wet (March 1999), early dry (June 1998), dry (September 1999) and 

early wet (November 1998) seasons. Abbreviations are described in Table 5.1. Values 

(means± se) followed by the same superscript letter are not significantly different at P<0.05 

(n=12). 

C/C. Ratio 
Provenance/Genotype 

Wet season Early dry season Dry season Early wet season 

NT 

NTxNT 0.76±0.03 ab 0.62±0.03 be 0.39±0.10e 0.60±0.07 be 

NTxPNG 0.80±0.04 a 0.62±0.02 be 0.44±0.04 e 0.65±0.09 ab 

NT (open pollination) 0.80±0.04. 0.66±0.03 ab 0.49±0.04 be 0.57±0.05 be 

NT (CSIR0#16160) 0 .79±0.04 ab 0.63±0.03 ab 0.56±0.07 be 0.65±0.02 •b 

PNG 

PNGxPNG 0.80±0.03 . 0.55±0.04 be 0.28±0.04 e 0.64±0.0 1 ab 

PNG xQLD 0.71±0.06 1b 0.65±0.03 ab 0.57±0.08 be 0.61 ±0.03 l1c 

PNG (open pollination) 0.8 1±0.03. 0.63±0.08 ab 0.35±0.07 e 0.68±0.02 ab 

PNG (CSJR0#16106) 0.78±0.04 ab 0.58±0.03 be 0.40±0.09e 0.63±0.04 ab 

QLD 

QLDxQLD 0.80±0.02 I 0.55±0.05 be 0.54±0.04 be 0.66±0.06 ab 

QLD X NT 0.78±0.01 ab 0.56±0.06 be 0.47±0.07 be 0.57±0.08 be 

QLD (open pollination) 0.75±0.04 ab 0.62±0.02 be 0.56±0.07 be 0.67±0.03 ab 

QLD (CSIRO#l6142) 0.75±0.05 ab 0.59±0.03 be 0.48±0.08 te 0.56±0.05 be 
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5.3.4.6 Dark Respiration (Rd) 

Seasonal variations in Rl were statistically significant (P<O.OO 1) (Table 5.13 ). The highest 

values were determined in the wet season. Rl declined by 25-58% and 47-71% in the early 

dry and dry season respectively. Only nine genotypes showed a recovery in ~ rates in the 

early wet season. R1 values varied by 35-57% for each season but differences between 

provenances (P=0.300) and between genotypes within provenance (P=0. 106) were not 

significant. 

Table 5.13 Dark respiration (Ri) in saplings of intraspecific hybrids of Acacia 

auriculiformis, planted in Darwin, Australia. Measurements were undertaken in the wet 

(March 1999), early dry (June 1998), dry (September 1999) and early wet (November 1998) 

seasons. Abbreviations are described in Table 5.1. Values (means ± se) followed by the same 

superscript letter are not significantly different at P<0.05 {n= l2). 

R.s (1-1mo1 m·2s-1
) 

Provenance/Genotype 
Wet season Early dry season Dry season Early wet season 

NT 

NTxNT 1.24±0.34 ab 0.65±0.07 be 0.50±0.12 be 0.55±0.02 be 

NTxPNG 1.55±0.41 . 0.75±0.09be 0.65±0.06 be 0.57±0.08 be 

NT (open pollination) 1.27±0.28 ab 0.74±0.06 be 0.55±0.06 be 0.53±0.05 be 

NT (CSIR0#16160) 1.38±0.10 ab 0.75±0.05 be 0.68±0.07 be 0.79±0.11 be 

PNG 

PNGx PNG 1.38±0.16"b 0.61±0.07 be 0.42±0.02 c 0.35±0.05 c 

PNGxQLD 1.39±0.03 ab 0.78±0.11 be 0.45±0.16 c 0.62±0.06 be 

PNG (open pollination) 1.16±0.21 ab 0.94±0.05 be 0.62±0.03 be 0.69±0. 11 be 

PNG (CSIR0#16106) 1.24±0.09 ab 0.60±0.11 be 0.41±0.05 c 0.35±0.02 c 

QLD 

QLDxQLD 1.46±0.33 ab 0.62±0.04 be 0.42±0.08 c 0.43±0.0c 8 

QLDxNT 1.40±0.30 ab 0.62±0.08 be 0.46±0.08 c 0.50±0.06 be 

QLD (open pollination) 1.46±0.05 ab 0.84±0.04 be 0.61±0.05 be 0.70±0.18be 

QLD (CSIR0#16142) 1.00±0.28 b 0.75±0.11 be 0.50±0. 12 be 0.52±0. 14 be 
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When ~was expressed as percentage of Asa1, the values were significantly different between 

seasons (P<0.001) (Table 5.14). The %~ values were highest in the dry season because Asa
1 

(Table 5.8) declined proportionally more than~. except for genotypes of the QLD x QLD 

and QLD x NT crosses. The dry season %~ values varied by almost one fold in the dry 

season; the NT intraprovenance cross had the largest and the QLD intraprovenance cross the 

lowest value. However, differences either between provenances (?=0.323) or between 

genotypes within provenance (P=O.l46) were not statistically significant. 

Table 5.14 Dark respiration <R.4) expressed as a percent of light-saturated photosynthesis 

(A..J in saplings of intraspecific hybrids of Acacia auriculiformis, planted in Darwin, 

Australia. Measurements were undertaken in the wet (March 1999), early dry (June 199R), 

dry (September 1999) and early wet (November 1998) seasons. Abbreviations are described 

in Table ·5.1. Values (means ± se) followed by the same superscript letter are not 

significantly different at P<0.05 (n= l2) . 

R.! (% of Am) 
Provenance/Genotype 

Wet season Early dry season Dry season Early wet season 

NT 

NTxNT 5.80±1.43 b 3.19±0.40b 13.28±5.54 a 3.58±0.45 b 

NTx PNG 7.61±1.97b 4.25±0.54 b 9.67± 1.90"b 3.76±0.44 b 

NT(open pollination) 5.93±1.32 b 4 .12±0.37b 7.28±0.72 b 3.66±0.27b 

NT (CSIR0#16160) 6.66±0.41 b 4. 19±0.38 b 9.72±2.63 •b 3.73±0.29 b 

PNG 

PNGx PNG 6.89±0.74 b 4.45±0.73 b 8.08±0.85 b 5.82±0.62 b 

PNGxQLD 6.89±0.15 b 5.7 1±0.91 b 6.14±0.89b 5.06±0.75 b 

PNG (open pollination) 5.90± 1.28 b 6.10±0.41 b 12.76± 1.11 ab 5.86±0.29 b 

PNG (CSIR0#16106) 6.15±0.34 b 4.81±1.05b 9.65±1.68 ab 5.04±0.45 b 

QLD 

QLDxQLD 7.00± 1.82 b 4 .18±0.7 1 b 4.94±2.28 b 6.06±2.42 b 

QLD xNT 6.21 ±1.18 b 3.67±0.40b 5. 16±2.58 b 4.36±1.01 b 

QLD (open pollination) 7.75±0.73 b 4.90±0.75 b 10.82±3.27 ab 6.27±1.25 b 

QLD (CSIRO#l6142) 4.72±1.32 b 4.38±0.49b 7.73±1.81 b 5.45±1.07 b 
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5.3.5 Relationships Between Physiological Parameters 

5.3.5.1 Effect ofgs on Asat 

Seasonal variations in Asat can partly be attributed to stomatal response to limiting soil water 

and vapor water availability. As expected, Asa1 increased concomitantly with rising g
5 

(Fig. 5.4) . There were no significant variations in the relationships between provenances, so 

the data for all genotypes were pooled. gs had a greater impact on Asat in the dry season 

(92%) than in the wet season (76%) and the relationship between wet and dry seasons was 

significant. In other words, the same value of g5 would produce a higher A531 value in the dry 

season. Consequently, photosynthesis in this species had greater intrinsic WUE in the dry 

season compared to the wet season. Fig. 5.4 shows that photosynthetic activity was almost 

independent of ~tomatal effect at high g5• Non-stomatal effects began to predominate when g5 

values exceeded 0.3 mol m-2 s"1 in the wet season compared to 0.5 mol m·2 s·1 in the dry 

season. 

5.3.5.2 Effect of 'P!M on Photosynthetic Parameters 

Seasonal variations in Asa, and g5 are mainly due to changes in soil moisture content. The 

exponential relationship obtained between \f pd and Asa1 (Fig. 5 .5) indicates significant 

genotypic differences in the relationship. The photosynthetic activity of the NT genotypes 

was more tolerant to limiting soil water during the seasonal drought compared to the PNG 

and QLD genotypes. 

Fig.5 .6 shows the exponential relationship between \f pd and g5 obtained for the three 

different groups of genotypes. The results indicate that the gs of NT genotypes was the most 

tolerant and that of the PNG genotypes the most sensitive to changes in soil water content. 

Partial stomatal closure (when g5<0.2 mol m"2 s-1) was observed when the \fpd values 

dropped below -1.0 and -0.6 MPa for the NT and PNG genotypes respectively. 
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Figure 5.4 Relationship between light-saturated photosynthesis (A5a1) and stomatal 

conductance (g.) in saplings of intraspecific hybrids of Acacia auriculiformis in Darwin, 

Australia: (a) wet; and (b) dry seasons. Abbreviations are as for Table 5.1. Data of all 

genotypes were pooled because the differences between provenances were not significant. 



Chapter Five 

..(' 
"' N ·s 

....... 
0 s 
:1. 
'-' 

'<;! 

<"' 

30 (a) NT 

A =24 05e0.44'PP<I 
sat · 

l=0.76, n=64 

20 

10 

0 

30 (b) PNG 

Asat=22. 59e 0.74'¥ pd 

r2=0.80, n=64 

20 

10 

30 (c) QLD 

A =25 08e0'71 q;pd 
sat • 

r2=0.76, n=64 

20 

10 

/::;. 

/::;. 

0 

0 

0 0 ~~~~~~~~~~~+-~~-L~~~~_, 
-4 -3 -2 

tJlpd (MPa) 

-1 0 

131 

Figure 5.5 Relationship between light-saturated photosynthesis (Asat) and pre-dawn phyllode 

water potential ('f'pd) in saplings of intraspecific hybrids of Acacia auriculiformis in Darwin, 

Australia: (a) NT; (b) PNG; and (c) QLD genotypes. Abbreviations are as for Table 5.1. 

Each symbol is the mean of each tree sample (n=3-5). 
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Figure 5.6 Relationship between stomatal conductance (g5) and pre-dawn phyllode water 

potential (\f pd) in saplings of intraspecific hybrids of Acacia auriculiformis in Darwin, . 

Australia: (a) NT; (b) PNG; and (c) QLD genotypes. Abbreviations are as for Table 5. 1. 

Each symbol is the mean of each tree sample (n=3-5). 
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5.3.5.3 Effect of LA VPD on Photosynthetic Parameters 

As., was negatively correlated with LA VPD (Fig.5.7). Seasonal differences (P<0.05) were 

significant. The higher slope coefficient observed in the dry season indicates that Asa, was 

more responsive to increases in LA VPD from the early dry to dry seasons than to decreases 

in LA VPD from the early wet to wet seasons. 

&s decreased exponentially with increasing LA VPD in both seasons (Fig. 5.8) indicating that 

g
5 

increased proportionally more than Asat· The impact of LA VPD on g5 was also greater in 

the wet season (67%) than in the dry season (24%), possibly because the range of gs values 

was more restrictive in the dry season. The higher g5 values in the wet season declined more 

steeply compared to the dry season but the difference between seasons was not statistically 

significant. 

5.3.5.4 Effect of N11re11 on A s11t 

Asat was positively correlated with Na.u (Fig. 5.9). The results indicate that the observed 

seasonal variations in Asa1 could be partly attributed to changes in Narea· 



Chapter Five 

30 

20 

10 

..-.. 

"' ~ e 
0 e 

0 

::1. -2 
< 

30 

20 

0 

(a) Wet season 

A .. 1=23.48-4.73LA VPD 

r2=0.63, n=279 

0 
A 

AO • • • • oo A 

•• cF .. 0 Q • • 
o"a-,§> ~ dJi • 

• PNG genotypes 
A NT genotypes 

o Q LD genotypes 

0 0 • 0 

(b) Dry season 

ASII=26.64-7.23LA VPD 

r2=0.32, n=284 

2 3 4 

LAVPD (kPa) 

134 

5 

Figure S.7 Relationship between light-saturated photosynthesis (Asat) and leaf-to-air vapor 

pressure difference (LA VPD) in saplings of intraspecific hybrids of Acacia auriculiformis in 

Darwin, Australia: (a) wet; and (b) dry seasons. Abbreviations are as for Table 5.1. Data of 

all genotypes were pooled because the differences between provenances were not significant. 
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Figure 5.8 Relationship between stomatal conductance (g5) and leaf-to-air vapor pressure 

difference (LA VPD) in saplings of intraspeci fic hybrids of Acacia auriculiformis in Darwin, 

Australia: (a) wet; and (b) dry seasons. Abbreviations are as for Table 5.1. Data of all 

genotypes were pooled because the differences between provenances were not significant. 
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Figure 5.9 Relationships between light-saturated photosynthesis (Asat) and phyllode nitrogen 

(Na=) in saplings of intraspecific hybrids of Acacia auriculiformis in Darwin, 

Australia. Abbreviations are as for Table 5.1. Each symbol is the mean of each tree sample 

(n=3). Data of all genotypes were pooled because differences between provenance were not 

significant. 
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5.4 Discussion 

5.4.1 Variations in Morphology and Growth Performance 

Intraspecific hybrids between distinct populations of tree species often exhibit 

complementarity of important traits and hybrid vigor (Nikles 1993). Phyllode quantitative 

variates, particularly phyllode length/width ratio, were apparently a good provenance 

discriminator in A. auriculiformis (Pinyopusarerk et a/. 1991 ). As with the interspecific 

hybrids (Chapter 3), the results of the intraspecific hybrids in this study (Table 5.2) suggest 

that phyllode shape may be genetically determined. The phyllode shape of the open

pollinated crosses in this study were different from that of their respective intraprovenance 

crosses suggesting that the former were likely to be the progenies of interprovenance crosses, 

produced when the flowering periods of the parental populations overlapped (Jiwarawat 

e1 a/. 1996). Furthermore, intermediate form characteristics were obtained for 

interprovenance crosses suggesting combined gene expression between parents, as reported 

for the interprovenance hybrids of Pinus pinaster (Harfouche and Kremer 2000). 

Controlled pollination of A. auriculiformis is labor intensive and inefficient (Jiwarawat et a!. 

1996). On the other hand, the quality of intraspecific hybrids produced by open-pollination 

(fable 5.3) is equivalent or better than those produced by controlled hybridization. ln a 

progeny selection trial , the second-generation progenies of selected QLD genotypes 

produced by open pollination also had good tree form and superior growth rate 

(Pinyopusarerk 1998). The evidence indicates the value and importance of open pollination 

and plus tree selection for the genetic improvement of this species in the field. It also 

highlights the problems associated with controlled hybridization in this acacia. 

As opposed to intraspecific hybrids of P. pinaster (Harfouche et al. 2000) , hybrid vigor was 

apparent in the NT x PNG and QLD x NT but not PNG x QLD controlled crosses (Table 5.4) 

although the gain was inferior to that achieved for the interspecific Aa (QLD) x Am hybrid 

(fable 3.5, Chapter 3). Similar results were obtained for the two reciprocal interspecific 

crosses of Populus tremuloides and P. tremu/a compared to the intraspecific cross of 

P. tremuloides (Li et a/. 1998) and the interspecific crosses among Larix species compared 

to their intraspecific crosses (Baltunis and Greenwood 1999). 

The intraspecific hybrids between the Atlantic and Mediterranean or north African 

provenances of P. pinaster had combined the good growth of the former with the excellent 

stem straightness of the latter (Harfouche and Kremer 2000). In this study, the PNG x QLD 

intraspecific hybrid exhibited inferior growth compared to both parental provenances 
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(Table 5.4). This finding seems to be at odds with the assumption that the great growth 

potential of PNG provenances may complement the superior stem quality of QLD 

provenances to produce superior intraspecific hybrids (Nikles 1993). On the other hand, the 

photosynthetic characteristics of interprovenance crosses were intermediate between parents. 

For example, the PNG x QLD genotype had higher photosynthetic activity and higher 'i' pd 

values in the dry season, and recovered more rapidly compared to the other PNG genvtypes 

(Tables 5.8-5.10). The physiological implication is discussed in the following section. 

5.4.2 Physiological Variations 

The strong positive correlation between '¥ pd with either Asa1 or gs highlights the impact of 

seasonal variation of soil water availability on photosynthetic activity in A. auriculiformis 

(Chapter 3; Fi~s. 5.5 and 5.6) and other Australian tropical tree species (Eamus and Cole 

1997; Fordyce eta/. 1997; Prior eta/. 1997a; 1997b). In the wet season, high soil water 

availability and low LA VPD supported a high g5 and high Aut· By contrast, reduced soil 

water availability and increased LA VPD in the dry season induced stomatal limitations on 

photosynthesis (Table 5.12) which were rapidly removed after the first rains in the wet 

season, thereby enabling Asat to recover rapidly (Montagu and Woo 1999; Chapter 4). The 

seasonal variation in Au 1 could be largely attributed to changes in g5, which responded to 

seasonal variation in 'i'p<t and LA VPD (Fig. 5.4; Chapter 3). Consequently, intrinsic WUE 

increased in the dry season. 

Seasonal changes and adaptability in photosynthetic capacity varied between the 

intraspecific hybrids (Table 5.8). Trees of the QLD provenance were able to maintam 

comparatively high Asa1 in the dry season by maintaining high 'i' pd (Table 5.1 0) presumably 

because they had a deeper root system (Crombie et a/. 1988) capable of extracting water 

from the drying soil. At present, I have no evidence to support this assumption. All NT 

genotypes were able to maintain high Asat in the dry season and made a fast recovery because 

they were the most tolerant to increasing deficit in soil water availability . Parker and 

Pallardy ( 1991) observed that families of black walnut seedlings also differed in their 

capacity for photosynthetic recovery following rehydration after water stress even though 

they showed no difference in the pattern of C02 exchange to water stress. The mechamsm 

for this tolerance to water stress in the NT genotypes is not known but the current results 

suggest that such adaptability might be maternally influenced. 

Non-stomatal effects, such as changes in mesophyll metabolism and photochemical capac tty. 

may also be involved in the seasonal variations in Anc,.. There was clear evidence that a 

down-regulation in mesophyll capacity during prolonged drought accounted primarily for the 
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observed decrease in photosynthesis in 2-year-old A. auriculiformis in the field (Montagu 

and Woo 1999), and also played an important role in photosynthetic recovery in the thr~ 

acacias examined in this study (Chapter 3; Table 5.6). Decline in Naruo also contributed to the 

reduction in Asa, in the dry season (Chapter 3; Fig. 5.9) as reported in other studies (F1e)d and 

Mooney 1986; Evans 1989b; Cole et a/. 1994). This suggests that differences in chlorophyll 

and/or nitrogen allocation may partly explain the differences in Asa1 observed bt:tween 

genotypes when photosynthesis was limited by seasonal drought. 

5.4.3 Relationships Between Growth and Physiological Characteristics 

The correlations between tree growth traits and photosynthetic parameters are complex. 

A family of Betula pendula with high stem volume was associated with a large LAl and a 

large contribution of the upper canopy to photosynthesis (Wang eta/. 1995). The manner in 

which photosynthesis adapts to environmental constraints is also important. Some black 

spruce, Picea mariana, families achieved faster growth rates by maintaining higher 

photosynthesis under drought stress and recovering more rapidly after stress relief (Tan and 

Blake 1997). In the present study, the QLD x NT hybrid was the best genotype with the 

highest stem volume, the greatest Asat in the wet season, the second greatest Au1 in the dry 

season and comparatively fast recovery in Asa1 in the early wet season (Table 5.8). In 

contrast, the NT natural provenance had comparatively high Asa1 in the dry season and the 

most rapid recovery in the early wet season but produced the smallest stem volume. The 

results indicate that A511 may not be the most important factor for achieving rapid growth in 

this species. Instead, stem volume was positively correlated with canopy area (Fig. 5.3). 

Likewise, total biomass in A. auriculiformis seedlings was positively correlated with total 

phyllode area (Montagu and Woo 1998; Woo eta/. 1998). Cole eta/. (1994) also concluded 

that the higher growth rates of the PNG provenances of A. auriculiformis were supported by 

larger canopy size throughout the wet-dry cycle rather than by higher photosynthetic activ1ty 

per phyllode area. Subsequent studies showed that the canopy size at the end of dry season 

was a good indicator of rapid growth in this species (Puangchit et a/. 1996). The current 

results show that the QLD and PNG genotypes, which had the greatest growth, also had the 

largest canopy at the end of dry season (Table 5.4; Fig. 5.1 ). 

The retention of larger phyllode area during the dry season would produce more canopy 

photosynthate, which may enhance tree growth directly, but it would also incur a h1gher 

canopy water loss. Alternatively, the rapid development of phyllode area in seedlings may 

occur through either greater partitioning of resources to leaf growth or the ability to produce 

leaves at lower cost with higher SLA (Poorter 1989). In seedlings of A. auriculiformis, SLA 
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appeared to be an important factor for determining plant growth (Montagu and Woo 1998). 

However, the variations in SLA were too small to account for variations in growth of 

A. auriculiformis saplings in the present study. 

The benefits from reducing ~ may be more important to tree growth than those obtained by 

attempting to increase photosynthesis (Kramer 1986). Higher growth rates were partly 

related to lower ~ in a wide range of tree species (Reich eta/. 1998). The greater growth 

rate of the QLD natural provenance of A. auriculiformis, relative to the NT natural 

provenance, was associated with lower~ obtained in the wet season (Chapter 3). There was, 

however, no consistent trend between ~and tree growth in all the seasons examined in the 

present study. Similarly, variations in tree growth among provenances of A. mangium were 

not associated with variations in ~. even though provenance variations in both parameters 

were significant (Atipunumpai 1989). 

Differences in photosynthetic adaptation to seasonal drought among genotypes may help to 

explain differences in tree growth partitioning (Table 5.4). For example, the NT genotypes 

had high As,., values in the dry season, but this was offset by a smaller canopy area due to 

their deciduous habit in the dry season (Fig. 5.1). In addition, a large proportion of whole

tree carbon gain might not be partitioned for stem volume growth because of their bushy 

form. In spite of the significant relationship between stem volume and phyllode canopy area 

(Fig. 5.3), similar canopy size in the NT genotypes had resulted in smaller stem volume, 

compared to the QLD genotypes. because of poor form characteristics and/or, perhaps, 

root/shoot partitioning (Table 5.4). 

