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Abstract 

Rijkers, T. (2000) Leaf function in tropical rain forest canopy trees: the effect of light 
on leaf morphology and physiology in different-sized trees. PhD. thesis, Wageningen 
University, Wageningen, The Netherlands. 120 pp. 
ISBN 90-5808-314-4. 

In this thesis the effect of constant and fluctuating light availability on several leaf 
traits was studied for naturally growing trees of different sizes, i.e. from sapling to 
adult canopy tree, of five species in a tropical rain forest in French Guiana. Leaf 
acclimation responses were examined throughout the life time of leaves in order to 
evaluate whether leaves can profit from these adjustments in terms of carbon gain. 
The five species, arranged in order from most shade-tolerant to pioneer, were: 
Duguetia surinamensis, Vouacapoua americana, Dicorynia guianensis, Pourouma bicolor 
spp. digitata, and Goupia glabra. 

For Duguetia, Vouacapoua, Dicorynia and Goupia, it was shown that tree height and 
light availability had independent effects on photosynthesis and other features of leaf 
function. Direction and magnitude of the variation in leaf variables tended to be similar 
among species. The morphological variable leaf mass per unit area seemed to be a key 
variable as it determined most of the variation in other leaf variables. 
The time needed to increase the photosynthetic rate (up to 90% of its capacity) to a 
sudden increase in light was between 7 to 11 min for shade and sun growing saplings of 
Vouacapoua, Dicorynia and Pourouma. The readiness to exploit the next lightfleck was 
substantial in these plants as the induction loss was moderate to low, except in gap 
saplings of Dicorynia. The time needed to reach 75% of the maximum carboxylation 
efficiency (Vcmax) was used to separate the relative importance of biochemical and 
stomatal limitation during the time course of photosynthetic induction . 
The mean leaf life span of different-sized trees for Vouacapoua was 61 months (range 
27-101) and for Dicorynia 32 months (range 17-54). The variation in traits in response 
to leaf age was low. Photosynthetic capacity and nitrogen concentration were 
relatively constant with time; leaf mass per unit area increased during the first 18 
months. Simulations of the daily carbon gain with a low- and highlight regime showed 
differences among both sun- and shade-leaves and trees of different sizes. Leaf 
construction cost was independent of leaf life span. Leaf payback time was relatively 
short (4 to 40 days); it was constant during a wide range of irradiance, but increased 
sharply in a narrow range of low light. The rate of net return on carbon investment 
was slow in long-lived leaves of Vouacapoua. Leaf mass per area decreased with 
increased leaf life span, which could be explained by a light- and height-dependent 
selection pressure for leaf life span and leaf mass per area. 

The integration of the results with those at higher organisation levels, such as branch 
and tree crown, is briefly discussed, and the applicability in silvicultural systems in 
which light is manipulated to enhance growth and production of timber species is 
evaluated. 

Key-words: tropical rain forest, leaf morphology, photosynthesis, leaf age, tree height, 
shade tolerance, leaf construction costs, leaf payback time, ecophysiology. 
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Laat ik beginnen te vertellen dat mijn in totaal veertien maanden durende verblijf 
in het tropisch regenwoud een zeer diepe indruk heeft gemaakt. De schoonheid, 
rust, maar ook het plotselinge omslaan naar complete chaos vanwege een 
opkomende storm of door een confrontatie tussen twee groepen apen zijn 
ongekend. De veelvoud aan vormen, kleuren, geuren en geluiden zijn in mijn 
geheugen gegrift. In de periode tussen mijn eerste veldtrip en het uiteindelijke 
resultaat dat hier voor u ligt is veel gebeurd. Dit heeft zich natuurlijk nooit tot 
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happening. I would like to thank all the researchers, technical assistants and 
students from Brunoy ('le Petit Chateau') and other institutes who made my 
stay in the forest a pleasant one. I would like to mention by name: Marc Thery, 
Odile Poncy, Pierre-Michel Forget, Bernard Riera and Pierre Charles-Dominique. 
Special thanks go out to Fanchon Prevost for her hospitality at the ORSTOM in 
Cayenne and her readiness to help when things didn't go the way I wanted 
them to go. Thanks to my Saramaca friends Desmo and Wemo Betian for their 
enduring companionship and guideness in the forest. And of course to my 
'forest friends' Anya Cockle, Philip Kessler and Sophie Mournier for the good 
times we shared. I would also like to thank the people from the ORSTOM in 
Cayenne for their permission to use their facilities. 

Terug in Nederland wil ik allereerst mijn directe begeleider Frans Bongers 
bedanken voor zijn enorme enthousiasme, betrokkenheid en zijn vertrouwen in 
mijn werk. Frans, voor mij ben je een duizendpoot. De ogenschijnlijke eenvoud 
waarmee jij mensen kunt motiveren bewonder ik. Met veel plezier kijk ik terug 
op onze manuscript discussies, na afloop hield ik er altijd rode oren aan over 
maar ook een lijf vol positieve energie en het gevoel, dit gaat het helemaal 
worden. Veel collega's hebben mij op enigerlei wijze geholpen en ondersteund. 
Met name wil ik van de vakgroep Bosbouw bedanken Kathinca Huisman voor 



het behartigen van mijn financiele administratie, Joke Jansen en Inge Lamers 
voor hun administratieve hulp en Ruud Plas. Ruud, ik herinner niet alleen je 
heerlijke koffief!!!) maar zeker ook je stugge back-hand bij het potje 
tafeltennissen. Medezwoegers Marc Parren, Patrick Jansen, Jan den Ouden, 
Maurice Heuser, Mirjam Kuzee, Michiel van Breugel, Arthur van Leeuwen, Hank 
Bartelink en ook Sander Wijdeven bedankt voor het delen van het Meed en 
vermaak' van het 'AlO/OIO-zijn'. Gerda Heeringa, Willem Scholten, Leen Peters, 
Teus van de Brink, Jantine Varekamp, Ellen Wilderink en Toon Helmink wil ik 
bedanken voor hun onmisbare praktische hulp (ook voor al het werk dat 
uiteindelijk niet is opgenomen in dit proefschrift, maar hopelijk elders zal worden 
gepubliceerd). Finally, many thanks to my roommates Annabel Porte, Richard 
Eba'a Atyi , Peter Egestad and Woldeselassie Ogbazghi. I enjoyed the 
discussions about our totally different cultures and your company of course. 

Gedurende het jaar dat ik bij de sectie Ecofysiologie van Planten van de 
Universiteit Utrecht gestationeerd was heb ik op de 3e en 4 e verdieping van het 
Wentgebouw plezierig gewerkt. Hans Lambers bedank ik voor zijn bijdrage. De 
afgelopen twee jaar heb ik veel feedback gekregen bij het analyseren en 
interpreteren van de gegevens van mijn andere directe begeleider Thijs Pons. 
Thijs, je hebt alle manuscripten, in verschillende stadia, zeer nauwkeurig 
gelezen en mede door jouw commentaar wist je mijn gedachten steeds verder 
aan te scherpen. Speciaal wil ik Lourens Poorter en Frank Sterck bedanken voor 
hun heldere bijdrage aan discussies over mijn manuscripten. Hun betrokkenheid 
heb ik zeer gewaardeerd. 

Frank Berendse bedank ik hartelijk voor zijn getoonde betrokkenheid bij mijn 
onderzoek en dat hij mij in de gelegenheid stelde deel te nemen aan zijn AIO-
discussie bijeenkomsten. 
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als mijn promotor wil optreden. 

Many thanks to Tom Oomens for editing some of my chapters and many 
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Chapter 1 

Introduction 

Lowland rain forests are densely populated and largely evergreen, and generally 
contain a high plant and animal diversity. Given this richness in plant species, 
the question arises how these various species manage to coexist. How do they 
compete for the same, often limited, resources such as light, nutrients and 
water? Do species differ in their response to these resources? Several systems 
for categorising tropical tree species have been developed, in order to facilitate 
our understanding. The majority of these classifications are based upon the 
relationship between gap dependency and successful regeneration. That is, to 
what extent do species require forest canopy openings ('gaps'), and hence high 
light conditions, for seed germination and seedling establishment (e.g. Bazzaz 
1979; Denslow 1980; Swaine and Whitmore 1988; Popma et al. 1992). 
Despite the effort to categorise, today only a few species are regarded as a 
distinct group sharing a common life history: the pioneer. With few exceptions, 
these species, which range from small short-lived to large long-lived species, 
are light-demanding and are dependent on gaps to complete every stage of their 
life cycle (Swaine and Whitmore 1988). Seeds from the rest of the tree species 
can germinate under forest shade, and are generally called non-pioneer or climax 
species (Whitmore 1989). Moreover, they are capable to tolerate shady forest 
environments in all or some stage(s) of their life cycle beyond germination. 
During their life span in a tropical rain forest, they are often exposed to several 
alternate phases of high and low light conditions (e.g. Clark and Clark 1992). 
These "shade-tolerant" tree species make up the most abundant class of species 
in the forest (Whitmore 1989; Clark and Clark 1992); and it is this group of 
shade-tolerant trees that this thesis focuses on. In the forest, trees mainly 
compete for light, water and soil nutrients. Since light exhibits the greatest 
variability both in time (e.g. sunflecks) and space (e.g. tree fall) (Kira and Yoda 
1989; Chazdon and Fetcher 1984), it is generally assumed that in many rain 
forests, light has the strongest impact on growth and performance of plants. 

A heterogeneous forest light environment: how to exploit it? 

In a tropical rain forest the distribution of photosynthetically active radiation 
(PAR, 400-700nm) is highly variable on both a spatial and temporal scale. On a 
time scale, light conditions can alter within seconds, minutes up to months and 
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years (e.g. Chazdon 1988). On a spatial scale, light contrasts occur when gaps 
are formed or canopies develop (Van der Meer and Bongers 1996) or, on a 
smaller scale, among leaves within a tree crown (Ellsworth and Reich 1993). 
These variable light conditions have a strong influence on plant physiological 
and ecological processes (cf. Chazdon 1988). For example, short sunfleeks 
affect photosynthetic rates and stomatal behaviour, and hence determine the 
leaf's photosynthetic induction state (Pearcy et al. 1994), whereas light 
availability on a scale of months or years may lead to different leaf morphology 
or tree architecture, respectively (Popma et al. 1992; Ackerly 1996; Sterck 
1999). 

Similar patterns are observed with respect to the spatial variation in 
available light. For example, at the leaf level light availability may affect 
photosynthetic capacity (Boardman 1977), whereas at the whole crown level it 
may affect self-shading among leaves and hence variation in nitrogen 
distribution (Pons et al. 1989; Ellsworth and Reich 1993). A t the whole-plant 
level light conditions may influence tree architecture or biomass allocation 
(Bongers and Sterck 1998) and at the level of plant populations it may affect 
population growth and recruitment (Zagt and Werger 1998). 

Depending on weather, solar path, and spatial and temporal distribution of 
the vegetation, forest light regimes make up a wide range of different habitats. 
At the forest floor in the understorey the photon flux density (PFD) is usually 
less than 10 /vmol m 2 s 1 and often less than 2% of full sunlight, whereas in 
gaps much higher light levels occur, although the total daily PFD usually does 
not exceed 50% of that received above the forest canopy (Chazdon and 
Fetcher 1984, Chazdon 1986). Forest canopies do not only alter the quantity of 
light but also its spectral composition (e.g. Endler 1993). Although light quality 
has an important influence on several plant processes (e.g. seed germination 
and morphogenesis), the scope of this thesis is on the effects of availability and 
quantity of light on physiological and morphological traits at the leaf level. 

In general leaf adjustments to a changing light environment will be directed 
towards a maintained or enhanced total leaf carbon gain in the changed 
condition. This may be achieved by a change in the photosynthetic traits as 
well as by increasing or decreasing the life span in newly formed and possibly 
also in existing leaves (Chabot and Hicks 1982). Leaf acclimation to changing 
light environments may involve changes in photosynthesis and respiration (Pons 
1977; Bjdrkman 1981 ; Pons and Pearcy 1994), anatomy (Bongers and Popma 
1988), leaf mass per area (LMA) (Raaimakers et al. 1995), chlorophyll 
concentration (Poorter et al. 1995; Pons and Jordi 1996), chlorophyll a to b 
ratio (Evans and Seemann 1989) and concentration of ribulose bisphosphate 
carboxylase (Rubisco) (Evans and Seemann 1989; Poorter and Evans 1998). 
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Leaves acclimated to low light usually exhibit a number of traits that 
distinguishes them from leaves exposed to high light. In low light, leaf 
adjustments are often directed towards an increase in the capacity of light 
absorption at the expense of photosynthetic capacity, and little carbon losses 
through respiration (e.g. Evans 1989; Pons and Pearcy 1994). As a result, 
shade leaves, when compared to sun leaves, usually are thinner, have a lower 
mass per unit area, a higher mass-based chlorophyll content and lower area-
based rates of photosynthesis and dark respiration (Bjorkman 1 9 8 1 ; Bongers 
and Popma 1988; Kitajima 1994). Sun leaves, on the other hand, can make 
more efficient use of the high irradiance for carbon gain via thicker leaves wi th 
more chloroplasts per unit area and a greater investment in compounds that 
determine photosynthetic capacity per unit leaf area (e.g. Rubisco and electron 
transport components) (Boardman 1977). 