Likewise, the PNG x QLD controlled cross, which had comparatively high Asar in the dry 

season and fast recovery in the early wet season, did not produce greater stem volume 

primarily because of small canopy size. High phyllode photosynthesis in this genotype was 

apparently associated with better access to soil water in the dry season (Table 5 .l 0), possibly 

by having a deeper root system as discussed above. If this is true, then this genotype had 

partitioned a larger proportion of photosynthate to the root system at the expense of above 

ground growth as reported for some forest tree species (Kramer 1986). 

5.4.4 Concluding Remarks 

Tree growth and form differed substantially among twelve genotypes of A. auriculiformis. 

Stem volume yields were correlated with canopy area rather than photosynthetic activity per . 

unit phyllode area. Genotypes of A. auriculiformis had different physiological adaptations to 

seasonal drought. Genotypes of interprovenance-controlled cross had intermediate traits as 
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expressed by the parents. The NT genotypes were photosynthetically more tolerant and had 

fast recovery to seasonal drought while the QLD genotypes maintained comparatively high 

photosynthetic activity by retaining higher water content over the root zone in the dry 

season. Further studies on root/shoot partitioning are required to understand the 

physiological variations governing seasonal drought and growth performance in this species. 

Among genotypes from natural provenances, the QLD genotype generally showed the best 

tree growth and form. All interprovenance-controlled crosses exhibited intermediate traits 

between both parents but two of the three genotypes had superior growth performances 

compared to the parents. The superior growth and form characteristics of the QLD genotype 

produced by open pollination indicate that this simple pollination system is efficient and 

economical for tree improvement program in this acacia. 



CHAPTER SIX 

RESOURCE-USE EFFICIENCY OF INTRASPECIFIC AND 

INTERSPECIFIC HYBRIDS OF ACACIA AURJCULIFORMJS 



Chapter Six: Resource-Use Efficiency of Intraspecific and 

Interspecific Hybrids of Acacia auriculiformis 

6.1 Introduction 

The relationship between leaf costs and benefits reflects the underlying trade-off between the 

carbon gain and energetic costs of plant species. Benefits to plants are usually in the form of 

photosynthetic carbon gain and, therefore, costs are leaf costs associated with photosynthesis 

including nutrient partitioning of leaves and water Joss during carbon gain (Cowan 1986). 

The cost of construction, i.e. the amount of glucose required to provide carbon skeletons, 

reductant and A TP for synthesis of organic compounds (Chiariello et a/. 1989), is usually 

compared with photosynthetic carbon gain for foliar cost-benefit analysis (Sobrado 1991; 

Eamus and Prichard 1998). Methods for assessing the construction cost include biosynthesis 

pathway analysis (Penning de Vries et a/. 1974) and elemental analysis (McDermitt and 

Loomis 1981 ). However, the method based on heat of combustion together with ash content 

and nitrogen analysis (Williams et a/. 1987) is apparently more accurate and less expens1ve 

and time consuming (Chiariello eta/. 1989; Walton eta/. 1990; Gary eta/. 1995). 

Nitrogenous compounds are required in all biochemical and photobiological processes of 

photosynthesis and their cost of the synthesis may account for over 75% oftotalleaf nitrogen 

(Field and Mooney 1986). PNUE (the ratio of photosynthetic capacity to leaf nitrogen 

content) is used for analysing the nitrogen cost and benefit in tree species when both 

photosynthetic activity and leaf nitrogen are expressed on the same basis (Field and Mooney 

1986; Sobrado 1991 ). Likewise, PWUE (the ratio of photosynthetic capacity to transpiration 

rate) is used for assessing plant water resource-use efficiency (Sobrado 1991; Larcher 1995). 

Plants are likely to maintain optimal resource-use to maximise growth. Compared with slow 

growing trees, fast growing trees are expected to utilize resources more efficiently to achieve 

biomass increase by rapidly developing leaves with high SLA at low cost of construction to 

ensure a high carbon gain in return (Poorter 1989), and by maintaining high PWUE under 

dry conditions (DeLucia and Schlesinger 1991; Van den Boogaard et a/. 1996). Under 

limiting water conditions, PWUE generally increases because stomatal closure causes a 

proportionately greater decrease in transpiration than photosynthesis due to additional 

resistances associated with the diffusion of C02 relative to H20 in the leaf (Cowan 1982). 

However, some of the morphological, phenological and physiological attributes that increas_e 

PWUE may also impose limitations on the carbon gain and compromise performance under 

water stress conditions. To achieve a high PWUE through low g5, plants may require a larger 
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concentration of leaf nitrogen to support high Rubisco acitivy and electron transport capacity 

resulting in a lower PNUE (Field and Mooney 1986). In contrast, the increase in leaf 

nitrogen would be associated with an increase in Ane1 if the high PWUE comes from 

increased Aner at similar gs. In this case, an increase in PWUE may not necessarily be 

associated with a less efficient use of nitrogen (DeLucia and Schlesinger 1991). Naturally, 

relationships between resource-use indices are complex and depend on available resources 

and environmental conditions. Understanding the trade-off between these resource-use 

indices may provide insights into functional compromises between attributes maximizing 

carbon gain and physiological adaptations. 

The results in Chapters 3 and 5 indicate that seasonal drought had caused proportionately 

lower decrease in Asa1 compared to g5_ Presumably, this would lead to a corresponding 

increase in intrinsic WUE. This chapter investigates the carbon cost of phyllode, PWUE and 

PNUE in the interspecific and intraspecific hybrids of A. auriculiformis and their parental 

species/genotypes. The study will determine the relationships between phyllode construction 

cost and resource-use indices to provide an understanding on the resource-use compromises 

under seasonal drought. 

6.2 Materials and Methods 

6.2.1 Plant Materials 

The same genotypes of interspecific hybrids (Table 3.1) and intraspecific hybrids (Table 5.1) 

of A. auriculiformis and parental species examined in Chapters 3 and 5 were used for this 

study. Tree sampling and analysis were similar to those determined in Chapters 3 and 5. 

6.2.2 Gas Exchange Measurements 

All gas exchange parameters were derived from the measurements in the wet (March 1999) 

and dry (September 1999) seasons in Chapters 3 and 5. 

6.2.3 Phyllode Characteristics 

Five fully-expanded sun phyllodes collected from each tree sample in the wet and dry 

seasons were determined for phyllode nitrogen (Section 2.8) and construction cost (Section 

2.9). 

6.2.4 Data Analysis 

Two resource-use indices were used for this study: ( 1) PNUE, the ratio of A sat to phyllode 

nitrogen content; and (2) PWUE, the ratio of Asar to E (transpirational loss). Repeated 



Chapter Six 
144 

measures analysis was applied for seasonal variations in resource-use efficiency (Section 

2.1 0). The significance of the relationships between phyllode construction and resource-use 

indices was determined using Sigma plot regression features (Section 2.1 0). 

6.3 Results 

6.3.1 Pbyllode Construction Cost 

6.3.1.1/nterspeci.fic Variations 

Phyllode construction cost in saplings of A. auriculiformis, A. mangium and the Aa x Am 

hybrids varied significantly between wet and dry seasons (P<O.OS) (Table 6.1). In the dry 

season, the three species showed a decrease in phyllode construction cost on a leaf mass 

basis but an increase on a leaf area basis, apparently due to a decline in SLA (Table 3.6, 

Chapter 3 ). On a leaf area basis, A. mangium and the hybrids showed increases of 1 7-18% in 

the dry season compared to less than 5% in A. auriculiformis. Differences between species 

were statistically significant (P<O.OS) but not between genotypes within species (?=0.423). 

On average, the hybrid phyllodes had the lowest construction cost in both seasons and the 

NT genotypes of both A. auriculiformis and the hybrids had the lowest phyllode construction 

cost within the species. 

Table 6.1 Phyllode construction cost in saplings of Acacia auriculiformis (Aa), A. mangium 

(Am) and Aa x Am hybrid in Darwin, Australia, measured in the wet (March 1999) and dry 

(September 1999) seasons. Abbreviations: NT, Northern Territory; PNG, Papua New Guinea 

and QLD, Queensland. For each parameter, values (means ± se) followed by the same 

superscript letter are not significantly different at P<0.05 (n=4). 

Phyllode construction cost 

Species/Provenance (g glucose g-1
) (g glucose m-2) 

Wet season Dry season Wet season Dry season 

A. tiUriculiformis 

NT 1.46±0.03. 1.30±0.01. 163.0±3.7 be 166.8± 1.2 abc 

QLD 1.44±0.05. 1.32±0.01. 176.4±5.1 ab 180.2±10.7. 

A. mangium 

PNG 1.40±0.01. 1.27±0.01 . 160.8± 10.4 be 177.0±10.3 ab 

QLD 1.41±0.02. 1.25±0.01 . 159.4±5.0bc 177.5±7.5"b 

Aa x Am hybrid 

Aa (NT) xAm 1.48±0.02 . 1.36±0.01. 149.4±7.4 c 166.2±4.3 abc 

Aa (QLD) xAm 1.47±0.02 . 1.28±0.01. 154.4+10.8 be 172.6±15.7 abc 
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6.3.1.1 Intraspecific Variations 

The phyllode construction cost on a leaf mass basis of all A. auriculiformis genotypes 

examined was generally higher in the wet season than in the dry season, while that on a leaf 

area basis showed the opposite trend (Table 6.2). However, the differences between seasons 

on both bases were not statistically significant. On average, the PNG genotypes had the 

lowest cost of construction on a leaf area basis in both seasons. However, the differences 

between but not within provenances were statistically significant (P <0.05) . 

Table 6.2 Phyllode construction cost of saplings of intraspecific hybrids of Acacia 

auriculiformis planted in Darwin, Australia, measured in the wet (March 1999) and dry 

(September 1999) seasons. Abbreviations are described in Table 6.1. For each parameter, 

values (means± se) followed by the same superscript letter are not significantly different at 

P<0.05 (n=4). 

Phyllode construction cost 
Provenance/Genotypes 

(g glucose g·1
) (g glucose m·2) 

Wet season Dry season Wet season Dry season 

NT 

NTxNT 1.54±0.01 I 1.36±0.01 ab 178.6± 11.1 abc 194 .8±13.6 • b 

NTx PNG 1.53±0.02 ab 1.26±0.02 b 186.5±3.5 abc 198.2±10.5. 

NT(open pollination) 1.45±0.04 ab 1.35±0.02 ab 177.9±4.3 abc 180.8±5.6 abc 

NT (CSIRO#I6160) 1.46±0.03 ab 1.30±0.01 ab 163.0±3.7( 166.8± 1.2 be 

PNG 

PNG x PNG 1.47±0.04 ab 1.25±0.02 b 160.6±13.3 c 166.9±11.4 be 

PNGxQLD 1.43±0.04 ab 1.33±0.0 I ab 170.8±6.3 abc 172.0±7 .0 abc 

PNG (open pollination) 1.47±0.03 ab 1.32±0.02 ab 175.4±6.8 abc 186.8±9.9 c 

PNG (CSIRO# l61 06) 1.48±0.05 ab 1.26±0.04 b 161.7±12.2 c 163.2±14.8 c 

QLD 
QLD xQLD 1.49±0.02 ab 1.32±0.01 ab 1 92. 1 ± 14. 1 ab 196.4± 11.3 • 

QLDxNT 1.49±0.03 ab 1.32±0.03 ab 176.7±1 0.8 abc 177 .6± 12.8 abc 

QLD (open pollination) 1.51±0.01 •b 1.34±0.05 ab 187.6±1.6 abc 192.4±8.0 ab 

QLD (CSIR0#16142) 1.44±0.05 ab 1.32±0.01 ab 176.4±5.1 abc 180.2± I 0. 7 •be 
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6.3.2 Photosynthetic Nitrogen-Use Efficiency (PNUE) 

6.3.2.1/nterspecific Variations 

Aw1 of all three acacia species declined by up to 82% in the dry season (Table 6.3) . 

Generally, A. mangium had the lowest values in the dry season and the hybrids the highest in 

the wet season. Differences between but not within species were highly significant 

(P<O.OO 1 ). N.rea also decreased in the dry season except for A. mangium where the dry 

season values were similar or greater than the wet season values. Overall, A. auriculiformis 

had the highest values in both seasons. The variations in nitrogen content between but not 

within species were significant (P<O.OS). 

Table 6.3 Light-saturated photosynthesis (Asa1) and phyllode nitrogen content (Narca) m 

saplings of Acacia auriculiformis (Aa), A. mangium (Am) and the Aa x Am hybrids m 

Darwin, Australia, measured in the wet (March 1999) and dry (September 1999) seasons. 

Abbreviations are described in Table 6.1. For each parameter, values (means ± se) followed 

by the same superscript letter are not significantly different at P<O.OS (n=4-12). 

A,.1 (J.lmo1 m'2s' 1
) N., •• (g m'2) 

Species/Genotype 
Wet season Dry season Wet season Dry season 

A. auriculiformis 

NT 21.1 ±1.4 b 8.42±2.27 c 2.94±0.25. 2.56±0.06 ab 

QLD 21.4±2. 1 ab 7 .68±2.20 cd 3.05±0.26. 2. 74±0.14 ab 

A. mangium 

PNG 21.4±t.o•b 5.5 1±1.50cd 2.5 1±0.18 b 2.51 ±0. 10 b 

QLD 21.2±1.2 b 3.82±0.86d 2.55±0.11 ab 2.68±0.16 ab 

Att x Am hybrids 

Aa (Nl) xAm 22.6±t.o•b 8.72±2.06 c 2.55±0.18 ab 2.53±0.03 b 

Aa (QLD) xAm 25.3±0.8. 7.04±1.60cd 2.77±0.36 ab 2.56±0.01 ab 
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The PNUE of the three acacias decreased substantially in the dry season (Table 6.4), 

primarily due to a proportionally greater decline in Am than Narea (Table 6.3). A. mangium 

showed the greatest decrease (75-82%) in the dry season. Differences between species were 

also evident (P<0.05). In the wet season, the hybrids had the highest and A. auriculiformis 

the lowest PNUE values. The low A. auriculiformis values can be attributed to the high Narea 

values observed (Table 6.3). In the dry season, A. auriculiformis and the hybrids had 

comparable PNUE values. Within these species, the NT genotypes had higher values 

(21-26%) than the QLD genotypes. A. mangium had the lowest PNUE values because of the 

large decline in Asa1 and a slight increase in Narea (Table 6.3). Differences within species were 

smaller in the wet season (3-6%) than in the dry season (21-49%) but there was no 

significant difference within species (P=0.716). 

Table 6.4 Photosynthetic nitrogen-use efficiency (PNUE) in saplings of Acacia 

auricu/iformis (Aa} , A. mangium (Am) and Aa x Am hybrids in Darwin, Australia, measured 

in the wet (March 1999) and dry (September 1999) seasons. Abbreviations are described in 

Table 6.1. Values (means ± se) followed by the same superscript letter are not significantly 

different at P<0.05 (n=4). 

Provenance/Genotype 
Wet season Dry season 

A. auriculiformis 

NT 104.9± 13.4 b 46.2±12.7 cd 

QLD 101.9±16.2 b 38.1± 9.9 cd 

A. mangium 

PNG 121.5±12.7ab 30.7± 7.8 cd 

QLD 117.2±10. lab 20.6± 4.9d 

.Aa x A m hybr ids 

Aa (N1) xAm 126.8± 13.8 ab 48 .5±11.9d 

Aa (QLD) xAm 134.1± 17.1 1 38.4± 8.7 cd 



Chapter Six 148 

6.3.2.2 Intraspecific Variations 

All Aut values decreased considerably in the dry season (P<O.OOl ) (Table 6.5). The PNG 

genotypes generally had the lowest dry season values whose range varied more than one

fold. The variations between but not within provenances were statistically significant 

(P<O.O 1 ). Narea showed a small decline in the dry season. Again the PNG trees contained the 

least Narea in both seasons; NT trees had the highest values in the wet season and the QLD 

trees the highest values in the dry season. Variations between but not within provenances 

were highly significant (P<O.OOl). 

Table 6.5 Light-saturated photosynthesis (Asat) and phyllode nitrogen content (Naroa) in 

saplings of intraspecific hybrids of Acacia auriculiformis in Darwin, Australia, measured in 

the wet (March 1999) and dry (September 1999) seasons. Abbreviations are described in 

Table 6.1. For each parameter, values (means ± se) followed by the same superscript letter 

are not significantly different at P<O.OS (n=4-12). 

A,.., (J.lm01 m·2 s·1
) Naru (g m'2) 

Provenance/Genotype 
Wet season Dry season Wet season Dry season 

NT 

NTxNT 20.8±0.8. 5.7±2.0 be 3.22±0.23 ab 2.8 1±0.06 ab 

NTx PNG 20.2±1.3. 7.7±1.9b 3.37±0,25. 2.76±0.11 ab 

NT (open pollination) 21.6±0.7 " 7.9±1.4 b 3.00±0.28 ab 2.68±0.19 b 

NT (CSIRO#l 6160) 21.1±0.9" 8.4±2.3 b 2.94±0.25 ab 2.56±0.07 b 

PNG 

PNGx PNG 20.1±0.3. 5.4±0.9 be 2.85±0.29 ab 2.56±0.10 b 

PNGxQLD 19.9±0.9 . 7.5±2.8 be 3.03±0.24 ab 2.48±0. 11 b 

PNG (open pollination) 20.2±0.3. 3.2±1.3 c 2.89±0.06 ab 2.48±0.03 b 

PNG (CSIR0#16106) 20. 1±0.8. 4.7± l.Obe 2.77±0.29 1b 2.44±0.02 b 

QLD 

QLDxQLD 21.3±1.0 " 8.5±1.9 b 3.11±0.23 ab 2.90±0.06 ab 

QLDxNT 22.1±0.9" 8.9±1.8 b 2.93±0.24 ab 2.73±0.12b 

QLD (open pollination) 19.2±1.2" 7.1±2.7be 2.95±0.17 ab 2.87±0.04 ab 

QLD (CSIR0#16142) 21.4±2.0 " 7.7±2.2 b 3.05±0.26 ab 2.74±0.14 ab 
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Table 6.6 shows the PNUE values of the intraspecific genotypes in the wet and dry seasons. 

As expected, the values were significantly greater in the wet season (P<O.OOl). The PNG 

genotypes showed the largest (56-82%) dry season decline in PNUE. Differences within but 

not between provenance were statistically significant (P<O.OS). The variations among 

genotypes were small (24%) in the wet season. In the dry season, the PNG genotypes had 

lower PNUE values than the NT and QLD genotypes, presumably because of lower As,a
1 

(Table 6.5). Among the PNG genotypes, the PNG x QLD genotype had the highest PNUE 

value in the dry season because of its high Asa1 values. 

Table 6.6 Photosynthetic nitrogen-use efficiency (PNUE) of saplings of intraspecific hybrids 

of Acacia auriculiformis planted in Darwin, Australia, measured in the wet (March 1999) 

and dry (September 1999) seasons. Abbreviations are described in Table 6.1. Values (means 

± se) followed by the same superscript letter are not significantly different at P<O.OS (n=4). 

PNUE (11mol C02 [mol Nr' s·1
) 

Provenance/Genotype 
Wet season Dry season 

NT 

NTxNT 92.5± 9.4 a 28.6±10.4 be 

NTx PNG 86.3±12.5 a 39.2± 9.5 be 

NT(open pollination) 104.2±12. 1. 40.4± 5.2 be 

NT (CSIRO#l6160) I 04.9±13.4 a 46.2±12.7 b 

PNG 

PNGx PNG 101.3±11.6' 30.0± 5.4 be 

PNGx QLD 94.9± 7.5 a 41.9± 5.3 be 

PNG (open pollination) 97 .7± 5.6a 17.9± 7.2 c 

PNG (CSIR0#16106) 105.3±11.1. 27.0± 6.0 be 

QLD 

QLD xQLD 97.8±10.3. 43 .2± 8.9b 

QLDxNT 106.8± 5.5. 42.7± 8.5 b 

QLD (open pollination) 92.5±10.2 a 34. 1±12.7be 

QLD (CSIR0#16142) 101.9±16.2. 38.1± 9.9be 
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6.3.3 Photosynthetic Water-Use Efficiency (PWUE) 

6.3.3.1 Interspecific Variations 

PWUE varied significantly with season (?<0.001) (Table 6.7). The values increased by 

40-96% in the dry season, due to a proportionately greater decrease in E relative to As:t· The 

hybrids had the highest values in the wet season and A. mangium, which had the lowest E 

and Asa1 (Table 6.3), the highest values in the dry season. However, the differences were not 

statistically significant between and within species. 

Table 6.7 Photosynthetic water-use efficiency (PWUE) and transpiration (E) in saplings of 

Acacia auriculiformis (Aa), A. mangium (Am) and Aa x Am hybrids in Darwin, Australia, 

measured in the wet (March 1999) and dry (September 1999) seasons. Abbreviations are 

described in Table 6.1. For each parameter, values (means ± se) followed by the same 

superscript lener are not significantly different at P<0.05 (n=4). 

PWUE (JJmol C02 [nuno1 H20r1 
) E (nunol m·2 s"1

) 

Prove!WlceJGenotype 
Wet season Dry season Wet season Dry season 

A. •11ric11l iforMis 

NT 3.87±0.54 c 7.60±0.68. 5.45±0.78 I 1.11 ±0.08 c 

QLD 4.21 ±0.57 be 5.90±0.83 abc 5.08±0.83 ab 1.31±0.09 c 

A. ,.~g;,,. 

PNG 4.48±0.38 be 7.72±1.08. 4.78±0.32 b 0.71 ±0.06 d 

QLD 4.53±0.30 be 6.84± I. 79 ab 4.68±0.35 b 0.56±0.07d 

A• ll AM bybrid 

Aa (NT) x Am 4.45±0.68 be 6.66±0. 71 ab 5.08±0.92 ab 1.31±0. 10 ( 

Aa (QLD) x Am 5.11±0.46 "bc 5.66±0.76 abc 4.95±0.59"b 1.24±0.08 c 
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6.3.3.2 Intraspecific Variatio11s 

Table 6.8 compares the PWUE among twelve genotypes of A. auriculiformis. All values 

increased significantly by 40-121% in the dry season (P<O.OO I) . In the wet season, the PNG 

genotypes had the highest PWUE, mainly due to their lowE values. The differences between 

provenances diminished in the dry season due to increased variations within provenance. In 

the dry season, the NT natural provenance had the highest and the PNG x QLD genotype the 

lowest PWUE value. However, differences between and within provenances were not 

statistically significant. 