A number of arguments have been put forward to explain the adaptive 
value of variation in leaf life span among and within species (e.g. Chabot and 
Hicks 1982; Kikuzawa 1995). For plants growing in shaded environmental 
conditions net carbon gain generally is low. Therefore it is argued that shade 
plants should extend the life span of their leaves as this will increase the time 
period for photosynthesis and hence enables them to return or payback the 
initial construction costs of the leaves (Chabot and Hicks 1982; Williams et al. 
1989). 

In the forest understorey long periods of low light are often punctuated by 
sunflecks, when a direct light beam penetrates through openings in the forest 
canopy. Depending on duration and frequency of these sunflecks, a large 
fraction (up to 60%) of the daily carbon gain can be contributed to their 
utilization (Chazdon 1988; Pearcy et al. 1994). Sunfleck utilization for carbon 
gain depends on the rate of photosynthetic activation, the photosynthetic 
induction state, the capacity to continue with C02 f ixation in low light 
immediately following a sunfleck and the extent of instantaneous photosynthetic 
rate (Pearcy 1990). Photosynthetic response to a sudden increase in light 
includes, among other things, light-activation of Rubisco and opening of stomata 
(Kirschbaum and Pearcy 1988b; Pons et al. 1992). Species may exhibit 
substantial differences in these photosynthetic induction characteristics. The 
degree of photosynthetic induction and loss determines the readiness of a leaf to 
respond to subsequent sunflecks. 

It has been argued that species adapted to high-light environments 
(pioneers) are more flexible in response to variations in light conditions than 
shade-tolerants which often show little or no plasticity (Bazzaz 1 979; Strauss-
Debenedetti and Bazzaz 1996; but see Turnbull 1 9 9 1 ; Popma et al. 1992 for 
the reverse). The greater phenotypic plasticity for pioneer species was 
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suggested to be related to the larger variation in environmental conditions of 
the gap habitats in which they grow, compared to the forest understorey. 

Owing to, often, practical arguments, studies on acclimation responses to 
light are mainly restricted to seedlings and small saplings. Since shade-tolerant 
tree species have a great probability to encounter high-light conditions when 
growing to the forest canopy (Clark and Clark 1992), they need to adapt to 
these changing conditions. Therefore, one might expect these species to exhibit 
an increase in phenotypic plasticity with increasing tree height. 

From small sapling to large canopy tree 

When plants grow, changes in morphology and physiology may result from 
inherent ontogenetic development rather than from responses to the micro-
environment (Poorter and Pothmann 1992; Coleman et al. 1994). An increase 
in tree height involves greater costs of support structures, such as twigs and 
branches (Givnish 1986; Bongers and Sterck 1998), roots and xylem vessels 
(Tyree and Ewers 1996) and stem material (Sterck and Bongers 1998). In 
addition, wi th increasing height the ratio of total leaf area to total non-
photosynthetic living tissue declines substantially resulting in less foliage 
relative to total plant mass that has to provide sufficient assimilates for tree 
growth and maintenance. Consequently, the minimum amount of light 
necessary to balance carbon gain and loss should increase with height. Thus, in 
order to realize net growth a decrease in shade tolerance wi th increasing tree 
height is expected. 

An increase in height in the forest is often accompanied with greater light 
availability, which has a beneficial effect on leaf net carbon gain. On the other 
hand, the changes in micro-climate along a vertical gradient in the tropical 
forest (Kira and Yoda 1989; Koop and Sterck 1994) may also result in sub-
optimal conditions for leaf performance: mechanical stress (wind) and drought 
(wind, light). There is also the possibility of photoinhibition, however this 
usually causes a problem at extreme high light levels only. As a result, a 
different investment strategy in leaves might be expected in tall trees compared 
to small saplings. Strong wind, for example, can induce morphological and 
anatomical leaf changes, such as thickening of the cuticula and epidermis 
resulting in a higher leaf mass per area and formation of more and smaller 
stomata (see review by Jaffe and Forbes 1993). 
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Outline of thesis 

From the foregoing it is apparent that canopy tree species cross a wide range of 
light conditions when they grow to the forest canopy. As a result growing trees 
continuously have to adjust their leaf properties to changing light environments 
in order to maximise carbon gain. The aims of this thesis are: [1] To examine 
the variation in photosynthetic and morphological responses of leaves to 
contrasting forest light environments, [2] To determine whether these leaf 
acclimation responses differ between tree species and between the different 
phases of one tree species' life cycle, and [3] To examine acclimation 
responses throughout the life time of leaves in order to evaluate the extent to 
which leaves can utilize these adjustments to enhance leaf carbon gain. In this 
thesis, the focus is on shade-tolerant trees as they form the majority of species 
in a tropical rain forest, and they have been studied in less detail than pioneer 
species. Naturally growing trees in the forest were selected ranging from 
saplings of about 1 m to canopy trees up to 55 m in height. The thesis was set 
up in close connection wi th an earlier PhD thesis conducted by Sterck (1997) in 
the Nouragues area. In that study, the effect of light on crown development 
was investigated in two economically valuable tree species that are also studied 
in this thesis, i.e. Vouacapoua americana and Dicorynia guianensis. Hence, I 
sought to select the same individual trees in the forest that were studied by 
Sterck (1997). 

Chapter 2 deals with the variation in leaf physiology and morphology as 
dependent on light availability and tree height of four species that differ in 
shade tolerance. Particularly, I intend to discriminate between light and height 
effects on leaf traits. In chapter 3, the effects of brief periods of high light 
('lightflecks') on photosynthetic carbon gain are analysed. For this, the 
photosynthetic induction responses to fluctuating light are investigated for 
saplings of three species, growing in gaps and under a closed forest canopy. 
Hereby attention is paid to quantification of the removal of biochemical and 
stomatal limitation during photosynthetic induction, and to evaluate inter- and 
intra-specific differences herein. In addition, for two species, it is investigated 
whether leaf age has an effect on the rate of photosynthetic induction. Age-
related changes in photosynthetic capacity and leaf morphology, and the 
benefits of light- and height-oriented leaf adjustments for the daily net carbon 
gain are addressed in chapter 4. Chapter 5 analyses the variation in leaf life 
span for two species and examines whether photosynthetic and morphological 
leaf traits are associated with leaf life span. Furthermore, for trees growing in 
contrasting light environments it is evaluated whether the rate of return on 
carbon investment (i.e. leaf payback time) is affected by the leaf's life span. 
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Finally, in chapter 6, the main goals and results of this thesis are evaluated on 
the basis how they compare to results obtained from the preceding studies and 
by others. In addition, results obtained with the two earlier mentioned species 
Vouacapoua americana and Dicorynia guianensis at the leaf level (this thesis) as 
well as at higher organisational level (e.g. branch, c rown; Sterck 1997), are 
briefly discussed with respect to the application in silvicultural systems in which 
light is manipulated to enhance growth and production of timber species. 