Table 6.8 Photosynthetic water use efficiency (WUE) and transpiration (E) in saplings of 

intraspecific hybrids of Acacia auriculiformis planted in Darwin, Australia, measured in the 

wet (March 1999) and dry (September 1999) seasons. Abbreviations are described in Table 

6.1. For each parameter, values (means± s.e.) followed by the same superscript letter are not 

significantly different at P<O.OS (n=4). 

PWUE (J.Imol C02 [mmol H2or') E (mmol m·2 s"1
) 

Provenance/Genotype 
Wet season Dry season Wet season Dry season 

NT 

NTxNT 3.50±0.41 cd 6.85± 1.42 ab 5.94±0.58 ab 0.83±0.08 d 

NTx PNG 3.83±0.43 cd 7.38±0.79 I 5.27±0.47 abc 1.04±0.08 d 

NT(open pollination) 3.78±0.43 cd 5.58±0.48 abed 5.71±0.67 ab 1.42±0.08 d 

NT (CSIR0#16160) 3.87±0.54 cd 7.60±0.68 1 5.45±0.62 abc 1.11±0.09 d 

PNG 

PNG x PNG 4.3 1 ±0.20 bed 7.53±0.53 abed 4.66±0.48 c 0.72±0.06 d 

PNG x QLD 4.05±0.23 cd 5.02±1.20 abc 4.9 1±0.48 be 1.49±0.09 d 

PNG (open pollination) 4.04±0.26 cd 5.82±0.49 abc 5.00±0.37 be 0.55±0.08 d 

PNG (CSIRO# l6106) 4 .24±0.42 bed 6.63±0.82 ab 4.74±0.53 c 0.71±0.09d 

QLD 

QLDxQLD 3.67±0.47 cd 5.62±0.90 abed 5.80±0.52 ab l.51±0. 10d 

QLDxNT 3.55±0.25 cd 6.15±1.12'bc 6.23±0.41 a 1.45±0.07 d 

QLD (open pollination) 3. 12±0.22d 6.89±1 .63 ab 6.15±0.39 a 1.03±0.07 d 

QLD (CSIR0#16142) 4.21±0.57 bed 5.90±0.83 abc 5.08±0.64 be 1.31 ±0.09d 
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6.3.4 Relationships Between Resource-Use Indices 

PNUE was negatively correlated with phyllode construction cost only in the wet season 

(Fig. 6.1) and the relationship of the pooled data was highly significant (r2=0.64, P<O.OO 1 ). 

The results indicate that PNUE decreased as expected as the cost of construction mcreased. 

PNUE was positively correlated with Asa1 in both seasons (Figs. 6.2a and 6.2b) and 

negatively correlated with Narca in the wet season (Fig. 6.2c). There was no correlatiOn 

between PNUE and Narea in the dry season (Fig. 6.2d) . The results indicate that PNUE 

increased with photosynthetic capacity as expected. The negative correlation obtained w1th 

Narea suggests that these trees conserved leaf nitrogen at the expense of PNUE, perhaps 

because of some unknown resource-use trade-off or environmental constraints as md1cated 

by the results in Fig. 6 .2d. One of these constraints may be associated with the large and 

rapid decline in chlorophyll content during the dry season. 

Fig. 6 .3 shows the negative and significant relationship between PWUE and PNUE (r2=0.82. 

P<O.OO 1 ). The results suggest that these acacia trees conserved water in the dry season at the 

expense of lower PNUE. This is consistent with suggestion that the attainment of a high 

WUE through low g5 under water stress may require a high nitrogen content in leaf and may. 

therefore, be linked with a low PNUE (Evans 1989b). The PNG x PNG and QLD (open 

pollination) A. auriculiformis genotypes and the two A. mangium genotypes with h1 gh 

PWUE and low PNUE values in the dry season would be the best examples of this 

hypothesis. Coincidentally, three of these genotypes had relatively low phyllode construction 

cost for both seasons which would presumably be favorable for fast growth. However, there 

are exceptions to this rule when genotypes were compared within season. Both genotypes of 

A. mangium and the Aa x Am hybrids had the highest PNUE and PWUE in the wet season 

(Table 6.9). Similarly, the NT (CSIRO#l6160) A. auriculiformis genotype had the second 

highest PNUE and PWUE value in the dry season. The reasons for this discrepancy are not 

known, perhaps they present strategies yet be determined and identified, or perhaps they 

represent chance variations. 
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Figure 6.1 Relationships between photosynthetic nitrogen-use efficiency (PNUE) and 

phyllode construction cost (C) in saplings of A. auriculiformis (Aa), A. mangium (Am) and 

the Aa x Am hybrids in Darwin, Australia. Each symbol is the mean of each genotype (n=4), 

determined in the wet (open symbols) and dry (filled symbols) seasons. 
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Figure 6.2 Relationship between photosynthetic nitrogen-use efficiency (PNUE) and: (a-b) 

light-saturated photosynthesis (Asat); and (c-d) Narea in saplings of Acacia auriculiformis 

(Aa), A. mangium (Am) and the Aa x Am hybrids in Darwin, Australia. Each symbol is the 

mean of each genotype (n=4). 
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Figure 6.3 Relationship between photosynthetic water-use efficiency (PWUE) and 

photosynthetic nitrogen-use efficiency (PNUE) in saplings of A. auriculiformis (Aa), 

A. mangium (Am) and the Aa x Am hybrids in Darwin, Australia. Each symbol is the mean of 

each genotype (n=4), determined in the wet (open symbols) and dry (filled symbols) seasons. 
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Table 6.9 Relative ranking of genotypes with respect to phyllode construction cost (C), 

photosynthetic nitrogen-use efficiency (PNUE), photosynthetic water-use efficiency 

(PWUE) and light-saturated photosynthesis (A5a1) in saplings of Acacia auriculiformis (Aa), 

A . mangium (Am) and the Aa x Am hybrids in the wet and dry seasons. Ranking of I is 

highest, while ranking of 16 is lowest. 

Species/Genotype 

A. auriculiformis 

NTxNT 

NTxPNG 

NT (open pollination) 

NT (CSIR0#16160) 

PNGx PNG 

PNGxQLD 

PNG (open pollination) 

PNG (CSIR0#16106) 

QLDxQLD 

QLDxNT 

QLD (open pollination) 

QLD (CSIR0#16142) 

A. mangium 

PNG (CSIR0#19233) 

QLD(CSIR0#19214) 

Aa s: Am hybrids 

Aa (NT) xAm 

Aa (QLD) xAm 

Wet 

4 

3 

5 

10 

13 

9 

8 

11 

c 

6 

2 

7 

12 

14 

16 

15 

Dry 

3 

6 

14 

13 

12 

5 

16 

2 

8 

4 

7 

10 

9 

15 

11 

PNUE 

Wet 

14 

16 

8 

7 

10 

13 

12 

6 

11 

5 

15 

9 

3 

4 

2 

Dry 

13 

7 

6 

2 

12 

5 

16 

14 

3 

4 

10 

9 

11 

15 

8 

PWUE 

Wet 

15 

11 

12 

10 

5 

8 

9 

6 

13 

14 

16 

7 

3 

2 

4 

Dry 

6 

4 

15 

2 

3 

16 

12 

9 

14 

10 

5 

11 

7 

8 

13 

Wet 

10 

ll 

4 

9 

13 

15 

12 

14 

7 

3 

16 

5 

6 

8 

2 

Dry 

11 

6 

5 

4 

13 

8 

16 

14 

3 

9 

7 

12 

15 

2 

10 
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6.4 Discussion 

6.4.1 Pbyllode Construction Cost 

Leaf construction cost usually varies with envirorunental conditions and ecological 

characteristics of plants. Compared with deciduous species, leaves of evergreen species 

generally have higher construction cost because they contain more structural, supporting and 

defensive tissues contributing to increased stress tolerance and leaf longevity (Williams et a/. 

1989; Kikuzawa 1991 ; Griffin 1994). In this study, the magnitude of phyllode construction 

cost determined in the wet season was comparable to that of some evergreen species in the 

tropical dry forest in Venezuela (Sobrado 1991) and tropical savanna in Australia (Eamus 

and Prichard 1998). Nevertheless, the present results show that in the wet season, phyllodes 

of the interspecific Aa x Am hybrids and A. mangium were significantly less costly to 

produce compared to A. auriculiformis (Table 6.1 ). Even in the dry season, these two species 

had one of the lowest ranking for the cost of construction (Table 6.9). 

The differences in cost of construction between evergreen and deciduous leaves disappeared 

when species with leaves of similar size were compared (Merino 1987). This suggests that 

the lower cost in deciduous species, which usually have larger leaves than evergreen species, 

may be related to the dilution effects of leaf expansion (Griffin 1994). The phyllodes of 

A. mangium and the hybrids (fable 6.1) were certainly larger than those of A. auriculiformis 

(Table 3.2, Chapter 3). Their lower construction cost was also associated with a higher SLA 

(fable 3 .14, Chapter 3 ). Griffin ( 1994) noted that the construction cost on a mass basis 

would remain unchanged if decreased SLA results from an increase in the number of cell 

layers of similar biochemical composition, but would decrease if decreased SLA results from 

an accumulation of non-structural carbohydrates. By contrast, construction on an area basis 

generally increases when SLA decreases in either of these cases. However, this is 

insufficient to explain the large variations in phyllode construction cost between genotypes 

in the same acacia species (Table 6.2) because the intraspecific differences in either phyllode 

size or in SLA were relatively small. In summary, the results suggest that the relatively 

superior growth of A. mangium and the hybrids was, at least, partially supported by their 

larger canopy phyllode area (Fig. 3.2, Chapter 3) as well as lower phyllode cost produced in 

the wet season (Table 6.1). 

Water availability has a pronounced effect on plant growth and functions, and construction 

cost might be expected to respond to this variable. However, the effect of water availability 

on leaf construction cost in a wide range of xeric and mesic Mediterranean plant species was 
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insignificant (Merino 1987). The mass-based construction cost of photosynthetic tissue of 

the Mediterranean shrub Ephedra decreased slightly in the end of dry season, owing in part 

to the dilution of nitrogen by inexpensive non-structural carbohydrates (Diamantoglou et a/. 

1989). In this study, the higher phyllode cost of construction on area basis in the three 

acacias obtained in the dry season (Table 6.1) was likely to be associated with decreased 

SLA (Table 3.14, Chapter 3) as discussed above. 

Overall, SLA is a predominant factor determining variations in area-based construction cost 

either between species or between wet and dry seasons. To date, most studies on 

construction cost have focused on interspecific comparisons particularly between evergreen 

and deciduous species. It is likely that other environmental factors also play an important 

role. The light regime varies dramatically within a tree canopy and is expected to greatly 

influence leaf mass, size and shape. The effect of this parameter on SLA, canopy size and 

canopy photosynthesis and carbon balance will be examined in the two chapters following 

this. 

6.4.2 Resource-Use Efficiency 

Comparisons of resource-use efficiency among species may be defined on very different 

scales. In this study, PNUE and PWUE were chosen as indices of potential resource-use 

efficiency between phyllodes of the same physiological age developed under the same 

environmental conditions. PNUE also varies considerably between plant of different 

phenology. Higher PNUE was observed in deciduous species compared to evergreen species 

in a Venezuelan savanna (Sobrado 1991 ), but the opposite result was obtained in species 

from central Venezuela (Medina and Francisco 1994). However, PNUE was not significant 

between evergreen and deciduous species in the Australian savanna (Eamus and Prichard 

1998). 

The magnitude of the values reported for two Australian evergreen species (Eamus and 

Prichard 1998) was double the wet season values of the three acacias in this study (Tables 

6.4 and 6.6). My results were, in tum, greater than values determined for evergreen trees and 

shrubs in California (Field eta/. 1983) and Venezuela (Sobrado 1991). Evidently, PNUE can 

vary greatly among evergreen species growing in different environments. 

There were significant variations in PNUE of the three acacia species growing on the same 

site in the wet season (Table 6.4). This parameter was negatively correlated with either 

phyllode construction cost (Fig. 6.1) or phyllode nitrogen (Fig. 6.2c) but positively 

correlated to Aut (Fig. 6.2a). Similarly, the higher PNUE observed in evergreen tree species 
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under favorable conditions was associated with the lower leaf construction cost (Sobrado 

1991 ). The relationship between PNUE and foliage construction cost is in direct contrast to 

that reported for some tree species in the Australian savanna (Eamus and Prichard 1998). 

Apparently, interspecific variations in PNUE under favorable conditions are complex and a 

single simple relationship between PNUE and related variables may not apply to all species 

and environments. 

PNUE declined dramatically under seasonal droughts (Tables 6.4 and 6.6) due to a 

proportionately greater reduction in Asat compared to Narea (Tables 6.3 and 6.5). A similar 

seasonal trend in PNUE was found in eight savanna tree species in Australia (Eamus et a/. 

1999). However, it is unlikely that leaf aging was involved in the observed decline in the 

present study because the decrease in photosynthetic capacity recovered gradually after early 

rains in the following wet season (Chapter 4). Furthermore, leaf aging did not alter the 

proportional limitation of photosynthesis by biochemical factors and diffusion through the 

stomata (Field eta/. 1983). 

As the interspecific and intraspecific variations in Narea diminished in the dry season (Tables 

6.3 and 6.5), the variations in PNUE became largely (92%) dependent on variations in Am 

under water stress conditions (Fig. 6.2b; Field and Mooney 1986). It seems that the 

interspecific and intraspecific variations in PNUE decreases under conditions of seasonal 

drought were intimately linked to the down-regulation of photosynthetic activity during 

water stress (refer to Chapters 3 and 5 for more details). 

Differences in PWUE among species generally correspond to the availability of moisture in 

the habitats where each species is most commonly found. Species native to drier sites are 

expected to maintain higher PWUE. In evergreen California tree species (Field et a/. 1983) 

and Eucalyptus seedlings (Myers and Landsberg 1989), species from moist habitats had 

significantly lower PWUE or higher transpiration and, hence, obtained less benefit of water 

use, than species from dry habitats. The three acacia species in the present study showed no 

significant differences in PWUE (Table 6.7). However, A. mangium and the interspecific 

hybrids generally had greater PWUE in the wet season but the difference between species 

diminished in the dry season. Interestingly, A. mangium was able to maintain relatively high 

PWUE in the dry season, despite a low Asato because of very low transpiration (Table 6.7). 

Presumably, this strategy helped A. mangium to maintain a large canopy during seasonal 

drought that would be beneficial for tree growth following the outbreak of rain (Puangchit 

et el. 1998). Surprisingly, genotypes of A. auriculiformis examined did not show any 

significant differences in PWUE (Table 6.8) even though variations in gs were significant 

between provenances in both the wet and dry seasons (Table 5.9, Chapter 5). 
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6.4.3 Compromises Between PNUE and PWUE 

Stomatal closure, in response to limiting soil and/or vapor water availability, resulting in a 

proportionately greater decline in transpiration than in photosynthesis, generally increased 

PWUE (Tables 6.3, 6.5, 6.7 and 6.8; Cowan 1982; Eamus eta/. 1999). However, attributes 

that increase PWUE may also impose limitations on C02 fixation and compromise 

performance under limiting water conditions. The negative association between PWUE and 

PNUE in acacias (Fig. 6.2) and other species (Field et a/. 1983; DeLucia and Schlesinger 

1991) suggests a trade-off between PWUE and PNUE; the cost of high PWUE in the dry 

season was a low PNUE because the decline in A sat was proportionally greater than that in 

N-.. (Tables 6.3-6.6). A similar trade-off was observed in two cultivars of wheat growing 

under different nitrogen treatments at low soil water availability (Van den Boogaard et at. 

1996). In this case, the rate of photosynthesis did not increase proportionally with leaf 

nitrogen content but differences in g, were the main cause for the observed differences in 

PWUE. 

The balance between PWUE and PNUE usually represents a functional compromise between 

attributes that optimize carbon gain and physiological adaptations to drought. Species native 

to the drier sites tended to conserve water to achieve high PWUE and paid for that 

conservation with lower PNUE (Field et a /. 1983). However, shrubs were able to maintain 

higher PNUE but lower PWUE compared to trees, and it seems that differences in 

physiological responses to resource availability were more evident between growth form 

than between species from different habitats (DeLucia and Schlesinger 1991). 

Ranking genotypes in respect to their PWUE and PNUE (Table 6.9) has provided some 

interesting insights into the strategies adopted by these acacias. The superior growth of 

A. mangium and the Aa x Am hybrids (Table 3.5, Chapter 3) was associated with bener 

utilization of water and nitrogen and lower phyllode cost of construction in the wet season. 

In the dry season, the A. mangium genotypes paid for high PWUE (ranking of 1 and 7) with 

low PNUE in contrast to the hybrids genotypes which maintained high PNUE (ranking of 

1 and 8) but low PWUE (ranking of 8 and 13 respectively). Compared to the QLD genotype, 

the superior growth of the PNG A. mangium genotype might be achieved by bener use of 

nitrogen and water in the dry season. On the other hand, the superior growth of the 

Aa (QLD) x Am hybrid, relative to the Aa (NT) x Am hybrid, was partly supported by higher 

PNUE and PWUE in the wet season. 
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The situations among genotypes of A. auriculiformis were even more complex. The QLD x 

NT controlled cross which had the best volume growth (Table 5.4, Chapter 5) showed 

comparatively high PNUE but low PWUE in both seasons (Table 6.9). In contrast, the NT 

(CSIR0#16160) genotype, which had intermediate PNUE and PWUE values in the wet 

season but the highest values in the dry season, had the smallest stem volume of all 

A. auriculiformis genotypes. These preliminary results indicate the complex nature of 

resource-use efficiency of tree growth in these acacia genotypes. 
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Chapter Seven: Natural Interspecific Hybrid of Acacia 

auriculiformis in Thailand. I. Seasonal Variation in Canopy 

Structure and Related Phyllode Characteristics 

7.1 Introduction 

The pattern of light within the canopy generally controls leaf development, leaf energy 

balance, leaf water use and photosynthesis. Light interception, in turn, is influenced by 

spatially heterogeneous leaf area distribution, leaf orientation and leaf morphology within the 

canopy (Norman and Campbell 1989). Changes in leaf physiology, and the display of those 

leaves within the plant canopy, which enhance the efficiency of light interception, play an 

even more important role as light available for photosynthesis becomes progressively 

deficient with increasing depth in the canopy (Holbrook and Lund 1995). In order to enhance 

the light penetration and increase light interception, tree canopies are likely to be composed 

of small and vertically oriented leaves at the top and horizontal leaves lower down (Hollinger 

1989; Holbrook and Lund 1995). 

There are marked differences between sun and shade leaves within a canopy (Larcher 1969; 

Boardman 1977). Shade leaves are more efficient at low PPFD and have lower light 

compensation point due to lower ~. while sun leaves are better able to utilize strong light 

intensities and produce substantially greater Asat· Differences in photosynthetic PPFD 

response between sun and shade leaves are associated with differential leaf nitrogen content 

(Field and Mooney 1986; Evans 1989a) with canopy depth (Hollinger 1989; Ellsworth and 

Reich 1993; Morecroft and Roberts 1999). 

The variations in Narea with respect to canopy depth may be associated with vertical variation 

in SLA. which is generally lower in leaves that develop in high light as a result of increased 

leaf thickness (Hollinger 1989; Ellsworth and Reich 1993; Ninemets 1997). Therefore, 

measurements of SLA, Naru and area-based photosynthetic capacity at different canopy 

positions may be used to investigate the influences of canopy structure and light environment 

on leaf photosynthesis that provide valuable insight into the distributions of carbon, nitrogen 

and other nutrient resources within tree canopies (Field 1991 ). 

A. auriculiformis, A. mangium and their hybrid saplings (Chapters 3 and 4) varied greatly in 

tree growth and physiological adaptation to drought stress. Compared with A. mangium, 

A. auriculiformis and the hybrids were more drought tolerant and had faster recovery after 

seasonal drought. Furthermore, tree and stem volume growth was directly associated with 
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canopy size but little is known about canopy structure and photosynthesis in these species. 

This chapter examines the physical, morphological, physiological and seasonal variations 

within the canopy of mature trees of A. auriculiformis, A. mangium and their natural hybrid. 

The study has three main objectives. Firstly, it will investigate the relationship between 

canopy structure and canopy light environments; secondly, the vertical variations in 

photosynthetic light-dependence and related phyllode traits; and finally the influence of 

seasonal changes in canopy structure on photosynthetic light-dependence and related 

phyllode traits. 

7.2 Materials and Methods 

7.2.1 Canopy Structure Determination 

Table 7.1 shows the age and location of the trees selected for the study. It would be ideal if 

the selected trees were located at one site and of the same age and spacing. However, this 

was not possible and the final selection represents the best possible option available. 

The canopy analysis was carried out in the wet (September 1998) and dry (February 1999) 

seasons in Thailand using a single tree of A. auriculiformis, A. mangium and the natural 

Am x Aa hybrid (Section 2.1.2.2). Scaffolding (about 20 m high) was used to access the tree 

canopy (Plates 7.1a). The tree canopy was divided into three sections: (1) top (0-3 m below 

canopy); (2) middle (3-6m below canopy); and (3) bottom (>6 m below canopy) levels of 

canopy. Canopy phyllode area and LAI were determined as described in Section 2.3. 

7.2.2 Canopy Light Determination 

Canopy FFPD was determined at 1200 h approximately every 1.0-1.7 m down the canopy. 

A quantum sensor was placed at the top of the canopy and a 1-m sensor probe AccuPAR 

Ceptometer (Decagon Devices Inc., USA) was used to record PPFD within the canopy 

(Plate 7.lb). Measurements were taken in four different directions at each canopy level and 

the PPFD readings at the top of canopy and at each canopy level were recorded 

simultaneously. The relative PPFD at each canopy level was then calculated as a ratio of the 

incident PPFD at each canopy level to that at the top of canopy. 

7.2.3 Phyllode Characteristics 

Phyllode morphology, phyllode angle, and SLA were determined in three different sections 

within the canopy as described in Section 2.3. Ten fully-expanded phyllodes were collected 
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from approximately every l.0-1.7 m down the canopy for phyllode chlorophyll (ScctJon 2.7) 

and phyllode nitrogen (Section 2 .8) determinations. 