Tree species of study and research site 

The complete names of the study species and some of their morphological 
characteristics are shown in Table 1. The species are arranged in order from 
most shade-tolerant to light demanding. They are all timber species, except 
Pourouma bicolor spp. digitata. Duguetia surinamensis is locally extracted, while 
the others are harvested by logging companies. Vouacapoua americana and 
Dicorynia guianensis serve as the leitmotif in this thesis. Duguetia surinamensis 
and Goupia glabra produce plagiotropic (horizontal) branches from the seedling 
phase, whereas in the other species plagiotropic branching occurs later in the 
life cycle. All species have single leaves, except Vouacapoua americana and 
Dicorynia guianensis, which have compound leaves (with 5-13 and 5-7 leaflets 
per leaf, respectively). In all species the repeated growth unit or constructional 
unit is a metamer (i.e. internode, leaf and bud), except in Vouacapoua which 
forms an extension unit (i.e. a vegetative axis consisting of a sequence of 
metamers) (see also Sterck 1999). 

Table 1 . List of species, morphological data and reference to the chapter in wh i ch they were 

s tudied. 

Species Family Classification Height Leaf 
max.(m) shape 

Shoot growth Chapter 
(seedling stage) 

Duguetia surinamensis R.E.Fr. Annonaceae shade-tolerant 30 

Vouacapoua americana Aubl. Caesalpiniaceae shade-tolerant 45 

Dicorynia guianensis Amshoff Caesalpiniaceae shade-tolerant 55 

Cecropiaceae shade-tolerant 35 Pourouma bicolor Mart, 
spp. digitata Tree. 

Goupia glabra Aubl. Celastraceae pioneer 55 
(long-lived) 

simple plagiotropic 2 

compound orthotopic 2,3,4,5 

compound orthotropic 2,3,4,5 

simple orthotropic 3 

simple plagiotropic 
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The study was carried out at the Nouragues field station (4°05'N, 52°40'W) 
(Fig.1). The station is named after a group of Amerindians who abandoned the 
area about two centuries ago. It was established in 1987 by the Centre 
National de Recherche Scientifique (C.N.R.S.) in France. The mean annual 
precipitation is about 3,000 mm which is distributed over about 310 days 
(Grimaldi and Riera in press). There is a distinct dry period in September and 
October, although the limits of the dry season may vary between July and 
December (Fig. 2). The annual average temperature is approximately 26 °C. 

Surinam 

Fig. 1. Map of French Guiana and location of the Nouragues field station. 
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Fig. 2. Mean monthly precipitation (±SE) recorded at the Nouragues field station over the period 
1987 to 1998. Data is recorded for 104 months out of a total of 132. January and December 
are the least well documented, as the station is usually unoccupied in these months. 

The Nouragues area consists of two permanent forest sample plots that are 
situated at the base of a granitic inselberg which is about 410 m high. A creek 
that forms the boundary between two geologically different areas separates the 
forest plots. The eastern plot (50 ha) consists of metavolcanic rocks of the 
Paramaca series and is covered with clayey ferralsols. The western plot (12 ha, 
the study area of this thesis) consists of granite rocks of the series Caraibe 
which is partly covered with sandy clay ferralsols (Poncy et al. 1998; Grimaldi 
and Riera in press). The maximum height of the forest canopy is about 50 m, 
with some emerg trees of up to 60 m. 
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The effect of tree height and light availability 
on photosynthetic leaf traits of four neotropical 

species differing in shade tolerance 

With Thijs Pons and Frans Bongers 

Abstract 

Light-saturated rate of photosynthesis (Amax), nitrogen (N), chlorophyll (Chi) content 
and leaf mass per unit area (LMA) were measured in leaves of trees of different 
heights along a natural light gradient in a French Guiana rain forest. The following four 
species, arranged in order from most shade-tolerant to pioneer, were studied: Duguetia 
surinamensis, Vouacapoua americana, Dicorynia guianensis and Goupia glabra. Light 
availability of trees was estimated using hemispherical photography. 

The pioneer species Goupia had the lowest LMA and leaf N on both an area and 
mass basis, whereas Duguetia had the highest values. In general, leaf variables of 
Vouacapoua and Dicorynia tended to be intermediates. Since Amax/area was similar 
among species, Goupia showed both a much higher light-saturated photosynthetic 
nitrogen use efficiency (PNUEmax) and Amax/mass. Leaves of Vouacapoua demonstrated 
the greatest plasticity in Amax/area, particularly in small saplings. 

A distinction could be made between the effect of tree height and light availability 
on the structural, i.e. LMA, and photosynthetic leaf characteristics of all four species. 
The direction and magnitude of the variation in variables were similar among species. 

LMA was the key variable which mainly determined variation in the other leaf 
variables along tree height and light availability gradients, with the exception of 
changes in chlorophyll concentration. Amax/area, N/area, LMA and stomatal 
conductance to water vapour (gs) increased, whereas Chl/mass decreased, with both 
increasing tree height and canopy openness. Amax/mass, PNUEmax and Amax/Chl 
increased with increasing openness only. N/mass and Chl/area were independent of 
tree height and openness, except for small saplings of Goupia which had a much 
lower Chl/area. 



10 Chapter 2 

Introduction 

In tropical forests events such as the formation and closure of canopy openings 
of different dimensions create a light environment which is highly 
heterogeneous (Chazdon and Fetcher 1984; Kira and Yoda 1989). 
Consequently, a tree may experience several alternate phases of high and low 
light conditions in the course of its life span. Because light is a major 
determinant for survival and growth, it is expected that plants are able to adjust 
their leaf and/or whole plant traits to changing light availability. 

Leaf responses to different light environments vary widely within and among 
species. In general, within species, shade-growing leaves are thinner, have 
lower mass per unit area, and have higher mass-based chlorophyll content than 
do sun-growing leaves (Bongers and Popma 1988; Kitajima 1994). In addition, 
shade leaves usually have low area-based rates of photosynthesis and dark 
respiration and low light saturation points (Boardman 1977). As a result, leaf 
adjustments to low light increase the capacity of light absorption at the expense 
of photosynthetic capacity and minimise carbon losses through respiration (e.g. 
Evans 1989; Pons and Pearcy 1994). In contrast, sun leaves can make more 
efficient use of the prevailing high light intensities for carbon gain while avoiding 
a possible reduction in photosynthetic performance as a result of 
photoinhibition. Therefore, acclimation to a high light condition often results in 
thicker leaves with more chloroplasts per unit area and in greater investments in 
leaf compounds related to the carboxylation and electron transport processes 
needed to increase photosynthetic capacity (e.g. Boardman 1977). 

Increasingly more evidence indicates that both light-demanding and shade-
tolerant species are capable of phenotypic plasticity, indicating adjustments are 
not necessarily related to the successional status of species (Turnbull 1991 ; 
Popma et al. 1992). However, when comparing species leaves of shade-tolerant 
species often have both lower rates of photosynthesis (Koike 1 988; Raaimakers 
et al. 1995) and a higher leaf mass per unit area (Kitajima 1994; but see Popma 
et al. 1992) than do light-demanding species in both shade and high light 
conditions. 

Independent of the light-environment, leaf and/or whole plant traits may also 
change with plant size (Coleman et al. 1994). For example, Hoflacher and Bauer 
(1982) found a greater plasticity in leaves of adult plants of Hedera helix as in 
high light these plants were able to develop thicker leaves wi th higher area-
based rates of photosynthesis than did juvenile plants. For several woody 
species, seedlings showed a decrease in mass-based rates of photosynthesis 
(Walters et al. 1993a), an increase in photosynthetic saturation irradiance 
(Bormann 1958) and an increase in leaf mass per unit area (Veneklaas and 
Poorter 1998) as the plant grew. Studies on mature canopy trees are scarce, 
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however, and mainly focusing on the distribution patterns of leaf level traits 
within a crown (e.g. Ellsworth and Reich 1993). However, in temperate forests 
it was found that an increase in tree height of some conifer species was 
accompanied by an increase in leaf mass per unit area and a decrease in mass-
based leaf nitrogen content (Schoettle 1994; Niinemets and Kull 1995; 
Niinemets 1997a) and a decrease in mass and area based rates of 
photosynthesis (Schoettle 1994; Kull and Koppel 1987). 

Several factors may explain physiological and morphological alterations in 
leaf characteristics as tree height increases. For instance, because the ratio of 
total leaf area to total non-photosynthetic, living tissue decreases wi th 
increasing tree height less available foliage has to provide the tree w i th 
assimilates for growth and maintenance. Also, increasing tree height 
necessitates extra carbon investments to construct and maintain support tissues 
such as twigs and branches (Givnish 1 986) or to lessen the risk of windthrow 
(Telewski 1995). Furthermore, because tall trees are likely to have a steeper 
water potential gradient from soil to leaf, their leaves must have a sufficiently 
negative water potential to take water from the soil to the leaf (Friend 1993; 
Niinemets 1997a). 

Beside tree size dependent changes, leaf traits may also change in respond 
to the environment, as an increase in height in the forest is often accompanied 
by an increase in air temperature, vapour pressure deficit, irradiance and/or wind 
speed (e.g. Kira and Yoda 1989). Increasing wind speed, for example, may 
cause mechanical stress for leaves, inducing morphological and anatomical 
changes in leaves (e.g. Jaffe and Forbes 1993). 

To date studies investigating variations in leaf characteristics as related to 
tree size are scarce. Our objective in this study was to discriminate between 
tree height and light availability effects on leaf physiology and morphology of 
four tree species differing in shade tolerance. Arranged in order of decreasing 
shade tolerance these species were: Duguetia surinamensis, Vouacapoua 
americana, Dicorynia guianensis and Goupia glabra. We selected individuals of 
different heights growing in a range of natural light conditions in a French 
Guiana rain forest. Measurements of light-saturated rate of photosynthesis, leaf 
nitrogen and chlorophyll content, and leaf mass per unit area were performed on 
exposed leaves in the upper part of the tree crown. 

Materials and Methods 

Study site and species 
The research was carried out in an area of 12 hectares at the biological field 

station Les Nouragues in a lowland tropical rain forest in French Guiana (4°05' 
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N; 52°40' W) in the period from June through November during three 
consecutive years (1995-1997). The area has well-drained, clayey to sandy-
clayey ferralitic soils on weathered granite parent material. Mean annual rainfall 
is about 3,000 mm with dry periods from September to November and February 
to March. The maximum height of the forest canopy is about 50 m with some 
emergent trees reaching 60 m in height. 

Duguetia surinamensis R.E.Fr. (Annonaceae) is considered to be the most 
shade-tolerant because it is a sub-canopy species reaching 30 m at maturity. 
Goupia glabra Aubl. (Celastraceae) is the least shade-tolerant. It is a long-lived 
pioneer species which needs large gaps to germinate and establish, but may 
survive under the forest canopy (Schulz 1960). The large canopy trees 
Dicorynia guianensis Amshoff and Vouacapoua americana Aubl. (both 
Caesalpiniacea) are of intermediate shade tolerance, and the latter one is 
considered the most shade-tolerant of the two (Favrichon 1994). Both species 
can establish themselves in the forest understorey and in small gaps. For 
brevity, species will hereafter be referred to by genus only. All species except 
Goupia are common in the area studied. Maximum tree height for Vouacapoua 
is about 45 m, and for Dicorynia and Goupia about 55 m. Dicorynia and 
Vouacapoua have compound leaves with five to 15 leaflets. Goupia and 
Duguetia produce plagiotropic branches with simple leaves from the seedling 
stage. In this study, the leaflets of compound leaves are considered to be 
functionally similar to simple leaves. 

Selection of trees and leaf sampling 
The total height of the selected trees ranged from 0.7 to 21 m. Individuals in or 
nearby gap sites of different sizes and under a closed canopy were chosen. 
They were selected on the basis of their height at that moment: (1) small 
saplings (range 0.7-2 m), (2) small juvenile trees (range 4-9 m) and (3) tall 
juvenile trees (12-21 m). For similar sized trees both shade and light growing 
individuals were sampled. In the upper, peripheric part of the tree crown, six to 
20 young, fully expanded leaves were harvested to determine leaf mass per unit 
area (LMA). Access to leaves was obtained by using climbing poles or rope 
techniques. Prior harvesting, three or four leaves from this sample were used to 
measure the area-based light-saturated rate of photosynthesis (Amax/area), 
chlorophyll per unit leaf area (Chl/area) and nitrogen per unit leaf mass 
(N/mass). All the measurements were averaged per tree. Gas-exchange 
measurements were made before the leaves were harvested. In addition, for 
Duguetia, Vouacapoua and Dicorynia mature canopy trees (n = 1, 3 and 3, 
respectively) were sampled, ranging in tree height from 26 m for Duguetia and 
34-55 m for the other two species. All canopy trees were exposed to full sun, 
except the Duguetia tree. Owing to the small sample of these individuals, they 
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were not included in the statistical analyses. For Goupia no canopy trees were 

accessible. 