Table 7.1 Characteristics and location of mature Acacia auriculi'o'rmis (A ) A 'J' a . . mangrum 

(Am) and the natural Am x Aa hybrid in Thailand. 

Details A. auriculiformis A. mangium Hybnd 

Location Sakaerat Gene Research and Training in Forest Tree Seed 

Conservation Station, Reforestation and Management Center, 

Sakaerat Afforestation Station, Sakaerat Muak Lek 

Province Nakhon Ratcbasima Nakhon Ratcbasima Saraburi 

(250 km northeast of (250 km northeast of Bangkok) (100 lcm north of 

Bangkok) Bangkok) 

Planting date fune 1989 June 1986 June 1987 

Spacing (m) 2x4 2x4 1 X I 

Height (m)1 

Plot mean 18.0±0.4 (n=20) 19. 7±0.3 (n=25) 20.9±0.4 (n=20) 

Tree sample 19.3 18.3 20.5 

Dbh (cm)1 

Plot mean 21.4±0.6 (n=20) 23.8±1.3 (n=25) 18.9±0.6 (n.:20) 

Tree sample 31.5 28.9 19.4 

1 measured in September 1998 

7.2.4 Phyllode Photosynthesis 

Measurements of photosynthetic light response (Section 2 .4) were determined on five fully

expanded phyllodes at two different levels representing sun and shade posttions m the 

canopy. The sun level was taken at 0-1 m below canopy, while the shade level at 6-8 m 

below canopy. The relationship between Anc1 and PPFD was analyzed as described in Sectton 

2. 10. 

7.2.5 Statistical Analysis 

Seasonal variations in phyllode angle, phyllode chlorophyll content, phyllode mtrogen 

content and phyllode construction cost at three different canopy positions were analyzed 

using repeated measures ANOV A, with canopy positions nested within spectes as descnbed 

in Section 2.10. 
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Plate 7.1 (a) Scaffolding used to access tbe tree canopy and (b) AccuPAR Ceptometu 

(Decagon Devices Inc., USA) to measure canopy light environment. 
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7.3 Results 

7.3.1 Canopy Str ucture 

There were large differences in canopy phyllode area between the three acacia spec1es 

(Table 7.2). In the wet season, the A. mangium tree had the largest and the hybrid tree the 

smallest canopy area. This difference was accentuated in the dry season when the 

A. auriculiformis and the hybrid trees shed about 44% and 54% of their canopy respecttvely 

compared to only 13% for the A. mangium tree. This indicates the semi-deciduous nature of 

A. auriculiformis and the hybrid growing at these sites in Thailand. Most of the phyllodes m 

A. auriculiformis were shed from the top 6 m of the canopy whereas, in the hybrid, phyllodes 

were shed throughout the whole canopy. The relatively small amount of phyllodes lost from 

the A. mangiu~ tree came from the top 3 m of the canopy. 

Table 7.2 Canopy phyllode area of mature Acacia auriculiformis (Aa) , A. mangium (Am) 

and natural Am x Aa hybrid in Thailand, measured in the wet (September 1998) and dry 

(February 1999) seasons. 

Canopy phyllode area (m2
) 

Species 
Wet season Dry season 

A. auriculiformis 

Top (0-3 m below canopy) 42.6 (27.1%) 19.3 (21.8%) 

Middle (3-6m below canopy) 78.9 (50.3%) 35.5 (40.1%) 

Bottom (6-13 m below canopy) 35.5 (22.6%) 33.8 (38.1%) 

Total 156.9 (100.0%) 88.6 (100.0%) 

A. mangium 

Top (0-3 m below canopy) 91.3 (51.2%) 61.5 (39 .6%) 

Middle (3-6m below canopy) 44.3 (24.8%) 49.4 (31.9%) 

Bottom (6-12 m below canopy) 42.8 (24.0%) 44.2 (28 .5%) 

Total 178.4 ( 100.0%) 155.1 (I 00.0%) 

Am x Aa hybr id 

Top (0-3 m below canopy) 24.0 (24.3%) 6.8 (15 .1%) 

Middle (3-6m below canopy) 21.9 (22. 1 %) 8.1 (18 .0%) 

Bottom (6-15 m below canopy) 53.0 (53 .6%) 30.1 (66.9"/o) 

Total 98.9 (I 00.0%) 45.0 (100.0%) 
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The seasonal changes in canopy phyllode distribution greatly affected the form and shape of 

the canopy (Fig. 7.1 ). In the wet season, the canopy of A. mangium was dome-shaped. 

A. auriculiformis diamond-shaped and the hybrid columnar-shaped. Ln the dry ~ason. ~ 

canopy of A. mangium became more club-shaped, A. auriculiformis more elhptJcal and ~ 

hybrid narrow columnar. 

The total LAI was greatest in the A. mangium tree and lowest in the A. auriculiformis trtt 

(Table 7.3) in both seasons. Despite a smaller canopy area, the hybrid had higher LAI than 

A. auriculiformis because of its shape (Fig. 7.1 ). In general, the LAI variations withm the 

canopy followed the pattern determined for canopy area distribution in all three spcc1es 

Total LAI also varied with seasons, with the greater values observed in the wet season as 

expected. The largest seasonal di fference was observed in A. auriculiformis and the hybnd. 

both of which also showed the largest decrease ofphyllode area in the dry season. 

Table 7.3 Phyllode area index (LAI) within the canopy of mature Acacia auriculiformiJ 

(Aa), A. mangium (Am) and natural Am x Aa hybrid in Thailand, measured m the wet 

(September 1998) and dry (February 1999) seasons. 

LAI (m2 m'2) 

Species/sections 
Wet season Dry season 

A. auriculiformis 

Top (0-3 m below canopy) 1.1 (26.8%) 0.6 (22.2%) 

Middle (3-6 m below canopy) 2.1 (51.2%) 1.0 (37.0%) 

Bottom (6-13 m below canopy) 0.9 (22.0%) 1.1 (40.8%) 

Total 4.1 (100.0%) 2.7 ( 100.0%) 

A. mangium 

Top (0-3 m below canopy) 3.9 (5 1.3%) 2.5 (39.7%) 

Middle (3-6 m below canopy) 1.9 (23.7%) 2.0 (31.7%) 

Bottom (6-12 m below canopy) 1.8 (22.0%) 1.8 (28.7%) 

Total 7.6 {100.0%) 6.3 ( 100.0%) 

Hybrid 

Top (0-3 m below canopy) 1.8 (24.3%) 0.7 ( 14.3%) 

Middle (3-6m below canopy) 1.6 (21.6%) 0.9 ( 18.4%) 

Bottom (6-15 m below canopy) 4.0 (54.1%) 3.3 (67 .3%) 

Total 7.4 (100.0%) 4.9 (100.0%) 
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Figure 7.1 Diagram of phyllode area distribution within the canopy of mature Acacw 

auriculiformis (Aa), A. mangium (Am) and natural Am x Aa hybnd m Thatland 1bc canop) 

was divided into three sections and was sampled in the (a) wet (September 1998) and (b) dry 

(February 1999) seasons. 
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7.3.2 Canopy Light Environment 

Light level declined dramatically with increasing depth in the canopy (Fig. 7.2). ln the wet 

season, all relative PPFDs decreased by up to 80% at 5 m below the top of the canopy. 

Below 10 m, the highest PPFD was measured in the A. auriculiformis canopy. Light 

penetration increased in the dry season as a result of leaf fall (Fig. 7 .2b ). A. mangium had the 

lowest PPFD values at all levels of the canopy in the dry season. The hybrid had the highest 

values up to 10 m and A. auriculiformis the highest value below 10 m of the top of the 

canopy. These results are consistent with decreasing canopy area in the dry season. 

Fig. 7.3 shows the relationship between relative PPFD and cumulative LAI. Relative PPFD 

of all three species decreased exponentially with increasing cumulative LAI. Differences in 

the relationship between species were significant (P<O.Ol ), indicating interspecific variations 

in phyllode arrangement within the canopy. 

7.3.3 PhyUode Characteristics 

7.3.3.1 PhyUode Morphology 

Phyllode morphology varied significantly between species and between positions within the 

canopy (Plate 7.2; Table 7.4). A. mangium had the largest and widest phyllodes with a mean 

length/width ratio of 2.8 compared to a value of 4.5 for A. auriculiformis. The ratio of the 

hybrid was intermediate between these parental values. lnterestingly, the ratio did not vary 

greatly between levels in the canopy, indicating that the decreasing light level down the 

canopy had affected the increase in phyllode length and phyllode width equally in all three 

species. 

The mean phyllode size of all three species increased with canopy depth as a result of 

increases in both length and width (Table 7 .4). A. mangium had the largest and 

A. auricu/iformis the smallest increase. Phyllodes at the bottom of the canopy were 45-89% 

larger than those at the top of canopy. This difference could be attributed to interspecific 

variations and/or light variations within the different canopies. 
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Figure 7.2 Relative photosynthetic photon flux density (PPFD) at 1200 hrs within the 

canopy of mature Acacia auriculiformis (Aa), A. mangium (Am) and natural Am x Aa hybrid 

in Thailand: (a) wet (September 1998); and (b) dry (February 1999) seasons. The PPFD at 

the top of canopy ranged from 1600-1800 J.Lmol m·2 s"1 when the measurements were 

undertaken. 
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Figure 7.3 Relative photosynthetic photon flux density (PPFD) as a function of cumulative 

phyllode area index (LAI) within the canopy of mature (a) Acacia auriculiformis (Aa}, (b) 

A. mangium (Am) and (c) natural Am x Aa hybrid in Thailand. Data were pooled because 

difference in the relationship between wet and dry season was not significant. 
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Table 7.4 Phyllode morphology within the canopy of mature Acacia auriculiformis (Aa) , 

A. mangium (Am) and natural Am x Aa hybrid. For each parameter, values (means ± se) 

followed by the same superscript letter are not significantly different at P<0.05 (n=30) and 

values in the bracket are means ± se of each species (n=90). 

Species 
Phyllode Phyllode Phyllode Pbyllodelength/ 

area (cm2
) length (em) width (em) width ratio 

A. tJMricMiiftmlfis 

Top (0-3 m below canopy) 22.2±0.8 f 11.7±0.1 d 2.7±0.2 g 4.5±0. 1 a 

Middle (3-6 m below canopy) 28 .8±1.1. 13.6±0. 1 c 3.1±0.3f 4.6±0.1. 

Bottom (6-13 m below canopy) 32.1±1.1 de 14.2±0.1 c 3.2±0.3 ef 4.5±0.1' 

(27.7±0.7) (13 .2±0.2) (3.0±0.1) (4.5±0.1) 

A. .. .,.gill,. 
Top (0-3 m below canopy) 44.3±1.6 c 12.5±0.1 d 5.0±0.2 c 2.6±0. 1 e 

Middle (3-6 m below canopy) 63.6±4.4 b 15.5±0.2 b 5.8±0.5 b 2.7±0.1 de 

Bottom (6-12 m below canopy) 83.6±3.7. 19.2±0.2. 6.4±0.6 a 3.0±0.1 c 

(63 .8±2.5) (15.7±0.4) (5.7±0.1) (2.8±0.1) 

A• s A• hybrid 

Top (0-3 m below canopy) 21.6±0.6 ( 10.2±0.1 e 3. 1±0.4 f 3.3±0.1 b 

Middle (3-6m below canopy) 27.6±1.6 ef 10.3±0.1 c 3.5±0.2. 3.0±0.1 c 

Bottom (6-15 m below canopy) 36.2±1.5 d 11.6±0. 1 d 4.1±0.2 d 2.9±0.1 cd 

(28 .5±0.9) (10.7±0.2) (3.6±0.1) (3 .1±0. 1) 

7.3.3.1 Pltyllode Angle 

Phyllode angle also varied with depth in the canopy (Table 7 .5). In A. mangium and the 

hybrid, it decreased with canopy depth, indicating that phyllodes at the top of canopy were 

more vertically inclined than those further down the canopy. In A. auriculiformis, the largest 

phyllode angle was obtained at the middle of the canopy. Phyllodes generally were more 

vertical in the dry season compared to the wet season, presumably because of greater light 

penetration. 
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Table 7.5 Phyllode angle within the tree canopy of mature Acacia auriculiformis (Aa) , 

A. mangium (Am) and natural Am x Aa hybrid in Thailand, measured in the wet (September 

1998) and dry (February 1999) seasons. Phyllode angle indicates the predominate angle of 

the phyllode relative to horizontal plan. Values (means ± se) followed by the same 

superscript letter are not significantly different at ? <0.05 (n=30) and values in the bracket 

are means ± se of each species (n=90). 

Phyllode angle (0
) 

Species 
Wet season Dry season 

A. allricll/ifonrtis 

Top (0-3 m below canopy) 44.2±3.6cd 50.8±3.0bc 

Middle (3-6m bdow canopy) 51.6±3.8 abc 56.6±2.6 1b 

Bottom ( 6-1 3 m below canopy) 37.2±3.3 def 45.0±2.4 cd 

(44.3±2.8) (50.8±2.4) 

A. •llllgill• 

Top (0-3 m below canopy) 47.3±3.9bcd 57.6±3.2 a 

Middle (3-6 m below canopy) 37.1±3.6def 40.5±3.9cde 

Bottom (6-12 m below canopy) 33. 1±3.3 ef 39.0±3.9 de 

(39.2±2.9) (45 .7±2.8) 

...C. X All hybrid 

Top (0-3 m below canopy) 40.3±4.1 cde 59.2±4.2 a 

Middle (3-6m below canopy) 37.2±4.5 def 37.8±2.9dc 

Bottom (6-15 m below canopy) 27.6±2.9 r 36.9±3.2 def 

(35.0±3.5) (44 .6±3.6) 

The phyllode angle differed significantly between species (P<O.OO 1) (Table 7 .5). Overall, 

phyllodes of A. mangium and the hybrid were more horizontally inclined compared to those 

of A. auriculiformis with the hybrid having the lowest phyllode angle. Surprisingly, the top 

canopy generally showed the largest increase in phyllode angle in the dry season, 

presumably because phyllodes at this level would experience the greatest water stress and 

photoinhibition in the dry season. 
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7.3.3.3 Specific Phyllode Area (SLA) 

SLA increased with canopy depth in both seasons (Table 7.6), presumably because 

phyllodes developed in low light were thinner than those developed at h1gh hght. 

A. auricu/iformis showed the largest (24-34%) and A. mangium the smallest (16-18%) 

increase. Variations in canopy light environments in different species m1ght be partly 

responsible for the observed differences. 

SLA was 18-32% smaller throughout the canopy in the dry season compared to the wet 

season. The decline was likely to be caused by structural changes in the phyllodes that were 

induced by limiting water availability and/or increasing light availability. The interspec1fic 

differences in SLA were significant (P<0.01). 

Table 7.6 Specific phyllode area (SLA) within the tree canopy of mature Acacia 

auriculiformis (Aa), A. mangium (Am) and natural Am x Aa hybrid in Thailand, measured m 

the wet (September 1998) and dry (February 1999) seasons. Values (means ± se) followed 

by the same letter are not significantly different at P<0.05 (n=30) and values in the bracket 

are means ± se of each species (n=90). 

SLA (m2 kg'1) 

Species 
Wet season Dry sea~on 

A. auriculiformis 

Top (0-3 m below canopy) 9.5±0.4 cdc f 7.6±0 .3 ' 

Middle (3-6m below canopy) 10.4±0.4 bed 8.2±0.3 '• 

Bottom (6-13 m below canopy) 12.7±0.4 I 9.4±0.3 dd 

(10.9±0.4) (8.4±0.3) 

A. mangium 

Top (0-3 m below canopy) 10.9±0.8 be 7.6±0.3 I 

Middle (3-6m below canopy) 11.3±0.5 b 8.2±0.4 r, 

Bottom (6-12 m below canopy) 12.9±0.6" 8.8±0.6 cr, 

(11.7±0.6) (8.2±0.4) 

Am x Aa Hybr id 

Top (0-3 m below canopy) 10.2±0.5 bcdc 8.0±0.2 fa 

Middle (3-6m below canopy) 11 .0±0.5 b 9.0±0.5 ck fl 

Bottom (6-15 m below canopy) 12.8±0.7 I 9.5±0.4 cck( 

(11 .3±0.5) (8.8±0.3) 
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7.3.3.4 Chlorophyll Distribution 

Phyllode chlorophyll content varied significantly within the canopy and between seasons and 

species (Table 7.7). The increase observed with canopy depth in the wet season became more 

pronounced in the dry season (Fig. 7.4) . The wet season values were generally greater than 

the dry season values. The hybrid showed the greatest decrease (27-42%) in the dry season 

and A. auriculiformis the smallest (7- 16%). The hybrid phyllodes also contained the lowest 

chlorophyll content in the dry season. By contrast, A. mangium had the highest values in 

both seasons. Overall, the observed variations could be attributed to genetic differences 

and/or physiological responses to seasonal variations in light and water availability at the 

different sites. 

Table 7.7 Phyllode chlorophyll content of mature Acacia auriculiformis (Aa), A. mangium 

(Am) and natural Am x Aa hybrid in Thailand, measured in the wet (September 1998) and dry 

(February 1999) seasons. Values (means± se) followed by the same superscript letter are not 

significantly different at P<0.05 (n=20-40) and values in the bracket are means ± se of each 

species (n=80-l 00). 

Phyllode chlorophyll content (mmol m2
) 

Species/sections 
Wet season Dry season 

A. auriculiformis 

Top (0-3 m below canopy) 0.54±0.02 cd 0.45±0.02 c 

Middle (3-6m below canopy) 0.60±0.01 b 0.56±0.02 bed 

Bottom ( 6-13 m below canopy) 0.59±0.01 be 0.55±0.01 cd 

(0.58±0.01) (0.52±0.01) 

A. llflllfgium 

Top (0-3 m below canopy) 0.58±0.02 be 0.52±0.02 d 

Middle (3-6m below canopy) 0.65±0.01 1 0.58±0.0 1 be 

Bottom (6-12 m below canopy) 0.67±0.02 . 0.58±0.01 be 

(0.63±0.0 1) (0.56±0.0 1) 

Am x All hybrid 

Top (0-3 m below canopy) 0.54±0.01 cd 0.3 1±0.01 r 

Middle (3-6m below canopy) 0.55±0.02 bed 0.40±0.01 c 

Bottom (6-15 m below canopy) 0.67±0.02 I 0.44±0.01. 

(0.59±0.0 1) (0.38±0.0 1) 
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Figure 7.4 Distribution of phyllode chlorophyll content within the canopy of mature Acacia 

auriculiformis (Aa), A. mangium (Am) and natural Am x Aa hybrid in Thailand: (a) wet 

(September 1998); and (b) dry (February 1999) seasons. 
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7.3.3.5 Nitrog~n Distribution 

N_ decreased (5-26%) with canopy depth in both seasons (Table 7.8). The decrease was 

larger in the wet than dry season. The hybrid showed the largest changes within the canopy 

in the wet season and the least in the dry season (Fig. 7 .5). Naru increased in the dry season, 

with the greatest increase observed in A. auriculiformis (22-29%) and the smallest in the 

hybrid (3- 16%). The results indicate that SLA declined proportionally more than did Nmass· 

N_ also varied between species (P<O.OS). A. auriculiformis had the highest and the hybrid 

the lowest N_ values at equivalent canopy positions in the dry season . 

Table 7.8 Phyllode nitrogen content per unit phyllode area CNan:a) of mature Acacia 

awricvliformis (Aa). A. mangium (Am) and natural Am x Aa hybrid in Thailand, measured in 

the wet (September 1998) and dry (February 1999) seasons. Values (means ± se) followed 

by the same supcrscnpt lener are not significantly different at P<O .OS (n=4-8) and values in 

the bracket are means :t se of each species (n=l 6-20). 

Naru (g m'2) 

Specteslsecnons 
Wet season Dry season 

.A. aarlctdlf•,..b 

Top (0-3 m below canopy) 2.55±0.03 d 3.05±0.04 . 

Middle (3~ m below c.nopy) 2.41 ±0.03 de 3.12±0.03. 

Boaom (6-13 m below ~nopy) 2.17±0.03 ( 2.81 ±0.06 be 

(2 .38±0.02) (2.99±0.04) 

...c. • .,.,.. 

Top (0-3 m below canopy) 2.36±0.07 dd 2.94±0.04 ab 

Maddk (3~ m below c.nopy) 2.38±0.02 de 3.01±0.14 I 

Boaom (6-12 m below c.nopy) 2.29±0.12 ef 2.53±0.04 d 

(2 .34±0.06) (2 .83±0.06) 

...C. 1 A• Hybrid 

Top (0-3 m below canopy) 2.73±0.02 c 2.42±0.11 de 

Middle (3~ m below c.nopy) 2.36±0.03 &f 2.47±0.03 de 

Boa.om (6-IS m below canopy) 2.05±0.03. 2.37±0.03 de 

(2.38±0.02) (2.42±0.07) 
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Figure 7.5 Distribution of phyllode nitrogen content <Narea) within the canopy of mature 

Acacia auriculiformis (Aa), A. mangium (Am) and natural Am x Aa hybrid in Thailand: (a) 

wet (September 1998); and (b) dry (February 1999) seasons. 
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7.3.4 Photosynthetic Characteristics 

Figs. 7.6 and 7. 7 show the photosynthetic dependence on PPFD in sun and shade phyllodes of 

three acacia species in the wet and dry seasons respectively. All the responses of Anec to 

PPFD followed an asymptotic exponential function; the initial linear slope represents the 

quantum yield ( cl>) of photosynthesis (Boote and Loomis 1991 ). The PPFD response curves 

varied significantly between sun and shade phyllodes and between wet and dry seasons. In 

sun phyllodes, PPFD saturation occurred at about 800-1 100 J..Lmol m·2 s·1 in the wet season 

and about 500-700 J..Lmol m·
2 

s·
1 

in the dry season. In shade phyllodes, the values were 

300-500 and 300-600 J.lmol m·2 s'1 in the wet and dry seasons respectively. 

Estimates of~~ and related parameters are summarized in Table 7.9. Asac was generally 

greater in sun phyllodes compared to shade phyllodes and in the wet season compared to the 

dry season. In the wet season, A. auriculiformis and the hybrid had the highest Asa1 value for 

sun and shade phyllodes respectively. In the dry season, A. mangium had the greatest sun 

phyllode As,.1 value but the shade phyllode values were similar for all species. The largest 

differences between sun and shade phyllodes were observed in A. auriculiformis (52%) and 

A. mangium (46%) in the wet and dry seasons respectively. The hybrid showed the least 

variation between sun and shade phyllodes in both seasons. In the dry season, the Asat values 

declined by about 31-58% and 34-45% in the sun and shade phyllodes respectively. 