Gas-exchange measurements 
Light-saturated rate of photosynthesis at ambient C0 2 partial pressure was 
measured using a portable infra-red gas-exchange system (CIRAS-1, PP-system, 
Hitchin, UK) wi th a Parkinson leaf chamber (2.5 cm2). Leaves were brought to 
photosynthetic light saturation under a quartz halogen bulb (12V, 20 Watt) at a 
photon flux density (PFD) of 735 (arnol m 2 s'1. Preliminary measurements 
showed that this light intensity was well above the light-saturated point for 
these leaves. The time needed for photosynthetic induction was about 15 min. 
During all measurements mean (± SD) air temperature in the leaf chamber was 
28 ± 1°C, C0 2 concentration was 355 ± 4 ppm and relative air humidity was 66 
± 8%. Gas-exchange measurements were always carried out in the morning 
between 09.00 and 12.00 h. The rate of photosynthesis and stomatal 
conductance to water vapour (gs) at light saturation were calculated according 
to Von Caemmerer and Farquhar (1981). 

Leaf morphology, nitrogen and chlorophyll analyses 
The circumference of each harvested leaf was first drawn on paper; these 
drawings were used, in the Netherlands, to calculate leaf area with a video area-
meter (DIAS, Delta-T Image Analyse System, Eijkelkamp BV, Giesbeek, the 
Netherlands). The leaves were then dried in a field oven at 50 °C for 3 days and 
afterwards dry-stored. In the Netherlands leaves were oven-dried at 70 °C for 
48 h before leaf dry weight was measured. From these data LMA was 
calculated for each leaf. Leaf chlorophyll and nitrogen content were measured 
for the leaves used for gas-exchange measurements. Chlorophyll was extracted 
from one leaf disk (1.23 cm2) per fresh leaf with 3 ml N,N-Dimethylformamide 
(Inskeep and Bloom 1985) and stored in the dark at 4 °C for 2.5 weeks. 
Chlorophyll content was analysed with a spectrophotometer in the Netherlands. 
The leaf N-analysis was carried out for a pooled sample of three to four leaves 
per tree; these leaves were also used for the gas-exchange measurements. In 
the Netherlands, leaf N was analysed with either an elemental analyser (Carlo 
Erba, model 1106, Milano, Italy) or, after extraction wi th hot water, 
spectrophotometrically with a segmented f low analyser (Skalar San+ System, 
Breda, the Netherlands). 

Estimation of light availability 
Hemispherical photography was used to estimate the light availability for a tree. 
A photograph was taken above the centre of each individual, using a camera 
(Canon Ti-70) with a fish-eye lens (Canon, 7.5 mm f5.6), except for tall juvenile 
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trees (12-21 m) where photographs were taken above and close to the position of 
the harvested leaves. For small saplings (< 2m) the camera was mounted on a 
tripod, whereas for all other trees the camera was fixed in an aluminium leveller 
and mounted on a telescopic aluminium pole (maximum range 6 m). For each 
photograph canopy openness was calculated as the percentage of unobstructed 
sky, weighted for angle of incidence, according to Ter Steege (1994); we used 
a radiation distribution for a standard overcast sky. Percentage canopy 
openness was used as an estimation of the light availability per tree. 

In order to verify if canopy openness was a good estimator of light 
availability, we measured the daily PFD above 16 trees, differing in height, of 
Dicorynia and Vouacapoua, which were also used in this study. Five gallium-
arsenide phosphide photo-diodes (Model G-1118, Hamamatsu Photonics, 
Hamamatsu, Japan), calibrated against a Li-Cor quantum sensor under full 
sunlight, were attached to petioles of leaves at the top of the tree crown, and 
close to the position were the hemispherical photograph was taken. The light 
sensors were oriented horizontally. They monitored PFD every 5 s, and 1 min 
means were stored with a Li-Cor 1000 data logger from 7.30 until 17.00 h, over 
five to eight consecutive days during the period from September to November in 
1996 and 1997. Simultaneously, the daily PFD above the forest canopy was 
measured at a fixed site in the research area using a Li-Cor quantum sensor. Daily 
integrated PFD was calculated for each sensor and expressed as a percentage of 
the daily integrated PFD measured above the forest canopy. Above the forest 
canopy the PFD ranged from 30 to 45 mol m 2 day"1. 

Statistical analyses 
The effects of light availability, tree height and species on leaf variables were 
analysed with an analysis of covariance (ANCOVA), with species as main factor 
and tree height and percentage canopy openness as covariables. We tested the 
assumption of homogeneity of regression slopes of leaf variable on both tree 
height and canopy openness for all four species; if no significant differences 
were found then the interaction term was removed from the model (Sokal and 
Rohlf 1995). Within species scatterplots showed linear relationships between all 
leaf variables and both tree height and canopy openness, except for Chl/area, as 
for tree height, no linear relationship was found for trees of Goupia. Therefore, 
Chl/area was exclude from the ANCOVA. The interspecific differences in leaf 
variables were tested using leaf characteristics for a common tree with an 
average height and canopy openness; the so-called test for adjusted means. Box 
plots were used to show the intraspecific variation in leaf variables. For all 
species pooled, trends of LMA, Amax/area and Chl/area with tree height and 
canopy openness were analysed by linear regression. Data were log-transformed 
if variances were not equal among species. 
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Results 

Estimation of light availability 
A significant positive relationship was found between direct measurements of 
PFD and percentage canopy openness above 16 trees of Dicorynia and 
Vouacapoua (r2 = 0.60, P< 0.001). We therefore concluded that, in this study, 
canopy openness could be used as an estimator for light availability, and that 
the hemispherical photographs sufficiently represent the light environment of 
the leaves on which gas-exchange measurements were made. 

For all species the range of canopy openness was moderately low, as 
almost 95% of the trees had an openness of less than 15% (Fig. 1). This rather 
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Fig. 1. Light availability, expressed as percentage canopy openness derived from hemispherical 
photographs, plotted against tree height (m) for Duguetia, Vouacapoua, Dicorynia and Goupia. 
Pearson's correlation coefficient ( r ), number of individuals (n) and level of significance (ns., 
P>0.05; * * * , P<0.001) are given. 
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low range of canopy openness resulted from the lack of large gaps in the 

research area. There was no correlation between canopy openness and tree 

height for individuals of Dicorynia and Duguetia (Fig. 1). This was expected 

because, for similar sized trees, individuals were selected both in gap sites and 

under a closed forest. However, trees of Vouacapoua and Goupia showed a 

positive correlation between openness and height (Pearson's correlation 

coefficients of 0.59 and 0 . 6 1 , respectively). When the canopy openness value 

of the tallest tree of Goupia was excluded, no correlation was found for this 

species (data not shown). In general, we found a fairly uniform distribution of 

percentage canopy openness over the different tree heights and species; this is 

a prerequisite the data analysis. 

Table 1. Results of an one-way Ancova with species (n = 4) as main factor and tree height (m) 
and canopy openness (%) as covariables. The following leaf variables are given: light-saturated 
rate of photosynthesis per unit leaf area (Amax/area) and per unit leaf dry mass (Amax/mass); 
nitrogen content per unit leaf area (N/area) and per unit leaf dry mass (N/mass); chlorophyll 
content per unit leaf dry mass (Chl/mass); leaf mass per unit leaf area (LMA); light-saturated 
rate of photosynthesis per unit leaf nitrogen (PNUEmax) and per unit chlorophyll (Amax/Chl) and 
stomatal conductance to water vapour (gs). Units for the variables are given in parentheses. F-
values, level of significance (P), intercept, common regression slope of tree height (b1) and 
canopy openness (b2), coefficient of determination (r2) and number of individuals (n) per variable 
are given. Amax/mass, N/mass, PNUEmax , Amax/Chl and gs were log transformed prior to analysis. 
Significant levels: ns., P>0.05; *, P<0.05; * * , P<0 .01 ; * * * , P<0.001. F-values for 
intercepts are not shown (P< 0.001). Regression Model: variable = intercept + (b1 x tree 
height) + (b2 x canopy openness) + species effect + error. 

Variable 

Amax/area (umol m"2s"1) 

Amax/mass (nmol g"1 s"1) 

N/area (mmol m'2) 

N/mass (mmol g"') 

Chl/mass (mmol mg'1) 

LMA (g m"2) 

PNUEmax (umol mol"1 s'1) 

Amax/Chl (umol mmol'' s'1 

gs (mmol m'2 s"1) 

Species 

F P 

3 

23 

45 

19 

23 

48 

40 

6 

0.2 

• 
... 
... 
... 
... 
... 
... 
... 
ns 

Intercept 

3.0 

1.9 

67 

0.2 

13 

42 

1.7 

0.8 

1.9 

Tree heiaht 

F P b1 

31 

0.3 

34 

0.4 

13 

97 

0.1 

3 

3 

... 

ns 

... 
ns 

... 

... 
ns 

ns 

* 

0.11 

-0.001 

1.77 

-0.001 

-0.14 

1.18 

0.001 

0.004 

0.005 

Canopv openness 

F P b2 

37 

14 

20 

1 

11 

26 

6 

23 

14 

... 

... 

... 
ns 

*• 
... 
• 
... 
... 

0.21 

0.01 

2.23 

0.002 

-0.22 

1.01 

0.01 

0.020 

0.017 

Model 
r2 

0.55 

0.47 

0.69 

0.36 

0.53 

0.77 

0.57 

0.38 

0.23 

n 

112 

110 

112 

112 

105 

112 

112 

105 

112 



Height and light effects on leaf traits 17 

Variation in leaf variables among species 
Species differed in their expression of leaf variables, and these differences were 
greatest for LMA, N/area and PNUEmax as indicated by their high F-values (Table 
1). Interspecific differences in leaf variables, derived from the test for adjusted 
means, are shown in Fig. 2. Differences in leaf variables were most pronounced 
between the pioneer species Goupia and the most shade-tolerant species 
Duguetia, whereas leaf traits of Dicorynia and Vouacapoua tended to be 
intermediates (Fig. 2). Duguetia had the highest LMA, followed in decreasing 
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Fig. 2. Box plots of Amax/area, Amax/mass, N/area, N/mass, LMA, Chl/mass, PNUEmax , Amax/Chl 
and gs for Duguetia, Vouacapoua, Dicorynia and Goupia (abbreviations as in Table 1). The upper 
and lower border of the box are the 75th and 25th percentiles, respectively, the black horizontal 
line within the box is the median and the error bars are the 10,h and 90 th percentiles. For each 
leaf variable species with the same letter were not significantly different (P>0.05). Interspecific 
differences in leaf variables were analysed using the test for adjusted means. The closed circles 
represent values for the leaf variables of the large, mature canopy trees oiDuguetia (n = 1), 
Vouacapoua (n = 3) and Dicorynia (n = 3). 
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order by Vouacapoua, Dicorynia, with Goupia having the lowest LMA. Because 
Goupia had the lowest LMA and N/mass this resulted in a much lower N/area 
and a much higher Amax/mass as compared to the other species. Among the 
three shade-tolerant species PNUEmax was significantly higher for leaves of 
Vouacapoua than for Duguetia, whereas PNUEmax was almost twice as high for 
Goupia than for the other species (Fig. 2). Both Duguetia and Vouacapoua had a 
significantly lower Chl/mass than did the two other species. Although Amax/area 

5 10 15 20 

Tree height (m) 

5 10 15 20 

Canopy openness (%) 

Fig. 3. Leaf mass per unit area (LMA) and light-saturated rate of photosynthesis per unit area 
(Amax/area) plotted against (a,c) tree height and (b,d) canopy openness for Duguetia (closed 
circle), Vouacapoua (open circle), Dicorynia (closed triangle) and Goupia (open triangle). Solid 
lines represent linear regression for all species pooled. Regression equations: 
43.52 + 1.46xHeight 
40.12 + 1.72xOpenness 
4.08 + 0.16xHeight 
2.98 + 0.29xOpenness 

( r = 0.40, P<0.001, LMA) 
(r2 = 0 .21, P<0.001, LMA) 
(r2 = 0.32, P<0.001, Amax/area) 
(r2 = 0.39, P<0.001, Amax/area). 
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was similar among the four species (Fig. 2), Vouacapoua tended to have a 
greater plasticity in photosynthetic capacity, which is particularly evident in 
small saplings having a great variation in Amax/area (Fig. 3). Amax/Chl was similar 
among species, except for Dicorynia which had a significantly lower value than 
had Vouacapoua. Stomatal conductance to water vapour (gs) did not differ 
among the four species. 