Estimates of cj> varied greatly (Table 7.9). Wet season values were always greater than dry 

season values. Overall , the wet season values were about 22-125 % higher in shade 

phyllodes compared to sun phyllodes (?<0.05). All cj> values declined in the dry season. The 

larger decline was observed in shade phyllodes, which generally had smaller cj> values than 

the sun phyllodes. It is likely that these declines were compounded by water stress and 

increased light availability in the dry season. 

Shade phyllodes had lower light compensation point (PPFDc) than sun phyllodes (Figs. 7.6 

and 7.7; Table 7.9). This could partly be attributed to the low~ activity in shade phyllodes. 

PPFDc values increased (11-186%) in the dry season. The increase did not appear to be 

related to ~. which remained relatively unchanged between seasons in both types of 

phyllodes. Presumably, these increases were associated with factors that decreased 

photosynthetic efficiency in the dry season. 
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Figure 7.6 Response of net photosynthesis {Ancr) to photosynthetic photon flux density 

(PPFD) in sun and shade phyllodes of mature (a) Acacia auriculiformis (Aa), (b) 

A. mangium (Am; b) and (c) Am x Aa hybrid in Thailand, measured in the wet season 

(September 1998). The relationships were fi tted by an asymptotic exponential equation 

(Boote and Loomis 1991 ). The right diagrams show the initial slope of the correlation. 
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Figure 7.7 Response of net photosynthesis (Anct) to photosynthetic photon flux dens1ty 

(PPFD) m sun and shade phyllodes of mature (a) Acacia auriculifonnis (Aa), (b) 

A. mangium (Am) and (c) Am x Aa hybrid in Thailand, measured the dry season (February 

1999). The relationships were fitted by an asymptotic exponential equation (Boote and 

Loomis 1991 ). The right diagrams show the initial slope of the correlation. 
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~ Table 7.9 Coefficients of the photosynthetic light correlalton in sun and shade phyllodes of 

, mature Acacia auriculiformis (Aa), A. mangium (Am) and natural Am x Aa hybnd m 

Thailand. Data were derived from Fig. 7.6 and 7.7. The relationship was fitted by 1M 

asymptotic exponential equation (Boote and Loomis 1991 ): 

Anet = A sat 1 - e Asat - Rd 
[ 

( -+ PPFD ) ] 

where: Anet is net photosynthesis (J.lmol m·2 s· \ PPFD is photosynthetic photon flux dens1ty 

(J.lmol m"2 s·'), cp is quantum yield, Asa1 is light-saturated photosynthesis (J.lmol m'2 s·') and R.., 

is dark respiration (J.l.mol m·2 s"1
) . Light compensation point (PPFDc. J.lmol m·2 s'1) was 

derived from . the fitted curve and Rl was the mean of R.., obtained from the field 

measurement 

A sal ~ Ro PPFDc ~ 
Species/phyllode 

Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry 

A. auriculiformis 

Sun phyllode 25 .8 10.7 0.044 0.030 1.4 1.2 34 45 0.96 0.95 

Shade phyllode 12.5 8.2 0.099 0.049 1.1 1.3 12 32 0.93 0.97 

A. mangium 

Sun phyllode 22.4 15.5 0.049 0.045 1.7 1.7 38 42 0.95 0.95 

Shade phyllode 14.0 8.4 0.060 0.020 1.3 0.7 24 38 0.95 0.93 

Am x Aa hybr id 

Sun phyllode 20.9 10.5 0.050 0.045 0.6 0.7 12 17 0.97 0.91 

Shade phyllode 15.0 8.3 0.072 0.027 0.5 0.5 7 20 0.96 0.82 
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7.4 Discussion 

7.4.1 Vertical Trends in Phyllode Characteristics 

Smaller leaves are better adapted to high light environment because they have a thin 

boundary layer to allow for a better convective heat loss and would typically need less 

transpiration for cooling (Givnish 1984). Leaf size increases in low light as observed in 

leaves within the canopy of acacias (Table 7.4) and Pentaclethra macroloba (Oberbauer and 

Strain 1986), and in some rainforest tree seedlings along a light gradient (Poorter 1999). In 

addition, leaf angle inclination becomes more vertical with increasing height through the 

canopy in some tree species (Hutchison et al. 1986; Hollinger 1989), and A. mangium and 

the natural Am x Aa hybrid (Table 7 .5). Vertical leaf angle reduces incident PPFD at the top 

of the canopy, which is generally associated with greater water demands and risk of 

photoinhibition (Holbrook and Lund 1995). On the other hand, low leaf angle at the bottom 

of the canopy helps to increase light captures under low light environments (Hutchison 

et a/.1986; Hollinger 1989). The unusual pattern of vertical phyllodes at the middle of 

canopy in A. auriculiformis (Table 7. 5) may be related to its diamond shape and LAI 

distribution (Table 7.3; Fig. 7.1). 

Light is the most important factor influencing SLA (Jurik 1986; Ninemets 1997). 

Consequently, SLA increases with increasing depth in the canopy because of the profound 

changes in the light environment (Table 7.6; Fig. 7.2). These changes in SLA are normally 

associated with changes in leaf thiclmess along the light gradient within the tree canopy 

(Hollinger 1989; Ellsworth and Reich 1993; Morecroft and Roberts 1999) and in tree 

seedlings growing along a light gradient (Cole 1994; Poorter 1999). At high light, leaf 

thickness increased owing to the formation of several photosynthetically active parenchyma 

layers, which enhances the photosynthetic capacity of the leaf (Jurik 1986; Poorter 1999). 

The increase in SLA with canopy depth was matched by a decline in phyllode Narc:a in these 

acacias (Tables 7.6 and 7.8; Fig. 7.5) as well as evergreen (Hollinger 1989) and deciduous 

(Ellsworth and Reich 1993; Morecroft and Roberts 1999) tree species. Evidently, leaves in 

higher light environments at the top of canopy will have higher nitrogen concentrations and 

consequently greater photosynthetic capacity (Field 1983; Hirose and Werger 1987). This is 

because plants allocate nitrogen to maintain a balance between the Rubisco-limited and 

electron transport-limited rates of carboxylation (Chen et al. 1993) and the nitrogen required 

for balancing these two processes decreases with decreasing light intensity. 
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Maximizing light absorption is a major priority in shade leaves ln man · h d . y spec1es, s a e 

foliages have higher chlorophyll content than sun leaves (Read 1985; Cole 1994 ). This 

increase may be achieved by increasing chloroplast number or chlorophyll content per 

chloroplast. Shade leaves contain higher chlorophyll content per chloroplast compared to sun 

leaves (Chazdon et a/. 1996) but this is often offset by lower chloroplast number per unit 

area (Chow et al. 1988). In some tree species, leaf chlorophyll content per unit leaf area was 

found to be independent of irradiance even though chlorophyll content per dry mass 

increased in low light environment (Ninemets 1997). Chlorophyll content increased with 

increasing shade within the canopy in tropical acacias (Fig. 7.4 and Table 7. 7), suggesting 

that the decline in chloroplast number was more than offset by the increase in chlorophyll 

content per chloroplast in the shade phyllodes of these species. 

7.4.2 Photosynthetic Characteristics in Sun and Shade Phyllodes 

Photosynthetic PPFD response in a canopy would vary along a light gradient from sun to 

shade (Oberbauer and Strain 1986). Leaves growing in high irradiance generally have higher 

PPFD saturation and substantially greater A531 (Boardman 1977; Larcher 1995). On the other 

hand, photosynthetic acclimation to shade in the lower canopy is expected to lead to low 

PPFD saturation, Asah ~ and PPFDc (Boardman 1977; Bjorkman 1981 ; Givnish 1988; 

Larcher 1995). The lower PPFD saturation and Asat in shade phyllodes compared to sun 

phyllodes observed in the present study (Figs. 7.6 and 7.7; Table 7.9) are consistent with 

published reports on other tree species (Oberbauer and Strain 1986; Morecroft and Roberts 

1999) and seedlings (Langenheim eta/. 1984; Cole 1994) in respect to light gradients. 

The wet season ~ values of sun phyllodes (Table 7.9) were similar to those reported for 

A. auriculiformis seedlings (Cole 1994) and other C3 plants (Ehleringer and Pearcy 1983) 

growing in full sunlight. Conversely, the higher ~ values of the shade phyllodes (Table 7.9) 

are consistent with studies on Amazonian and Australian rainforest tree species (Bjorkman 

1981 ; Langenheim et a/. 1984) and A. auriculiformis (Cole 1994) growing at low and high 

light environments. Apparently, the increase in chlorophyll in the shade phyllodes (Table 

7.7) enhanced light trapping within the canopy and led to increased ~· However, ~ hardly 

varied in the canopy of the Australian rainforest tree species, Argyrodendron peralatum 

(Ooley et a/. 1988), presumably because the differences between irradiance reaching the 

upper canopy and understory leaves was very small. The evidence indicates that ~ in shade 

leaves can and do vary with species and the light environment. 
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The lower light compensation reported for shade leaves may have been due to lower ~ 

because both features would contribute to a more positive carbon budget in the low light 

environment (Boardman 1977; Read 1985; Givnish 1988; Kitajima 1994). The present 

results (Table 7.9) are consistent with this proposition on a qualitative basis, suggesting that 

other factors such as low ~ may be involved in influencing light compensation in the shade 

phyllodes. 

7.4.3 Seasonal Variations 

Seasonal changes in canopy structure may be less evident in evergreen tree species compared 

to deciduous or semi-deciduous tree species. However, many tropical evergreen trees are 

affected by seasonal drought in the wet-dry tropics and can lose as much as half of their 

canopies (Montagu and Woo 1999). Both canopy size and LAI of these tropical evergreen 

tree species in my study decreased dramatically in the dry season as a result of leaf loss 

(Fig. 7.1; Tables 7.2 and 7.3). Interestingly, proportionally more phyllodes were lost from 

the top level of the canopy. Apparently, these phyllodes experienced higher water deficit and 

more excessive irradiance compared to phyllodes in the lower canopy. 

In the dry season, acacia phyllodes acclimated to increases in light intensity (Table 7.3; Fig. 

7.2) by increasing their leaf angle inclination (Table 3.3, Chapter 3; Table 7.5). This reduces 

the amount of incident irradiance reaching the phyllode surface and protects them against 

photoinhibition in an environment of rising water deficit. The recent study in A. crassicarpa 

suggests that maintaining phyllodes at a vertical position can, indeed, effectively protect 

against photoinhibition induced by high light, high temperature and high water deficit (Liu 

1998). 

Photoinhibition results in a much larger decrease in ~ than in Asat (Leverenz et a!. 1990). 

Low + would protect the reaction center from damage from excess light by deflecting the 

excess excitation energy away from the reaction center (Osmond and Chow 1988). In the dry 

season, the decrease in ~ was twice greater in shade phyllodes than sun phyllodes (Table 

7.9). The results are consistent with the observation that shade leaves are more vulnerable to 

photoinhibition and, therefore, require a larger decrease in ~ to protect the reaction center 

against excessive irradiance. Rainforest tree seedlings grown in the shade showed a massive 

decrease in ~ and was rapidly photoinhibited when transferred to high PPFD (Langenheim 

eta/. 1984). Furthermore, water stress can increase sensitivity to photoinhibition (Bjorkman. 

and Powles 1984). Thus, the differential response in~ represents differential adjustments of 

the photosynthetic apparatus in the two types of phyllode in response to increased water and 
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light stress in the dry season. Clearly there is much to be learnt b h r • a out t e 1ascmatmg 
relationship between the impact of light and water stress 0 n canopy structure and 
photosynthetic efficiency. 

In the dry season, phyllode chlorophyll declined in mature acacia trees (Table 7. 7) and thetr 

saplings (Table 3.7, Chapter 3) but not in£. tetrodonta saplings (Prior eta/. 1997b) Such a 

decline could conceivably represent part of the senescence process induced by water stress 

(David eta/. 1998). However, this is unlikely in my study since measurements were made on 

new fully-expanded phyllodes. Surprisingly, there was a concomitant increase m phyllode 

Narea {Table 7.8) as observed in two wheat (Triticum aestivum) cultivars subjected to water 

stress (Van den Boogaard eta!. 1996). Apparently, SLA declined proportionally more 10 the 

dry season than Nmass. In contrast, Narea in saplings of the three acacias hardly changed m the 

dry season (Table 3.8, Chapter 3), suggesting that the structural changes in phyllodes tn the 

dry season were more pronounced in these mature trees compared to saplings. 

7 .4.4 Interspecific Variations 

This discussion on interspecific variations is tempered by the fact that the three acacta 

species used in this study are located at three different sites, albeit in similar climattc 

conditions, in Thailand. Nonetheless, the results show that genetic factors did play a maJor 

role in many of the parameters discussed in this chapter. 

The natural Am x Aa hybrid exhibited many intermediate characteristics between the parental 

species (Kijkar 1992; Royampaeng et a/. 1998) but it had a distinctive canopy structure . Its 

columnar-shaped canopy was smaller than either the dome-shaped canopy of A. mangium or 

the diamond-shaped canopy of A. auriculiformis (Fig. 7.1) but the hybrid had a 

comparatively high LAJ (Table 7.3). The large phyllode and LAJ distribution at the top of 

canopy of A. mangium were similar to many temperate broad-leaved tree species (Fliervoet 

and Werger 1984; Hutchison eta!. 1986; Hollinger 1989). In contrast, the narrow columnar 

structure of the hybrid canopy was probably a function of its growth environment. The 

hybrid was planted at a spacing of 1 m x 1 m compared to 2m x 4 m for A. auriculiformts 

and A. mangium (Table 7. 1). When the Aa x. Am hybrids, A. auriculiformis and A. mangium 

were planted together at the same site and spacing in Darwin, the 25-month-old hybnd 

saplings had a canopy area 70-8 1% greater than that of A. auriculiformis but 6-33% smaller 

than that of A. mangium (Chapter 3). 
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Light environments within the canopy are largely dependent on canopy structure and LAI 

distribution (Norman and Campbell 1989). High LAI in A. mangium and the hybrid in the 

wet season was likely to induce a strong gradient in PPFD through the canopy (Fig. 7.2). 

Hence, light penetration through the canopy decreased with increasing cumulative LAI 

(Fig. 7.3) as observed in Carex acutiformis (Hirose et al. 1989). Tree canopies with small 

leaf size or large leaf angle inclination, such as that of A. auriculiformis obtained for the 

present study, tend to permit deeper penetration of light and higher PPFD within the canopy 

(Ellsworth and Reich 1993). 

Interspecific variation in photosynthetic capacity can be the result of intrinsic genetic 

differences. Under. favorable conditions, the photosynthetic capacity of fast growing tree 

species is expected to be higher than other woody tree species (Larcher 1995). The sun 

phyllodes of the three fast growing acacias examined in this study had comparatively .high 

Asat values. While photosynthetic PPFD responses in sun phyl1odes of all three species were 

similar in the wet season, there was a 19% difference between the highest and lowest Asat 

values determined (Table 7.9). These values (20.9-25.8 )!mol m-2 s-1
) were comparable to 

those (21.1-25.3 J.tmol m-2 s-1
) obtained for their saplings in the wet season (Table 3 .9, 

Chapter 3) but marginally lower than those determined in A. auriculiformis seedlings 

growing in full sunlight (Cole 1994; Montagu and Woo 1998). 

Shade-tolerant species tend to have higher Asat and higher quantum efficiencies when grown 

under low light intensity (Boardman 1977). It is most likely that the long-term canopy light 

environments in a tree would induce some forms of optimization for photosynthetic capacity 

by foliage morphology and physiology (Givnish 1988; Baldocchi and Harley 1995). In this 

study, shade phyllodes of the Am x Aa hybrid and A. mangium had greater Asat than 

A. auriculiformis in the wet season (Table 7 .9), suggesting that shade phyllodes of these two 

species might have acclimated to low PPFD prevailing in the canopy (Table 7.3; Fig. 7.2). 

Interspecific variations in SLA, phyllode chlorophyll content or Narea were small and hence 

unlikely to have contributed to the above interspecific Asat differences. 

Interestingly, all shade phyllodes had similar Asat values in the dry season even though the 

hybrid had the lowest phyllode chlorophyll and nitrogen content (Tables 7.7 and 7.8). Thus, 

the shade phyllodes of the hybrid had the greatest photosynthetic capacity per unit 

chlorophyll and a greater resource use efficiency, compared to the other species, in the dry 

season. Furthermore, low leaf chlorophyll can decrease light absorbance which, in turn, 

reduces the potentially damaging heating effect of high light in stressed leaves whose 

stomata are closed (Havaux and Tardy 1999). 
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In conclusion, there were distinct vertical trends in photosynthetic light-dependent traits and 

phyllode characteristics acclimated to the varying light environment within the canopy ofthe 

three acacia species examined. As expected, changes in photosynthetic PPFD response 

parameters caused by water stress in the dry season were more evident in shade phyllodes as 

the canopy became exposed to high light as a result of leaf fall. However, whole-tree carbon 

gain depends not only on the photosynthetic PPFD response of individual leaves, but also on 

their integration into an effective canopy, and on the costs of construction and maintenance 

of that photosynthetic capacity (Givnish 1988). Chapter 8 will examine how trees integrate 

their canopy structure as well as the photosynthetic characteristics of individual leaves in 

order to optimize their canopy carbon balance. 
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Chapter Eight: Natural Interspecific Hybrid of Acacia 

auriculiformis in Thailand. II. Diurnal and Seasonal Variation in 

Photosynthetic Capacity Within the Canopy 

8.1 Introduction 

Whole-tree carbon gain is ultimately related to the integration of photosynthesis of 

individual leaves over position within the canopy and over time. Sun and shade leaves 

represent perhaps the most important differences within a tree canopy (Chapter 7; Boardman 

1977; Hirose and Werger 1987; Hollinger 1989; Ellsworth and Reich 1993; Morecroft and 

Roberts 1999). Adaptation to shade conditions seems to be a matter of carbon economics in 

which carbon gains are maximized through investments in light harvesting while carbon 

losses are minimized through decreased respiration (Bjorkman 1981 ). The implications of 

the differences between sun and shade leaves have been an important component of canopy 

gas exchange modeling (Sims and Pearcy 1994; Sims et a/. 1994; Sands 1995; De Pury and 

Farquhar 1997). 

The strongly seasonal nature of gas exchange in deciduous trees can be attributed to climatic 

factors and the seasonal development of the canopy. In contrast, seasonal trends in gas 

exchange in tropical evergreen trees are largely due to climatic factors such as PPFD, soil 

water availability, and RH (Atipunumpai 1989; Cole et a/. 1994; Eamus and Cole 1997; 

Fordyce et a/. 1997; Prior et a/. 1997b; Montagu and Woo 1999). There are considerable 

seasonal variations in gas exchange characteristics of A. auriculiformis, A. mangium and 

their interspecific hybrid saplings (Chapter 3) as well as in canopy structure of their mature 

trees (Chapter 7) growing in the seasonally wet-dry tropics. However, the impact of climatic 

conditions on sun and shade phyllodes within the canopy has not been examined in these 

spectes . 

The present study investigates: ( 1) the characteristics of gas exchange in sun and shade 

phyllodes within the canopy of A. auriculiformis, A. mangiwn and the natural Am x Aa 

hybrid in the wet and dry seasons; and (2) the canopy carbon balance in these acacias. 
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8.2 Materials and Methods 

8.2.1 Canopy Gas Exchange 

Canopy photosynthesis was carried out using a single tree of A. auriculifonnis, A. mangium 

and the natural Am x Aa hybrid of comparable age growing at different sites in Thailand 

(Section 2.1.2). The same tree samples as described in Chapter 7 were used. Diurnal gas 

exchanges were determined on the same five fully-expanded phyllodes at two different 

positions in the canopy: ( 1) sun level, 0-1 m below canopy; and (2) shade level, 6-8 m below 

canopy (Section 2.4). '¥pc~ and diurnal '¥1~ar and R1 were determined on five fully-expanded 

phyllodes collected at these two canopy levels following the gas exchange measurements as 

described in Sections 2.5 and 2.6. PPFD was also logged on the same day using the 

AccuPAR Ceptometer data logger (Decagon Devices, Inc., USA), which is equipped with a 

quantum sensor placed at sun level and a 1-m sensor probe placed at shade level. PPFD 

readings at both levels were recorded simultaneously at !-minute intervals and the means of 

10-minute readings were calculated. Diurnal PPFD and gas exchange measurements for 

different species were determined on different days. RJ was determined on the same five 

phyllode samples from each canopy level used for diurnal photosynthesis measurements as 

described in Section 2.5. 

8.2.2 Construction Cost 

The same phyllode samples used for phyllode nitrogen analysis m Chapter 7 were 

determined for phyllode construction cost as described in Section 2.9. 

8.2.3 Statistical Analysis 

Seasonal di fferences in photosynthetic parameters and related phyllode traits were analyzed 

using repeated measures ANOV A, with canopy levels nested within species (Section 2.1 0). 

Daily carbon gain for sun and shade phyllodes was estimated by 3 simple approximation of 

integrating the diurnal curve of An~t · The canopy was divided into two portions: ( 1) upper (0-

3 m) canopy representing sun phyllodes; and (2} lower canopy, >3 m below canopy 

representing shade phyllodes. Daily canopy Anet was then estimated as a product of 

integrated daily Anet of sun and shade phyllodes and the total canopy phyllode area of their 

respective canopy level determined in Section 7.3.1. 
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Total ~ for the night (daily ~) was calculated for each canopy 1 1 fr h 
eve om t e means of 

single point measurements, assuming that ~ was relatively stable during the night ( 
12 

hours 

period) . Daily canopy ~ was estimated as a product of total d ·1 o d h 
at y '"<~ an t e canopy 

phyllode area of their respective canopy level. 

Canopy construction cost for each canopy level was also estimated as a product of area

based phyllode construction cost and canopy phyllode area in the corresponding canopy 

level. 

8.3 Results 

8.3.1 Diurnal and Seasonal Variations in Physiological Characteristics 

8.3.1.1 Photosynthetic Photon Flux Density (PPFD) 

Diurnal PPFD within the canopies of the three acacias varied with season (Fig. 8. 1 ). The 

PPFD fluctuated during the day in the wet season because of frequent cloud cover. 

Nonetheless, PPFD at sun level (0-1 m below canopy) for all the acacias was above the 

photosynthetic saturation levels of 800-1100 J.tmol m·2 s·' for more than six hours per day in 

this season. In contrast, the dry season remained almost cloud-free. The maximum PPFD 

measured at sun level were similar for all three species, with peaks of 1500- 1 700 and 

1600-1 700 J..U110l m-2 s· ' in the wet and dry seasons respectively. 

The PPFD at shade level (6-8 m below canopy) also varied with season and species. The 

mean and total daily values were similar in A. auriculiformis and A. mangium in both 

seasons (Table 8.1 ). By contrast, the hybrid showed the lowest values for both parameters in 

the wet season but the highest values in the dry season. 

8.3.1.2 Net Photosynthesis (AneJ 

Fig. 8.2 shows the diurnal variations of A0c1 for sun and shade phyllodes in both seasons. 

Fluctuations were caused by cloud covers during the day. All phyllodes showed similar 

diurnal pattern in the wet season with Ancl increasing rapidly in the morning and reaching a 

maximum between 1 000-1200 h. A. mangium had the fastest increase but the response in 

the other two species was relatively slow. Anc1 declined rapidly in the afternoon in all three 

species. The dry season values were substantially smaller, with the maximum rates occumng 

around 0900-1100 h. Ancl values in A. mangium and the hybrid declined rapidly after 

reaching the peak. Although the Anel values in A. auriculiformis decreased gradually in the 

afternoon, its morning values were markedly lower than those of A. mangium and the hybrid. 
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Figure 8.1 Diurnal variations m photosynthetic photon flux density (PPFD) in the sun 

(0-1 m below canopy) and shade (6-8 m below canopy) levels within the canopy of mature 

Acacia auricu/iformis (Aa), A. mangium (Am) and Am x Aa hybrid in Thatland: (a-c) wet 

(September 1998); and (d-f) dry (February 1999) seasons. 
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Figure 8.2 Diurnal variations in net photosynthesis (AI\(1) in sun and shade phyllodes of 

mature Acacia ciuriculiformis (Aa) , A. mangium (Am) and natural Am x Aa hybnd 1r. 

Thailand: (a-c) wet (September 1998); and (d-f) dry (February 1999) seasons. 
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Table 8.1 Mean daily photosynthetic photon flux density (PPFD) and dai ly integrals of 

PPFD at sun level (0-1 m below canopy) and shade level (6 8 m belo ) f - w canopy o mature 

Acacia auriculiformis (Aa). A. mangium (Am) and natural Am x Aa hybrid in Thailand. Data 

were derived from Fig. 8.1. 

Species 
Mean daily PPFD (j.!mol m·2 s'') Total daily PPFD (mol m'2 dai') 

Wet season Dry season Wet season Dry season 

A. auriculiformis 

Sun level 665 703 28.73 30.73 

Shade level 187 177 8.08 7.65 

A. mangium 

Sun level 807 816 34.86 35.25 

Shade level 134 119 5.79 5.24 

Am x Aa hybrid 

Sun level 570 733 24.62 31.67 

Shade level 87 183 3.76 7.91 

The maxtmum and mean An~• values of the sun phyllodes were significantly greater 

(P<O.OO 1) than those of the shade phyllodes and all wet season values were higher than dry 

season values (Table 8.2). The sun phyllodes of A. auriculiformis had the greatest difference 

between wet and dry season values, while the shade phyllodes of the hybrid had the smallest 

difference . Overall. these An~• values declined by about the same magn itude in the dry season 

in both types of phyllodes. 

Significant differences in maximum, but not in mean, Anc1 values were observed between 

species (P<O.OO l ). In the wet season, A. auriculiformis and A. mangium had the greatest 

values for sun and shade phyllodes respectively . In the dry season, A. mangium had the 

highest values for sun phyllodes and the hybrid for shade phyllodes. 



Chapter Eight 196 

Table 8.2 Maximum and mean values of diurnal net photosynthes· (A ) · IS n<t m sun and shade 

phyllodes of mature Acacia auriculiformis (Aa), A. mangium (Am) and natural Am x Aa 

hybrid in Thailand. Data were derived from Fig 8 2 For each t 1 ( . . . para me er, va ues means ± 

se) followed by the same superscript letter are not significantly different at ? <0.05 (n=5). 

Maximum Anet (~mol m·2 s·1
) Mean An<t (Jlmol m·2 s"1

) 

Species 
Wet season Dry season Wet season Dry season 

A. auriculiformis 

Sun phyllodes 23 .12±0.63 1 7.94±0.5 1 f 13. 17±0.35 a 5.51 ±0.48d 

Shade phyllodes 10.11±0.68d< 5.43±0.49 8 5.86±0.13 d 3.06±0.25. 

A. mangium 

Sun pbyllodes 21.02± 1.16 . 14.24±0.48. 13 .03±0.17. 7.37±0.33 c 

Shade pbyllodes 13.29±0.33 be 5.74±0.63 d 6.29±0.26d 3.25±0.36. 

Am x Aa hybrid 

Sun phyllodes 2 1.04±0.52 . 11.17±0.28 b 11.09±0.33 b 7.09±0.31 c 

Shade phyllodes 12.73±1.51 be 8.46±0.47 d 6.09±0.16 d 5.48±0.42 d 

8.3.1.3 Stomatal Conductance (gJ 

Diurnal g, in sun and shade phyllodes varied with season (Fig. 8.3). In the wet season, g~ 

values reached a maximum between 1000- 1200 h and then declined rapidly. In the dry 

season, g, was low but stable (0.03-0.10 mol m·2 s·1
) throughout the day, except in the 

A. mangium sun phyllodes which had a substantial peak between 0900-1100 h. 

Table 8.3 indicates that maximum and mean gs values were greatest in sun phyllodes 

compared to shade phyllodes, and significantly different between seasons and species. The 

largest values were observed in sun phyllodes in the wet season and the smallest in shade 

phyllodes in the dry season. The wet season maximum gs values decreased by 45-81 % in the 

dry season for all phyllodes. 

Among the three species, A. auriculiformis had the smallest maximum and mean gs values 

(Table 8.3), and the largest decline (73-8 1 %) in the dry season. Thus, stomatal closure as a 

result of limiting water availability would certainly be one of the primary factors responsible 

for the seasonal decline in Anet determined in these acacias. The relationship between Anct 

and g, is discussed in Section 8.3.2. 
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Figure 8.3 Diurnal variations in stomatal conductance (gs) in sun and shade phyllodes of 

mature Acacia auriculiformis (Aa), A. mangium (Am) and natural Am x Aa hybrid in 

Thailand: (a-c) wet (September 1998); and (d-f) dry (February 1999) seasons. 
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Table 8.3 Maximum and mean values of diurnal stomatal cond t ( ) · uc ance gs tn sun and shade 
phyllodes of mature Acacia auriculiformis (Aa), A. mangium (Am) and natural Am x Aa 

hybrid in Thailand. Data were derived from Fig 8 3 For each param t 1 ( . . . e er, va ues means ± 

se) followed by the same superscript letter are not significantly different at P<0.05 (n=5). 

Species 
Maximum gs (mol m·2 s·1) Mean g5 (mol m·2 s" 1

) 

Wet season Dry season Wet season Dry season 
A. auriculiformis 

Sun phyllodes 0.50±0.02 b 0.097±0.0 I 0 cf 0.25±0.01 b 0.056±0.006 cr 

Shade pbyllodes 0.23±0.02 d 0.045±0.007 f 0.12±0.01 cd 0.032±0.002 r 

A. mangium 

Sun phyllodes 0.57±0.05 ab 0.3 16±0.016( 0.37±0.01 1 0.141±0.011 c 

Shade phyllodes 0.53±0.02 b 0.14 7±0.033 c 0.35±0.02. 0.064±0.009 cr 

Am x Aa hybrid 

Sun phyllodes 0.62±0.04 I 0.156±0.024. 0.25±0.01 b 0.092±0.008 d 

Shade phyllodes 0.25±0.04 cd 0.1 37±0.004 e 0.14±0.0 1 c 0.064±0.003 r 

8.3.1.4 Phyllode Water Potential ('Preaj) 

Fig. 8.4 shows the diurnal variations in '1'1ear in sun and shade phyllodes in the three acacias. 

In the wet season, the minimum '1'1 •• r occurred at different times, between 11 00- 1500 h, in 

different species but all recoveries began after 1600 h. In the dry season, minimum '¥1eaf 

values occurred at 0900-1000 h in the sun phyllodes and at 1200- 1300 h in the shade 

phyllodes. These values were significantly Jess than those determined in the wet season. All 

phyllodes in A. auriculiformis and A. mangium, but not the hybrid, started to recover after 

1600 h in this season. 

Minimum '1'1eaf values were generally lower in sun phyllodes than shade phyllodes in both 

seasons, indicating that sun phyllodes were more susceptible to water stress than shade 

phyllodes (Table 8.4). Values were also lower in the dry season compared to the wet season. 

The differences between species and seasons were highly significant (P<O.OOl ). The hybrid 

had the lowest minimum '1'1eaf in both seasons. Nevertheless, the shade phyllodes of the 

hybrid were able to maintain the highest maximum and mean Anel in the dry season (Table 

8.1 ). Presumably, other factors such as LAYPD and T1ear may also have contributed to the 

variations in Anet and g, observed. 
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Figure 8.4 Diurnal variations in phyllode water potential ('I'1ear) in sun and shade phyllodes 

of mature Acacia auriculiformis (Aa), A. mangium (Am) and natural Am x Aa hybrid in 

Thailand: (a-c) wet (September 1998); and dry (d-t) (February 1999) seasons. 
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Table 8.4 Pre-dawn ('¥ pd) and mimmum phyllode water potential (w ) of tu A -
T ~oar rna re can a 

auriculiformis (Aa), A. mangium (Am) and natural Am x Aa hybn'd · Th -1 d D m a1 an . ata were 

derived from Fig. 8.4. For each parameter, values (means ± se) followed by the same 

superscript letter are not significantly different at ?<0.05 (n=5) . 

'i'pd (MPa) Minimum 'f'1eaf (MPa) 
Species 

Wet season Dry season Wet season Dry season 
A. auricu/iformis 

Sun phyllodes -0.74±0.04 b - 1.28±0.02 d - 1.87±0.03 I>< -2.93±0.02 r 

Shade phyllodes -0.57±0.02 a - 1.02±0.04 c -1.71±0.02 ab -2 .68±0.08 c 

A. mangium 

Sun phyllodes -0.42±0.04. -0.95±0.07 c -1 .87±0.08 I>< -2.40±0.08 d 

Shade phyllodes -0.43±0.09. -0.89±0.03 c -1 .63±0.08 a -2.32±0.08 d 

Am I Aa hybrid 

Sun phyllodes -0.74±0.04 b - 1.28±0.06 d -2.02±0.06 c -2.98±0.05 r 

Shade phyllodes -0.65±0.02 b -0.96±0.09 c -1.95±0.07 c -2.90±0.12 r 

Table 8.4 also shows the '¥ pd in sun and shade phyllodes in both seasons. Generall y, sun 

phyllodes had lower values than shade phyllodes, and the dry season values were lower than 

wet season values. The differences determined between sun and shade phyllodes, between 

seasons and between species were highly significant (P<O.OOl) . A. mangium had the highest 

'¥ pd for both types of phyllodes in both seasons. 

8.3.1.5 Leaf-to-Air Vapor Pressure Difference (LAVPD) 

LA VPD generally increased with time of day but the diurnal patterns were essentially similar 

in both types of phyllodes (Fig. 8.5). In the wet season, LA VPD increased gradually in the 

morning and reached a maximum in the late afternoon ( 1500- 1600 h) (Fig. 8.5a-c ). In the dry 

season, LA VPD increased sharply during the day, reaching a maximum shortly after 1200 h 

(Fig. 8.5d-f) . The hybrid showed the fastest increase in the morning and had the highest 

LA VPD values (Fig. 8.5f). In contrast, A. mangium showed a long lag in the morning, which 

may partly account for the substantially higher gs and Anct determined in these phyllodes in 

the early morning (Figs. 8.2e and 8.3e). In general, maximum dry season LAYPD values 

were substantially greater ( 41 -74%) than the wet season values. 
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Figure 8.5 Diurnal variations in leaf-to-air vapor pressure difference (LA VPD) in sun and 

shade phyllodes of mature Acacia auriculiformis (Aa), A. mangium (Am) and natural Am x. 

Aa hybrid in Thailand: (a-c) wet (September 1998); and (d-f) dry (February 1999) seasons. 
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8.3.1.6/nterce/lu/ar to Ambient C02 Concentration (C/Ca) Ratio 

The diurnal trends in C/C. ratio in sun and shade phyllodes are shown in Fig. 8.6. The 

pattern of variations was similar in both types of phyllodes but differed considerably 

between seasons. The ratio was relatively stable during the day in the wet season but 

dropped substantially from 0 .65-0.95 in the morning to a minimum of 0.37-0.58 in the 

afternoon in the dry season. It recovered completely in A. auriculiformis by 1800 h 

(Fig. 8.6d). These results indicate that stomatal limitations increased in the dry season and 

were most likely to have caused the declines in Anct reported previously. 

8.3.1. 7 Phyllode Temperature (T1~af) 

T 1car increased with time of day and the diurnal pattern varied with the season (Fig. 8. 7). In 

the wet season, T ~ear increased gradually in the morning, often reaching a maximum 

(32-33°C) around midday and then dropped towards the end of the afternoon. Fluctuations in 

this season were the results of prevailing cloud cover. In the dry season, T1caf increased 

rapidly after dawn (Fig. 8. 7d-f). Again, the most rapid increase was determined in the hybrid . 

Overall, the minimum and maximum T1caf values in the dry season were each about l-3°C 

lower and higher than the respective values in the wet season. Hence, the phyllodes were 

subjected to a greater temperature stress in the dry season compared to the wet season. 

8.3.2 Relationship Between Ant t and g5 

Fig. 8.8 shows the relationship between Anct and gs in sun and shade phyllodes of the three 

acacia species in the wet and dry seasons. The coefficients of these relationships are 

summarized in Table 8.5. The relationships were non-linear and varied with both seasons 

and phyllode types. The same value of gs gave a higher Anct in the dry season compared to 

the wet season except in the sun phyllodes of A. mangium. These phyllodes had greater Anct 

values at low g. values but not at saturating gs values in the wet season compared to the dry 

season. Generally, the results indicate greater intrinsic WUE in the dry season and in the sun 

phyllodes in the wet season. In the dry season, WUE was similar for sun and shade 

phyllodes and the hybrid seemed to have the greatest WUE in this season. 
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Figure 8.6 Diurnal variations in the ratio of intercellular to ambient C02 concentration 

(C;IC.) in sun and shade phyllodes of mature Acacia auriculiformis (Aa), A. mangium (Am) 

and natural Am x Aa hybrid in Thailand: (a-c) wet (September 1998); and (d-f) dry 

(February 1999) seasons. 
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Figure 8.7 Diurnal variations in phyllode temperature (Ltear) in sun and shade phyllodes of 

mature Acacia auriculiformis (Aa), A. mangium (Am) and natural Am x Aa hybrid in 

Thailand: (a-c) wet (September 1998); and (d-f) dry (February 1999) seasons. 
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Figure 8.8 Relationships between net photosynthesis (Anct) and stomatal conductance (g.) m 

sun and shade phyllodes of mature Acacia auriculiformis (Aa), A. mangium (Aa) and natura l 

Am x Aa hybrid in Thailand: (a-c) wet (September 1998); and (d-f) dry (February 1999) 

seasons. The fitted curves are: Anct = (a•gs)l(b+gs). 
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Table 8.5 Coefficients of the relationship between net h t h P 0 osynt es1s (A,.l) and stomatal 
conductance (gs) in sun and shade phyllodes of tur A · · . rna e cac1a auncu/iff') rnus !Aal. 

A. mangium (Am) and natural Am x Aa hybrid in Thaila d d n , measure m the wet season 
(September 1998) and dry (February 1999) seasons The fi tt d · 1 e curves are: A,.1 = (a • g, 1 
(b+gs). 

Wet season Dry season 
Species 

a b r2 a b r l 

A. auriculiformis 

Sun phyllode 45 .18 0.51 0.82 32.17 0.27 0.87 
Shade phyllode 17.59 0.22 0.54 32. 17 0.27 0.87 

A. mangium 

Sun phyllode 23 .99 0.22 0.60 30.78 0.39 0.90 

Shade phyllode 28.29 1.03 0.48 30.78 0.39 0.90 

Am x A a hybrid 

Sun phyllode 39.04 0.52 0.85 19.59 0.13 0.87 

Shade phyllode 44 .26 0.93 0.83 19.59 0. 13 0.87 

8.3.3 Seasonal Variations in Dark Respiration ~) 

Significant differences in ~ were observed between sun and shade phyllodes and between 

species but not between seasons (Table 8.6). Generally, sun phyllodes had higher R.J than 

shade phyllodes except in A. auriculiformis, which had Similar~ in both types of phyllodcs 

in the dry season. Between species, A. mangium generally had the highest and the hybnd the 

lowest ~ values. The only exception was the shade phyllodes of A. auriculiformis, wh1ch 

had the highest ~ in the dry season . 

When ~ was expressed on a percentage basis of maximum A neh the sun phyllodes were 

found to have lower values except in A. mangium and the hybrid, which had s1mllar R.! 

values in both types of phyllode in the dry season (Table 8.6). These ~ values were h1gher 

in the dry season because of the enormous decrease in maximum Ane1 observed dunng th1 s 

period (Table 8.1). In the wet season, A. mangium had the greatest sun phyllode value 

(7 .96%) and A. auriculiformis the greatest shade phyllode value ( 11.04%). In the dry season. 

A. auriculiformis had the highest values for both phyllodes. On the other hand, the hybnd 

had the smallest values in both categories and seemed to maintain a lower ~ throughout the 

year. Finally, the variations obtained between sun and shade phyllodes, and between seasons 

and species were highly significant. 
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Table 8.6 Dark respiration <R4) in phyllodes of .. ·- A · 
rna.w ~ cac•a auncvl.fonrtu (,,.a). 

A. mangium (Am) and natural Am x Aa hybrid in lbailand ··-...r .... _ , measw~ 10 UJit" Wet (September 

1998) and dry (February 1999) seasons. For each parameter, values (means 1 sc) follo""t'd 

by the same superscript letter are not significantly different at P<0.05 (n=5). 

R.t (J.lmo1 m·2 s"1
) ~ ("'o of A... ) 

Species 
Wet season Dry season Wet season Dry season 

A. auriculiformis 

Sun phyllode 1.35±0.10b 1.22±0.16( 5.85±0.44 .. 15 4012 06. 

Shade phyllode 1.12±0.09( 1.25±0.17 c 11.04±0.94 ( 23 0813 20' 

A. mangium 

Sun phyllode 1.67±0.05. 1.65±0.06 . 7.96±0.25 c:d II 5110 «"' 
Shade phyllode 1.25±0.07( 0.65±0.11 c 9.42±0.50c:d 11.3411 89"" 

Am x Aa hybr id 

Sun phyllode 0.58±0.06 ' 0.67±0.11 c 2.78±0.26. 5.991 1 OJ • 

Shade phyllode 0.53±0.06( 0.48±0.12( 4.17±0.49 Oc 5.681 1 45. 

8.3.4 Seasonal Variations in Phyllode Construction Cost 

Phyllode construction cost on an area basis decreased substantially with depth m the canopy 

(Fig. 8.9). A. auriculiformis showed the largest decline in both seasons. The vanat10ns Wlthm 

the canopy were likely to be influenced by the light gradient along the canopy as reported m 

the Piper species (Williams et a/. 1989). The cost on a mass basis decreased but that on an 

area basis increased significantly (P<0.05) in the dry season (Table 8.7). apparently because 

of the decline in SLA (Table 7 .6, Chapter 7). The greatest increase m an area based 

construction cost (33-46%) in the dry season was determined in A mangium and the smalk<;t 

(22-25%) in the hybrid. 

On an area basis, the sun and shade phyllodes of A. auriculiformis had the h1ghest and lowest 

construction cost in the wet season respectively. In the dry season, the sun phyllodes of 

A. auriculiformis had the greatest and the shade phyllodes of the hybnd the smallest 

construction cost. Compared to those of deciduous species, leaves of evergreen spec1es 

generally have higher construction cost because they contain more structural, supportmg and 

defensive tissue contributing to increased leaf longevity (Williams et a/. 1989: Sobr"ado 

1991; Eamus and Prichard 1998). The construction costs in sun phyllodes of the thrtt acac1a 

species are within the range previously reported for other evergreen tree spec1es (Sobrado 

1991; Eamus and Prichard 1998). The differences observed between the three acac1as wert 

highly significant (P<O.OOl ) and are likely to have an effect on tree growth and performanc.c 
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Figure 8.9 Distribution of phyllode construction cost within the canopy of mature Acacia 

auriculiformis (Aa), A. mangium (Am) and natural Am x Aa hybrid in Thailand: (a) wet 

(September 1998); and (b) dry (February 1999) seasons. 
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Table 8.7 Construction cost in sun (0-3 m below canopy) d h d ( 3 an s a e > m below canopy) 

phyllodes of mature Acacia auriculiformis (Aa) A mang1·u (A ) d • · m m an natural Am x Aa 

hybnd m Thailand. Data were derived from Fig 8 9 Fo h . . . r eac parameter, values (means ± 

se ) followed by the same superscript letter are not significantly different at P<O.OS (n=6-l2). 

Phyllode construction cost 

Spcctes (g glucose g' 1
) (g glucose m'2) 

Wet season Dry season Wet season Dry season 

A. uriculifort~tis 

Sun phyllode 1.46±0.1 ab 1.52±0.1 • 153.9±1.2 c 199.4±1.5. 

Shade phyllode 1.30±0.1 b 1.32±0.2 b 113.9±0.3 d 150.9±3.2 t 

A. lfUIIf g iII Ill 

Sun phyllode 1.53±0.4 • 1.42±0.1 • b 140.5±3.4 c 186.7±2.o•b 

Shade phyllode I 43:!0.3 • 1.47±0.1 ab 119.0±2.1 d 173.4± 1.3 b 

A111 • A41 h~·brid 

Sun phyllode 1.47±0.1 ab 1.42±0.4 ab 144.6±0.9 . 176.9±5.0b 

Shade phyllode I 32±0.1 ab 1.36±0. 1 ab 117.6±0.8d 147.3±1.2 c 

8.3.5 Whole--Tree Carbon Balance 

&.3.5.1 Canopy Photosy,tlresis 

The ruuly photosynthetic capactttcs of different species in the wet and dry seasons were 

evaluated as mtegrated dall y phyllode Anct and dail y canopy Anct (Table 8.8). The integrated 

dall y phyllode Anc~ values of sun phyllodes were about twice as high as those determined in 

shade phyllodes m all three spectes. These values decreased up to about 60% in the dry 

season. In the wet season. A. auriculiformis had the highest value for sun phyllodes and 

A. mangium the htghest value for shade phyllodes. In the dry season, A. mangium had the 

htghest value for sun phyllodcs and the hybrid the highest value for shade phyllodes. Of the 

three spectes, the hybnd had the smallest decline in the dry season for both phyllodes. 
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Table 8.8 Daily phyllode net photosynthesis (Anet). canopy area, and estimated daily canopy 

A_, tn mature Acacia auriculiformis (Aa) A. mangium (Am) and t 1 A · . • na ura m x Aa hybnd m 

Thailand. Daily AM, was estimated by integrating th d ' 1 e IUma curve of sun and shade 

phyllode AM, (Fig . 8.2) and daily canopy Anet was estimated as a product of da' l A d h 
I Y net an t e 

canopy phyllode area of the corresponding canopy section. Tree canopy was divided into 2 

sections: (I) upper canopy (sun phyllode), 0-3 m below canopy; and (2) lower canopy (shade 

phyllode), >3 m below canopy. 

Daily phyllode An<t Canopy area Daily canopy A nrt 
Spec ies 

(mmol m'2 day 1
) (m2) (mol dai1 tree' 1

) 

Wet Dry Wet Dry Wet Dry 

A. •llricMlifor"'i.s 

Upper canopy 569 238 42 .6 19.3 24.2 4.6 

Lower canopy 253 132 11 4.4 69.3 29.0 9.2 

Total 157.0 88.6 53.2 13.8 
A. ,.,.g;,, 
Upper unopy 563 319 91.3 61.5 51.4 19.6 

Lower canopy 274 140 87 .1 93.6 23.7 13. 1 

Total 178.4 155.1 75.1 32.7 

A"' 1 A• Hybrid 

Upper canopy 479 306 24.0 6.8 11.5 2.1 

Lower canopy 263 237 74.9 38.2 19.7 9.0 

Total 98 .9 45.0 31.2 11.1 

The three acac ias had h1gher (56-74%) total dai ly canopy Anct in the wet season compared to 

the dry season (Table 8.8). A. mangium had the largest and the hybrid the lowest values in 

both seasons. The total canopy area m A. auriculiformis and the hybrid decreased almost 

50% m the dry season but the lower canopy remained the dominant component. In contTast, 

the upper canopy was displaced by the lower canopy as the dominant component when the 

total canopy area m A. mangium decreased by just 14% in the dry season. In this case, the 

decrease occurred almost exclusively in the upper canopy. However, the upper canopy 

remamed the maJor contributor in total daily canopy Anct for both seasons. By contrast, the 

lower canopy was the major contributor in the other two species. 
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8.3.5.1 Canopy Dark Respiration 

Table 8.9 shows the mean daily ~ and estimated canopy ~ in th~ wet and dry sasoru 

Generally, sun phyllodes had greater (10-61%) mean daily R.t than shade phyllode~ ~ 

differences between wet and dry season values were small (2- 12%) e:~tcept 10 A mangrwm 

shade phyllodes, which decreased substantially (48%) in the dry season. ~ sun phyllodcs 

of this species also had the highest ~ values in both seasons while the hybnd had the lowest 

values among the species. 

Daily canopy ~ a lso differed greatly between seasons and species. Total dally canopy R.s 

declined by 38-57% in the dry season, largely due to decreases in canopy area (Table 8 81 

A. mangium had the highest values in both seasons, the upper canopy component 

contributing more than half of the total values. By contrast, the contributiOn for t~ upper 

canopy was less than 35% in the other two acacias. On average, the hybrid had the lowest 

daily canopy ~ as a result of low mean daily R.t and low canopy area. 

Table 8.9 Daily dark respiration (R.t) and estimated daily canopy R.t m mature Aca<. :a 

auriculiformis (Aa), A. mangium (Am) and natural Am x Aa hybrid in Thailand. Dally R.s wac; 

calculated from the sun and shade phyllode mean of single point measurements (Table R 6) 

by assuming ~ was relatively constant during the night ( 12 hrs period). Dally canopy ~ 

was estimated as a product of daily ~ and the canopy phyllode area of the correspondmg 

canopy section. Tree canopy was divided into 2 sections: ( 1) upper canopy (sun phyllodc ). 

0-3 m below canopy; and (2) lower canopy (shade phyllode), >3m below canopy. 

Species/sections 

A. auriculiformis 

Upper canopy 

Lower canopy 

Total 

A. mangium 

Upper canopy 

Lower canopy 

Total 

Am x Aa Hybrid 

Upper canopy 

Lower canopy 

Total 

Daily Rl (rrunol m·2 da/) 

Wet season 

58.4 

48 .2 

72.3 

54 .1 

25.3 

22.9 

Dry season 

52.8 

54.1 

71.2 

28.1 

28.9 

20.8 

Daily canopy R.s (mol day 1 tree 11 

Wet season Dry season 

2.5 I 0 

5.5 3 8 

8.0 4 8 

6.6 44 

4.7 26 

11.3 70 

0.6 0.2 

1.7 08 

2.3 1 0 
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8.3.5.3 Canopy Construction Cost 

Unlike canopy Anct and Rs. total canopy construction cost in A. mangium and the hybnd 

increased in the dry season because of the relatively large lower canopy value (Table 8.1 0). 

This indicates that cost of construction per unit phyllode area in the lower canopy increased 

proportionately more than the decrease in canopy area. In contrast, the cost 0f canopy 

construction decreased in A. auriculifonnis in the dry season because of the relatively large 

decline in canopy area. A. mangium had the highest and the hybrid the lowest canopy 

construction cost in both seasons. Because of their relative size, the lower canopy 

contributed over 65% of the total canopy cost of construction of the three species in the dry 

season. In the wet season, the upper canopy remained the dominant component in 

A. mangium and the hybrid. 

Table 8.10 Estimated canopy construction cost in mature old Acacia auriculiformis (Aa). 

A. mangium (Am) and natural Am x Aa hybrid in Thailand, measured in the wet (September 

1998) and dry (February 1999) seasons. Canopy construction cost was estimated as a product 

of mean of sun and shade phyllode construction cost (Table 8.7) and the canopy area of the 

corresponding canopy section. Tree canopy was divided into 2 sections: ( 1) upper canopy 

(sun phyllode), 0-3 m below canopy; and (2) lower canopy (shade phyllode), >3 m below 

canopy. 

Canopy construction cost (kg glucose tree.
1
) 

Species 
Wet season Dry season 

A. auriculiformis 

Upper canopy 6.6 3.8 

Lower canopy 13.0 10.5 

Total 19.6 14.3 

A. mangium 
12.8 9.2 

Upper canopy 
10.4 18.3 

Lower canopy 
23.2 27 .5 

Total 

Am x Aa Hybrid 
3.5 1.2 

Upper canopy 
2.6 5.6 

Lower canopy 
6.8 

Total 
6.1 
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High daily canopy Ancc values were always associated with ht.gh dat·ly o . d canopy '"<~ an canopy 
construction cost as indicated by the results in A mangiu1n Th d · . . us, as expecte , canopy stze 

seemed to have an important effect on both canopy carbon gains and losses. 

8.4 Discussion 

8.4.1 Diurnal Variations in Physiological Characteristics 

Diurnal responses of assimilation are usually the result of interactive variations in PPFD 
' 

'I' ~ear, T tear, gs and LA VPD. The initial increase in the diurnal for A net up to about 0900 h was 

a function of increasing PPFD (Fig. 8.1-8.2). But the continuous and concomitant increases 

in ~ and & in the sun phyllodes of A. auriculiformis and the hybrid till about 

1200 h in the wet season suggest that stomatal opening was regulated (inhibited) during this 

period even though soil and air water availability appeared not to be limiting (Table 8.4; 

Fig. 8.5). 

The simplest explanation for these unusual results is that Anet activity was regulated by g5 , 

which in tum was regulated by an unknown factor(s). It ts worth mentioning that the trees 

used in this study were more than 10 years old, tall (about 20 m) and closely spaced 

(fable 7.1, Chapter 7). Under this condition, it is conceivable that the sun phyllodes in these 

tall trees might be experiencing some form of water stress during the day even in the wet 

season (Fig. 8.4). If this is true, the slow but gradual increase in g5 in the morning might be 

associated with the synthesis of osmolytes (or some unknown substances) required for 

osmotic adjustment by stomatal guard cells. The accumulation of these osmolytes would 

subsequently lead to an osmotic adjustment and increase in g5 and Anet· 

In both seasons, Ancc declined after midday in all phyllodes examined except for 

A. auricu/iformis in the dry season (Fig. 8.2). The situation here is likely to be different from 

the situation occurring in the morning, and would presumably involve a different set of 

regulatory parameters. This midday decline could not be due to a decrease in PPFD as PPFD 

was saturating during this period (Fig. 8. 1) but probably to stomatal1imitation. In a number 

of tropical Australian tree species, such a midday decline has been attributed to the combined 

effect of increased stomatal limitations and high T1caf (Eamus and Cole 1997; Prior et a/. 

1997a; Prior eta/. 1997b). In the present study, high Ttcarwas unlikely to be a factor because 

T leaf remained relatively constant at 31 -33°C, which is optimal for photosynthesis in the 

acacias (Atipanumpai 1989; Trivedi et a/. 1992; Cole 1994), right through the early 

afternoon (Fig. 8.7) . On the other hand, the midday decline, particularly in the dry season, 

was directly associated with low 'l'1caf and C/Ca ratio, and a corresponding increase in 
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LA YPD (Figs. 8.4-8.6). Stomatal limitation also played an important role in the midday 

decline of Anet in other tropical tree species (Davidson and Re'd 1989 F d 1 ; or yce et a/.1997; 

Ishida et a/. 1996; Eamus et a/. 1999). The decline may also be d t . · ue o non-stomatal smk 

limitation . In this case, feedback control by sucrose synthesis and phloem loading after 

prolonged and excessive light would cause Anet to decline rapidly (Mitra eta/. 1993). The 

results indicate that both stomatal and non-stomatal factors are involved in regulating diurnal 

Anet in these mature acacias trees. 

8.4.2 Seasonal Drought Adaptation 

The three acacia spec ies exhibited different strategies for adaptation to seasonal drought. 

Mature trees of A. auriculiformis and the hybrid responded to seasonal drought by shedding 

a large amount of phyllodes in the upper canopy without a great loss in phyllode 

photosynthetic capacity in lower canopy (Table 8.8). Compared with A. auriculiformis, the 

hybrid showed greater lea f loss but was compensated by having shade phyllodes with a 

higher daily Anc1 and intrinsic WUE and lower~ and phyllode construction cost (Tables 8.2 

and 8 .5-8. 7). In contrast. A. mangium trees had the smallest canopy leaf loss and the highest 

phyllode photosynthetic capacity in the upper canopy (Table 8.8) . It was relatively 

insensitive to seasonal drought because it maintained the highest 'l' pd in the dry season. 

However, it is uncertain whether this was the result of a deeper root system or different site 

environment as the three species were planted at different sites and spacing. In the common 

garden experiment in Darwin, saplings of A mangium had relatively low dry season 'f'p:J 

values, which were indicative of a shallow root system (Chapter 3). More studies are 

required to resolve this problem in mature trees. 

Water stress induced a reduction in ~ rates in the acacia saplings in my study (Chapter 3) 

but a reduction in ~ was generally not observed in the phyllodes of mature trees (Table 8.6). 

This could poss1bly be due to the fact that the decline in~ was offset by an increase in ~ as 

a result of increased irradiance in the dry season. If this were the case, ~ in shade phyllodes 

should increase because tree canopy was exposed to greater light in this season. The 

evidence does not support this supposition: shade phyllodes of A. auriculiformis showed an 

increase 11 % while those of A. mangium and the hybrid showed a decline of 48% and 9% in 

~respectively . It seems that physiological mechanism in response to increased water and 

light stress in the dry season are complex and may vary with species and with phyllode type. 
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8.4.3 Physiological Cha racteristics Between Sun and Shade Pbyllodes 

The acclimation hypothesis proposes that photosynthet1'c ca ·ty · · pac1 IS proportional to PPFD 

experienced during development (Morecroft and Roberts 1999). All sun phyllodes had 

higher photosynthetic capacity (24-60%) than shade phyllodes (Table 8.2). They also had 

lower SLA, lower chlorophyll content per unit leaf area higher N h1'ghe A ~ h' h ' area. r sat an_ lg er 

photosynthetic light saturation (Chapter 7). Such characteristics are consistent with the 

differential PPFD experienced by the two types of phyllode within the canopy in the wet and 

dry seasons (Fig. 8.1 ). 

ln the wet season when variations in \f'1ear, LA VPD and T1eaf were minimal, light acclimation 

was the primary factor responsible for the observed differences in photosynthetic capacity 

between sun and shade phyllodes. Although g5 decreased significantly in shade phyllodes, 

C02 uptake was unaffected as the diurnal C/Ca ratio remained relatively unchanged 

(Figs. 8.2 and 8.6). These results are similar to those reported in canopy leaves compared 

with understory leaves m an Australian tropical forest (Pearcy 1987). Apparently, the 

regulation of gs in shade phyllodes may function more to maximize carbon gain than to 

maintam a high WUE. Thus, shade phyllodes had a lower WUE than sun phyllodes in the 

wet season (Fig. 8.8). 

ln the dry season. interactions between water stress and high light are expected to have an 

impact on carbon gain. particularly in shade phyllodes. The large decrease in ~ in shade 

phyllodes is likely to be related to increased light stress and photoinhibition because of leaf 

fall in the dry season (Chapter 7). The accompanying water stTess would further enhance 

sensitivity to photoinhibition in these phyllodes as reported for other species (Bjorkman and 

Powles 1984). 

8.4.4 Variations in Canopy Carbon Balance 

Differences in daily canopy Anet between species may be related to intrinsic differences in 

photosynthetic capacity and canopy structure. Over half of the total canopy Anet in 

A. mangium was contributed by the upper portion of the canopy (Table 8.8) compared to a 

value of about 30-40% in sugar maple (Ellsworth and Reich 1993). Any increase in nitrogen 

and mass in this uppermost unshaded canopy region is expected to produce proportionally 

larger increase in whole-canopy carbon assimilation. In contrast, the lower shaded canopy 

contributed over 50% of the daily canopy assimilation in A. auriculiformis and the hybriq. 

This contribution became even more pronounced in the dry season for two reasons . Firstly, 

these trees shed proportionally more phyllodes from the top of canopy. Secondly, daily Anet 
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decreased less in shade phyllodes compared to sun phyllodes The h d h 11 d · . s a e p y o es m the 
hybrid retained about 90% of daily A activity in the dry h h. h n(t season- t c tg est lower canopy 
value in the dry season in all three acacia species. 

Greater daily canopy Rl and canopy construction cost were generally associated with larger 

canopy size and greater daily canopy An(t. indicating a trade-off between canopy carbon 

gains and costs (Tables 8.7-8.9). The hybrid had substantially smaller values of daily canopy 

RJ, as a proportion of daily canopy An(t. and canopy construction cost compared to the other 

two acacia species. This would suggest that, at whole-tree level, the hybrid was much more 

efficient in the utilization of resources than either A. auriculiformis or A. mangium. 

The estimated canopy daily An(t values in the present study are a simple approximation 

because they were based on daily An(t determined at only two canopy levels even though 

photosynthetic rates decreased continuously with depth within the canopy. Nonetheless, this 

simplistic procedure allows the photosynthetic capacity in different canopies to be compared. 

Models of canopy gas exchange providing a theoretical framework for thorough analysis and 

interpretation of the scaling of physiological processes have been extensively discussed. 

Wang and Jarvis ( 1990) developed the MAESTRO model based on physical and 

physiOlogical properttes of leaves varying within the canopy with age and position and on 

hourly measurements of PPFD and related physiological parameters. The model also 

calculates the fraction of leaves illuminated by direct beam (sunlit) or diffused radiation 

(shaded) within the tree canopy. McMurtrie el a!. (1990) produced the BIOMASS model 

based on canopy Ant~> biomass production and water balance in relation to weather, canopy 

architecture and physiological parameters. Although such detailed models are valuable 

research tool s, their practical value is reduced by their complexity and requirements of 

numerical integrations or summations over time, position in the canopy or leaf classes 

(Wang eta!. 1992). 

Profiles of leaf properties have led to the hypothesis that leaves acclimate to their light 

environments such that plant 's nitrogen resources may be distributed to maximize daily 

canopy photosynthesis (Field 1983; Hirose and Werger 1987). Analyses of several canopy 

models further supported the hypothesis that the optimum distribution of nitrogen occurs 

when nitrogen is distributed in proportion to the distribution of absorbed PPFD in the canopy 

(Hirose and Werger 1987; Sands 1995). It has also been proposed that canopy gas exchange 

models can be simplified assuming that Asa1 of leaves is proportional to the levels of PPFD 

they developed under within the canopy and that PPFD declines exponentially with canopy 

depth. In this case, canopy can be characterized using the so-called big-leaf model (Sellers 
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et a/. 1992). However, this model takes no account of the role of sunflecks withm canopy 

and the effect of leaf angles on absorbed PPFD (De Pury and Farquhar 1997). These authors 

also suggested that if any simplification is to be made there should still be sun and shade leaf 

components, which allow a reasonable approximation to the results of more complex 

models. To date, little attention has been paid to modeling canopy gas exchange in acacias. 

Further research would provide a physiological based framework and enable physiologists to 

extend acacia research to a different level and scale. 



CHAPTER NINE 

GENERAL DISCUSSION 



Chapter Nine: General Discussion 

The present study determined and compared the morphological and physiological attributes 

underlying growth performance of intraspecific and interspecific hybrids of A. auriculiformis 

and the parental species/genotypes growing in the seasonally wet-dry tropical region of 

Darwin (Australia) and Thailand. It investigated the underlying physiological mechanisms 

associated with the regulation of phyllode photosynthes1·s the · h' h , manner m w JC canopy 

structure and light environment affect phyllode structure and physiology and canopy carbon 

balance in the wet and dry seasons. 

9.1 Physiological Adaptation to Environmental Constraints 

9.1.1 Single-Leaf Level 

Seasonal changes in phyllode photosynthetic activity in saplings of A. auriculiformis, 

.A . mangium and the Aa x Am hybrids in Darwin can be attributed primarily to stomatal and 

non-stomatal responses to limiting soil and atmospheric water availability (Chapters 3-6), as 

was reported for a number of Australian tropical tree species (Eamus and Cole 1997; Prior 

eta/. 1997a; 1997b; Montagu and Woo 1999). These physiological responses were found to 

vary significantly between and within species. 

Under prolonged and severe seasonal drought, A. auriculiformis trees were better able to 

maintain high photosynthetic activity at low soil water availability over the root zone and 

exhibited faster photosynthetic recovery in response to the first rains of the wet season 

(Chapters 3 and 4). However, intraspecific genotypes varied considerably in their response to 

seasonal drought (Chapter 5). The NT genotypes, which originate from relatively dry 

environments, were able to maintain high photosynthetic activity during the seasonal drought 

and recovered quickly in the early wet season. By contrast, the PNG genotypes, which 

originate from a region of higher rainfall , were most sensitive to drought and had the slowest 

recovery. The QLD genotypes were also able to maintain high photosynthetic activity 

comparable to the NT genotypes, apparently by retaining high soil water over the root zone, 

but their photosynthetic recovery was slower. The photosynthetic properties of the 

interprovenance-controlled crosses were generally intermediate between the parental 

genotypes. 

The .A. mangium trees were most sensitive to seasonal drought. Their photosynthetic activity 

was lowest in the dry season, probably due to large LA VPD and/or poor capability to access 

soil water (Chapter 3), but they showed a surprisingly fast recovery of 'I' pd after early rains in 
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the wet season (Chapter 4). However, their photosynthetic recovery was slow and greatly 

limited by the large LA VPD, which seemed to have a dominant effect on stomatal function. 

Interestingly, the PNG genotype of this species was more drought tolerant and recovered 

reasonably quickly from the drought. The results indicate the genetic diversity existing 

within the species, and the potential for developing genotypes physiologically adapted to 

drought tolerance and recovery in genetic improvement programs. 

The Aa x Am hybrids had photosynthetic activity comparable to A. auriculiformis in the dry 

season (Chapter 3) and the fastest photosynthetic recovery in the early wet season 

(Chapter 4). The Aa (NT) x Am hybrid had physiological traits closely resembling those 

determined in the NT A. auriculiformis genotypes suggesting that these physiological traits 

might have a maternal basis. 

9.1.2 Canopy Level 

Within the canopy, light is the predominant factor affecting leaf structure and function as 

well as development. As with other tree species (e.g. Hollinger 1989; Ellworth and Reich 

1993; Morecroft and Roberts 1999), sun phyllodes of the acacia species in this study were 

smaller and had lower SLA and chlorophyll content and higher Narea. Asat. Rl, PPFD 

saturation and PPFDc than shade phyllodes (Chapter 7). These properties varied considerably 

between species because of differences in canopy structure and size. A. mangium had the 

largest and the hybrid the smallest canopy. The canopy of A. mangium was dome-shaped, 

that of A. auriculiformis diamond-shaped and the natural Am x Aa hybrid columnar-shaped. 

Seasonal drought reduced the canopy of A. auriculiformis and the hybrid to about half of 

their original size. Most of the leaf fall occurred at the top 6 m of the canopy. Phyllode 

chlorophyll content also decreased in the dry season but Narea increased, probably as a 

consequence of the remobilization ofleafnutrients that was occurring during this period. 

Generally, canopy carbon gain depends on the photosynthetic properties of individual leaves 

and their integration into effective canopy, as well as on the costs of construction and 

maintenance of photosynthetic capacity (Givnish 1988). The predominant factor for canopy 

carbon balance was canopy phyllode area. A. mangium, which had the largest canopy 

phyllode area, also had the greatest canopy carbon gain and loss through dark respiration and 

construction cost (Chapter 8). By contrast, the Am x Aa hybrid, which had the smallest 

canopy phyllode area and, hence, lower phyllode photosynthetic capacity, was much more 

efficient in the utilization of resources. The resource-use efficiency at canopy level was 

probably one of the most important physiological criteria responsible for the variations in 

growth performance determined between these acacias. 

-

-

• 
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9.1.3 Comparison of Interspecific Hybrids and the Parental Species 

It would have been ideal if saplings and mature tre f th hr · . . es o e t ee acacias used m this study 

had been planted at the same site. Nonetheless ranki th 1 · · , ng ese p ants can sttll prov1de useful 

insight into the role of genetic factors that might poss1'bl b ffi · th y e a ectmg e phenotype 

(fable 9.1 ). A. mangium had the largest canopy area in both b th · · groups ut e ranking for th1s 

parameter in the Aa x Am hybrids varied between groups It · l 'k 1 tha . IS very 1 e y t the small 

canopy determined for the mature hybrid trees was a function of narro . · d w spacmg an may not 

reflect the real potential of the hybrid in this parameter. 

Table 9.1 Summary of morphological and physiological characteristics in saplings (Darwtn, 

Australia) and mature trees (Thailand) of Acacia auriculiformis (Aa), A. mangium (Am) and 

their inter~pecific hybrid. H is high; M, medium; and L, low (relative scale based on 

comparison among the three species within sapling or mature tree group) . 

Sapling Mature tree 
Parameter 

A a Am AaxAm A a Am Am x Aa 

Canopy area L H M M H L 

Photosynthesis 

Drought tolerant H L M L H M 

Drought recovery H L H 

'I' pc1 (dry season) M L H L H L 

R.t H L L M H L 

Phyllode cost H M L H M L 

The data in Table 9.1 indicate a close relationship between drought tolerance and drought 

recovery in the saplings growing on a common garden site in Darwin. A. auriculiformis had 

high drought tolerance and high drought recovery. Similarly, A. mangium, which had low 

drought resistance also, had low drought recovery. However, the high drought tolerance of 

the A. auriculiformis saplings was not observed in the mature trees nor did A. mangium 

saplings exhibited the high drought tolerance determined in the mature trees. The 

discrepancy is not unexpected since the mature trees had closed canopy and varying planting 

distances that could have a different effect on the soil water status at the three different sites 

in Thailand. This may also account for the discrepancy observed for 'I' pc1 between saplings 

and mature trees. 
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The rapid recovery observed in A. auriculiformis may attributed. partly. to the fact that ~~ 
phyllodes were not produced until a number of months after the fi t (M trs rams onugu and 
Woo 1999). Thus, existing phyllodes were able to make better use of the structural carbon 

and nitrogen resources, invested in the phyllode, and greatly increased recovery at the 

canopy or whole-plant level at the onset of the wet season. 

Based on personal observations in the field, saplings of A. mangium and the hybnd. but not 

A. auriculiformis, put out new foliage at the start of the wet season like most other evergrern 

tree species growing in the region around Darwin (Duff eta/. 1997; Williams er a/. 1997) 

Such a strategy would be of greater benefit to these two acacia species as they can produce 

new foliage at lower cost than A. auriculiformis (Chapters 6 and 8; Table 9.1 ). In hybnd 

saplings, these new flushes combined with the rapid photosynthetic recovery of extstmg 

phyllodes · would greatly enhance recovery at the canopy-level and contnbute to raptd 

growth. Further studies are required to provide a better understanding of the role and 

importance of phyllode recovery for the restoration of canopy photosynthetic capactty m 

these acacias. 

Interestingly, the hybrid had lower RJ than A. auriculiformis or A. mangium tn both sapling' 

and mature trees, suggesting that this parameter may be an important factor for the faster 

growth observed in this species (Chapter 3; Kha 1996; Kha et a/. 1998) and a numl"-er of tree 

seedl ings (Kramer 1986; Reich et a/. 1998). The data also mdicatc a more cffic tent 

utilization of resources, at whole-tree level, in the mature hybrid compared to thetr parental 

species (Chapter 8). 

9.2 Growth Performance and Physiological Characteristics 

Total phyllode area appeared to be a good indicator for growth performance m 

A. auriculiformis, A. mangium and their hybrids (Chapter 3) and among different genotypes 

of A. auriculiformis (Chapter 5). Similar results were obtained for A. auriculiformis (Cole 

eta/. 1994; Woo et a/. 1998; Montagu and Woo 1998) and A. mangium (Atipunumpat 1989) 

In A. auriculiformis seedlings, the rapid increase in phyllode area was achteved by producmg 

phyllodes at low cost and high SLA (Montagu and Woo 1998). Significant correlatton 

between SLA and growth parameters was also determined in E. globulus (Perena 1995) and 

E. camaldulensis (Pipatwattanakul 1996). In the present study, the larger canopy phyllodc 

area associated with greater growth rate of A. mangium and the Aa x Am hybnds relatt\'e to 

A. auriculiformis was supported by higher SLA, lower cost of constructlon, greater PNUE 

and greater PWUE in the wet season (Chapters 3 and 6). This trend was not observed tn the 
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dry season, possibly because other environmental constraints such as water availabtltty m the 

soil and air had begun to limit growth directly (Chapters 3 and 4). 

In E. camaldu/ensis families, a combination of the total leaf area and AS~, yielded an 

increasingly better correlation with tree height and dry mass production than either one 

variable alone (Pipatwattanakul 1996). Likewise, the stem volume of silver birch (Betula 

pendula) families was more strongly correlated with a combination of sun leaf Anc, and total 

LAI than with sun leaf Aneh shade leaf Anet or LAI alone (Wang et a/. 1995). These results 

are not surprising since net primary production represents daily canopy net photosynthesis 

less daily total maintenance and growth respiration (Roberts eta/. 1993). 

When non-photosynthetic components remain relatively constant and variations in single

leaf .Amt and R1 are small, plant growth would be directly correlated with total leaf area and 

canopy structure (or LAI). On the other hand, if the variations in single-leaf Anct and/or Rt 

are large, plant growth may only produce a significant correlation with the product of single

leaf Anet and total leaf area (or LAI). Therefore, the product of total leaf area and Anct would 

always produce a better relationship than either of its components alone. For these reasons, 

total photosynthesis at canopy level would always be a better indicator for growth 

performance than single-leaf Anet· 

9.3 Genetic and Tree Improvement 

Genetic and tree improvement programs are an integral component of reforestation 

particularly when exotic species are involved. Tree improvement programs for 

A. auriculiformis and A. mangium have been initiated in many countries with the cooperation 

of many organizations (e.g. FAO, CSIRO, ACIAR, Winrock International Institute for 

Agricultural Research). This has led to the establishment of seed production areas and seed 

orchards with broad genetic bases (Pinyopusarerk 1987; Harwood and Williams 1992; 

Awang and Bhumibhamon 1993; Montagu eta/. 1998; Turnbull eta/. 1998) and the testing 

of outstanding interspecific hybrid clones for future clonal forestry (Kha et a/. 1998; 

Turnbull eta/. 1998). 

The intraspecific and interspecific progeny trial in Darwin was established in 1997 from 

seeds produced by controlled hybridization of A. auriculiformis and A. mangium under the 

ACIAR project on Physiology and Genetic Improvement of A. auriculiformis (Jiwarawat 

et al. 1996). The controlled Aa x Am hybrids exhibited hybrid vigor in height and diameter 

growth compared to both parents (Chapter 3). Significant differences between the two hybrid 

genotypes suggest that the inheritance of characteristics such as tree growth, tree form, root 
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system and drought tolerance, might be maternally influenced but further genetic 

improvement programs are needed to evaluate the factors affecting the inheritance of these 

desirable traits. 

All interprovenance-controlled crosses of the intraspecific hybrids of A. auriculiformis 

exhibited intermediate traits between both parents but only two of the three genotypes 

showed hybrid vigor in growth performance (Chapter 5). However, the superior growth and 

excellent form characteristics of the QLD genotype produced by open pollination indicate 

the value and importance of open pollination system for tree improvement in 

A.. auriculiformis. This system is easy, efficient and less labor intensive than controlled 

pollination. Furthermore, the enhancement of form characteristics of the intraspecific 

hybrids, relative to their parents, underlines the success of plus tree selection for the genetic 

improvem~t of this species. 

The inferior performance of earlier selections of A. auriculiformis in Thailand and 

A.. mangium in Malaysia and Indonesia was possibly due to inbreeding (Turvey 1995; 

Pinyopusarerk et al. 1998). Recently, a wide range of molecular and biotechnological 

techniques (e.g. restriction fragment length polymorphism and random amplified 

polymorphic DNAs) has been used for the rapid characterization of genotypes and detection 

of genetic variation in acacias (Turnbull et a/. 1998). Microsatelite markers have also been 

used to determine the mating system parameters for open pollination (Butcher eta/. 1998). 

Perhaps, this would enhance the development of tree-breeding strategies, without the need 

for controlled pollination, in acacia improvement program by expanding the genetic base for 

seed production stands. 

9.4 Future Research 

Suggestions for future research based on the findings from this thesis are as follows: 

1) There is evidence that some characteristics, viz. tree growth, tree form, root system and 

drought tolerance, of interspecific and interprovenance hybrids might be maternally 

influenced. Further study on reciprocal crosses of interspecific and interprovenance 

hybrids in these acacias would be required to evaluate the genetics of these desirable 

traits; 

2) The present study suggests marked differences in soil water availability over the root 

zone during the seasonal drought and after its relief between and within these acacias. 

Studies on root/shoot partitioning and root symbiotic microorganism may help to 

identify the physiological factors involved; 
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3) Resource-use efficiency at canopy level is probably one of th t · ' fi e mos stgm tcant 

physiological parameter governing tree growth. Further study is needed to determine its 

role in the growth of tropical acacias; and 

4) Modeling of canopy gas exchange in these acacias would provide a useful physiological 

based framework for growth performance and enable physiologists to extend acacia 

research to a different level and scale. 

9.5 Concluding Remarks 

Heterosis (in growth performance) was observed in the interspecific- and interprovenance

controlled crosses of A. auriculiformis but the interspecific hybrids were clearly superior to 

the intraprovenance hybrids. Although the interspecific hybrids seemed to have inherited 

some desirable maternal traits, further genetic improvement programs are needed to evaluate 

the factors affecting the inheritance in the hybrid. 

Different physiological mechanisms in response to environmental constraints may contribute 

to variations in tree growth under field conditions. The present study attempted to determine 

the physiological bases associated with growth performance of intraspecific and interspecific 

hybrids of A. auriculiformis growing in the wet-dry tropics where seasonal drought is 

prolonged and severe. Even though the physiological adjustments to climatic changes of the 

three acacia saplings differed significantly between and within species, canopy size was 

more important for growth performance than single-leaf parameters. In view of the complex 

relationships governing tree growth performance in the field, the use of single-leaf 

physiological parameters can only be justified under certain conditions, and only on a case

by-case basis. More studies are required to provide a comprehensive understanding of the 

physiological bases underlying the observed relationships. 

Physiological strategies for adaptation to seasonal drought varied greatly between the three 

mature acacias. Furthermore, the sun and shade phyllodes in the canopy differed in structure 

and form and physiological activity in the wet and dry seasons. Understanding the 

fascinating relationships between the impact of light and water stress on the canopy structure 

and photosynthetic capacity in these acacias remains a worthy challenge. 
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Appendix 1 List of genotypes used for controlled hybridization of Acacia auriculiformis and 

A. mangium in the breeding population established in 1994 at the Sakaerat Gene 

Conservation Station, Nakhon Ratchasima province, Thailand. Abbreviations: Aa, 

A. auriculifomis; Am, A. mangium; NT, Northern Territory; PNG, Papua New Guinea; and 

QLD, Queensland. 

Genotype Species Origin of provenance CSIRO seedlot Number of 

number rarncts 

NT, A. auriculiformis South Alligator River, NT 16160/513 18 

NT2 A. auriculiformis South Alligator River, NT 16160/513 20 

NT) A. auricu/iformis Douglas River, NT 16149/374 15 

PNG, A. auriculiformis Mibini, PNG 16106/ 1018 20 

PNG1 A. auriculiformis Mibini, PNG 16106/1052 18 

PNG1 A. auricuilformis Mibini, PNG 16106/979 11 

QLD 1 A. auriculiformis Kings Plain, QLD 16485/13299 11 

QLD1 A. auriculiformis Coen River, QLD 1614111482 14 

QLD1 A auriculifomliS Coen River, QLD 16142/l486 16 

QLD. A auricuilformis Wenlock River, QLD 16145/ 1549 18 

Am A. mangium Unknown (2 clones) n.a. 12 (each) 
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Appendix 2 Genotype details in the progeny trial of intraspecific and interspecific hybrids of 

Acacia auriculiformis at the Berrimah Agricultural Research Farm, Darwin. Abbrevtatwns 

are described in Appendix l. 

Genotype number Female Male Blocks 

Intraspecific controlled crosses of A. auriculiformis 

NT, NT2 E 

2 NT, QLD1 A-D 

3 NTz NT3 A,B,C 

4 NT2 PNG1 A-F 

5 NT2 QLD 1 A-D 

6 NT2 QLD3 C,D 

7 PNG 1 NT2 A-F 

8 PNG 1 NT3 A-D 

9 PNG1 PNG2 A-F 

10 PNG, PNG3 A-E 

11 PNG1 QLD, A-D 

12 PNG 1 QLDz A-F 

13 PNG2 PNG 1 A-F 

14 PNG z PNG3 B-E 

PNG z QLD 1 
B-F 

15 
PNG2 QLD2 A-D 

16 
PNGz QLD3 

C-F 
17 

18 QLD 1 
NT, C,D 

QL0 1 
NTz A-F 

19 
QLO , NT3 A-D 

20 
PNG 1 

A-E 
21 QL0 1 

QLDz A-F 
22 QLD, 

QL03 A-E 
23 QLO, 

A-0 
QLDz NT2 

24 
A-F 

QLOz NT3 
25 A-F 

QL02 PNGz 
26 0 

QL03 NT1 
27 C,D,E 

QLDJ QL03 
28 

· lifi · x A mangium 
Interspecific controlled crosses of A. aurtcu ' ormls . 

A-F 

36 
NTz Am 

A,B,C 
QLOz Am 

35 
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Appendix 2 continued. 

Genotype number Provenance CSIRO Seedlot Block.\ 

A. auriculiformis from natural provenance 

34 NT 161 60 A-F 

33 PNG 16106 A-F 

32 QLD 161 42 A -F 

A. mangium from natural provenance 

39 QLD 16485 A-F 

38 PNG 19233 A-F 

37 QLD 19214 A-F 

A. auriculiformis from open pollination 

31 NT2 16160/5 13(4) A-F 

30 PNG2 161061\052(5) A-E 

29 QLD3 16142/1486(1) A-F 

40 QLD 1 
16485/3299 A-F 

41 PNG 1 
16106/1048 A-F 

Acacia spp. from natural provenance 

42 A. crassicarpa 1787 1 A-F 

43 A. aulacocarpa 17549 A-F 
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Appendix 3 Planting map of the progeny trial of intraspecific and interspecific hybrids of 

Acacia auriculiformis at the Berrimah Agricultural Research Farm, Darwin. Details of 

planting genotypes are described in Appendix 2. 
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16 
10 
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42 
37 
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43 
32 
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13 
42 
21 
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22 
43 

am 

42 
16 
10 

43 
13 

21 

34 

38 

26 
30 
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40 
7 
4 

29 
25 
19 
21 
42 
37 
9 

32 
41 
22 
26 
43 
32 
39 

30 
38 

36 
13 
42 
21 
2 

25 

22 
43 

BLOCK A 
am am am 
42 8 8 
16 24 24 
10 29 29 

43 23 23 
13 7 7 
21 11 35 

34 39 39 

38 31 31 

26 19 19 
30 41 41 
9 4 4 

40 38 38 
9 10 10 
4 17 1 

29 13 13 
25 15 15 
19 23 23 
21 32 33 
42 
37 12 12 
9 31 31 

32 34 34 
41 13 13 
22 36 36 
26 14 14 
43 36 36 
32 41 41 
39 24 24 

30 7 7 

38 33 33 

36 23 23 
13 5 5 
42 37 37 
21 34 34 
2 20 20 

25 8 8 

22 19 19 
43 rc rc 

BLOCKC 

F: Filler trees outside blocks 

3m between rows 
am am am am am 

8 33 33 33 10 
l"l 

24 36 36 36 10 
l"l 

29 37 37 37 10 
l"l 

23 12 12 12 r'l 

7 32 32 32 N 

3 2 2 2 r'l 

39 22 22 22 00 

31 25 25 25 00 

19 40 40 40 00 

41 20 20 20 am 
4 5 5 5 am 

38 12 7 13 37 
13 13 7 13 29 
28 13 7 13 22 
13 7 13 7 7 
34 7 13 7 19 
23 7 13 7 4 
33 13 7 7 41 

13 7 7 33 
12 13 7 7 25 
31 13 13 7 32 
34 13 7 7 12 
13 13 13 7 34 
36 4 31 34 4 
30 4 38 34 4 
36 4 38 38 4 
41 12 12 4 
11 11 15 14 38 

7 4 4 4 ...., ,..... 

33 10 10 10 '<!' 
N 

23 9 9 9 '<!' 
N 

5 31 31 31 0 
l"l 

37 3 35 6 ~ 
34 16 16 18 0 

l"l 

17 40 40 40 10 
N 

28 26 26 26 10 
N 

19 29 29 29 ~ 
rc rc rc rc rc 

Am: A. mangium (QLD commercial seed orchard) 

BLOCKB 
am am am am am am 
...., r'l - 00 ..... 
l"l - '<!' l"l .,..., r'l 
l"l 10 - 00 -...., l"l '<!' ...., .,..., r'l ...., r'l ~ 

00 -...., ..... ...., .,..., r'l 

'<!' 0 10 r'l '<!' 
l"l ...., ...... ...., ,..... '<!' 
'<!' 0 10 r'l 
l"l l"l ...... l"l ...., '<!' 

'<!' 0 10 N Ill ...., ...., ,..... ...., ...., '<!' 

10 0 ~ 
..... 

N 01 N l"l ["-. 

10 0 .,..., ..... 
r'l 01 r'l r'l l"l ["-. 

~ 0\ ~ ~ ~ ["-. 

am am am am am am 
42 42 42 42 42 42 
37 37 34 34 34 4 
29 29 22 
22 22 38 38 38 19 
7 7 43 43 43 7 

19 19 13 13 13 31 
4 4 22 22 22 9 

41 41 4 4 4 42 
33 33 42 42 42 39 
25 26 13 13 13 19 
32 32 36 36 36 15 
12 12 4 4 4 34 
38 4 34 38 23 23 
38 4 33 38 F F 
38 34 38 F F F 
38 38 38 F F F 
38 37 38 F F F 
38 4 40 28 23 23 

00 10 0 t-- .,..., ...., ...., ,..... ,..... N 01 

00 10 0 00 .,..., 
l"l "" ...... N N 01 

00 10 0 .,..., ...., 
"" ..... "' N 01 

~ l"l - '<!' 0 - N ...., '<!' 

~ l"l r::i '<!' ~. ..... l"l 

~ l"l ..... '<!' 0 ..... N l"l '<!' 
N l"l ,..... 01 ~ l"l 
'<!' l"l ...., ..... r'l 

N ...., ...... 01 ~ l"l 
'<!' l"l ...., ..... r'l 

~ ~ ~ 01 ~ ~ ..... 
rc rc rc rc rc rc 

BLOCKD 

Rc: A. auriculiformis (seeds collected from Rifle Creek, QLD) 

Aa: A. auriculiformis (unknown provenance) 

am am am am am 
r'l 0 ...., 01 rc '<!' - - ...... 

~ 0 l"l 01 rc ..... ..... ...... 
r'l 0 ...., 01 rc '<!' ..... ..... ,..... 

01 ["-. 01 I"') rc r'l ...., l"l N 
01 t-- 01 I"') rc N ...., ...., N 

01 ["-. 01 I"') rc N ...., l"l N 

'<!' N Ill 0 l"l 
N r'l ,..... '<!' '<!' 

'<!' ~ 
,..... 0 l"l 

N ..... '<!' '<!' 

~ .gj 
,..... 

~ l"l ,..... '<!' 

am am 42 42 rc 
42 42 42 42 rc 
4 4 42 42 rc 

22 22 42 42 rc 
19 19 42 42 rc B 
7 7 42 42 rc L 

31 31 42 42 rc 0 
9 9 42 42 rc c 

42 42 42 42 rc K 
39 39 42 42 rc F 
19 19 42 42 rc 
15 36 am am rc 
34 34 am am rc 
23 23 am am rc 

F F am am rc 
F F am am rc 
F F am am rc 
F F am am rc 

23 23 am am rc 
00 C) t-- Ill a a rc ,..... ~ l"l .... 
"' 0 t-- .... aa rc .... ~ "" .... 

"' t-- '<!' a a rc ,..... ~ l"l .... 
N N a a rc N ~ l"l '<!' 
N N aa rc N 00 l"l '<!' 
N N aa rc N 00 "" '<!' 

N 01 aa rc Ill - N ['-. 

N 01 aa rc Ill .... N ['-. 

~ r'l ~ ['-. aa rc -rc rc rc rc a a rc 
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Appendix 4 List of the study genotypes in the progeny trial of intraspecific and interspecific 

hybrids of Acacia auriculiformis and A. mangium established in December 1997 in Darwin, 

Australia. Abbreviations are described in Appendix 1. (Numbers in brackets are CSIRO 

seedlot numbers). 

Local number Species Genotype detail 1 Seed source 

3 A. auriculiformis NT2xNT3 Controlled pollination 

4 A. auriculiformis NT2xPNG3 Controlled pollination 

9 A. auriculiformis PNG1 xPNG2 Controlled pollination 

12 A. auriculiformis PNG1 xQLD2 Controlled pollination 

22 A. auriculiformis QLD 1 xQLDz Controlled pollination 

25 A. auriculiformis QLD2 xNT3 Controlled pollination 

29 A. auriculiformis QLD3 Open pollination 

30 A. auriculiformis PNG2 Open pollination 

31 A. auriculiformis NT2 Open pollination 

32 A. auriculiformis QLD (16142) Natural provenance 

33 A. auriculiformis PNG (16106) Natural provenance 

34 A. auriculiformis NT (16160) Natural provenance 

35 A a x Am hybrid A a (QLDz) x Am Controlled pollination 

36 A a x Am hybrid Aa (NT2) xAm Controlled pollination 

37 A. mangium QLD (19214) Natural provenance 

38 A. mangium PNG (19233) Natural provenance 

1 The first parent represented in the cross is the female: subscript number denotes different parental 

genotype. 
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