Comparison of tree height and light availability effects 

The measured leaf variables LMA and Amax/area were used to illustrate the single 
effect of tree height and canopy openness on leaf traits (Fig. 3); N/mass was 
not included because it was unaffected by height and openness (Table 1). For 
all species, both LMA and Amax/area increased significantly wi th increasing 
height and openness (Fig. 3). 

Table 1 summarises the results of the ANCOVA, which discriminates 
between tree height and light availability effects on leaf variables. For most of 
the dependent variables the explained variation of the model was moderate to 
fairly high (range 23-77%). For Amax/mass, N/mass, Amax/Chl and gs this variation 
was less than 50%. 

Amax/area, N/area and LMA were strongly positively affected by both tree 
height and canopy openness as indicated by their high F-values. Amax and N on a 
mass basis, however, were constant across different heights and openness, 
except for Amax/mass, which slightly increased with increasing canopy 
openness. Furthermore, PNUEmax and Amax/Chl were unaffected by tree height, 
whereas N/mass was unaffected by canopy openness. Chl/mass was the only 
variable which decreased with both increasing height and openness as indicated 
by the sign of the regression slopes (b1 and b2, respectively). Stomatal 
conductance moderately increased with increasing canopy openness and, to a 
lesser extent, wi th increasing tree height. 

The variable Chl/area was excluded from the ANCOVA (see Statistical 
Analyses). Because LMA and Chl/mass showed opposite patterns Chl/area was 
independent of tree height in all species, except for leaves of Goupia, which 
showed a positive logarithmic relationship (Fig. 4). This non-linear relationship 
for Goupia was the result of a much lower leaf chlorophyll content found in 
small saplings compared to the content in the large trees. Chl/area was 
independent of canopy openness for all species (data not shown). 

Leaf characteristics of the additional mature canopy trees of Duguetia, 
Vouacapoua and Dicorynia were added in the box plots as closed circles (Fig. 
2). It seemed that traits changed when trees reach their maximum height. In all 
three species, LMA and N/area tended to be higher for canopy trees than for the 
smaller individuals. Mass-based Amax and leaf N tended to be lower in canopy 
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trees of Dicorynia, resulting from a higher LMA in these large individuals (Fig. 

2). 

Discussion 

Differences in leaf variables among species 
Considerable variation in leaf variables existed among the species, especially 
between the pioneer Goupia and the three shade-tolerant species (Fig. 2). 
Rather low rates of Amax/area were found for light growing individuals of Goupia, 
whereas higher rates were expected for a pioneer species. Higher rates of 
Amax/area for Goupia have been reported, however, for individuals growing in 
much brighter light conditions (Raaimakers et al. 1995; Reich et al. 1995a; Hue 
et al. 1994). Moreover, Hue et al. (1994) found a higher Amax/area (8.9 //mol rrf2 

s"1) for trees of Dicorynia growing in artificial stands than for similar sized trees 
in our study. These findings suggest that, in our study, light availability might 
not be enough for Goupia and Dicorynia to express their full photosynthetic 
capacity. 

LMA was lowest for the pioneer species Goupia and increased with 
increasing shade tolerance of the other species (Fig. 2), which is consistent 
with other studies (e.g. Kitajima 1994; Reich et al. 1995a). However, Popma et 
al. (1992) investigated 68 tropical tree species and found no differences in LMA 
between obligate gap species and gap-independent species. In general, 
interspecific variation in LMA is caused by differences in leaf anatomy, 
morphology (e.g. leaf hairs, thorns) and/or chemical composition (e.g. starch, 
secondary compounds) (Lambers and Poorter 1 992; Van Arendonk and Poorter 
1994). A higher LMA, typically found for shade tolerant species, is often owing 
to extra investment in compounds, e.g. lignin, or in support tissue which reduce 
the palatability of leaves (Lambers and Poorter 1992). 

The greater efficient use of nitrogen in terms of photosynthetic capacity, i.e. 
PNUEmax, in leaves of Goupia was probably owing to its very low N/mass (Fig. 
2). In general, high values of mass-based leaf N are observed in pioneer species 
because they usually occupy resource-rich habitats such as large gaps. Reich et 
al. (1995a), however, found that only the earliest successional species, e.g 
Cecropia, had a high N/mass, and that other species along the successional 
gradient, such as Goupia, had low to moderate N/mass. The low PNUEmax found 
for the three shade-tolerant species, despite their higher N/mass, may have 
resulted from a large investment of N in leaf components that are not 
associated with photosynthesis (Lambers and Poorter 1992; Pons et al. 1994). 
It may also be a consequence of a sub-optimal distribution of N within the 
photosynthetic apparatus (Pons et al. 1994). 
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Fig. 4. Chlorophyll content per unit area (Chl/area) plotted against tree height (m) iorDuguetia, 
Vouacapoua, Dicorynia and Goupia. Species symbols are the same as in Fig. 3. Mean values of 
Chl/area for three to four leaves per tree are shown. The solid line and broken lines represent 
non-linear and linear regression, respectively. Regression equations: 
0.53 + 8.85x10"4xHeight (r2 = 0.005, ns., Chl/area Duguetia, dotted line) 
0.53 + 1.89x10"3xHeight (r2 = 0.012, ns., Chl/area Vouacapoua, dash-dot line) 
0.54+5.39x10'3xHeight (r2 = 0.074, ns., Chl/area Dicorynia, long-dash line) 
0.36 + 0.24xlog (Height) ( r = 0.72, P<0.001, Chl/area Goupia, solid line). 

Leaf variables as dependent on tree height and light availability 
Both PNUEmax and Amax/mass only marginally increased wi th increasing light 
availability, wi th the exception of changes in chlorophyll content (Table 1), 
suggesting that the species were hardly capable of physiological light 
acclimation. Mass-based chlorophyll content increased with both decreasing tree 
height and canopy openness (Table 1). The increase of Chl/mass with decreasing 
light often results from enhanced investments of resources, especially nitrogen, in 
chlorophyll (Chazdon 1992; Poorter et al. 1995; Niinemets 1997b). Furthermore, 
for all species, Amax/Chl was only affected by canopy openness (Table 1). The 
ratio of photosynthetic capacity to chlorophyll content is an important aspect of 
shade adjustment in leaves. The higher Amax/Chl at high light availability indicates 
that in high light conditions species were able to invest more of their resources 
in carbon-assimilation, rather than in light-harvesting which, in turn, should be 
more advantageous in low light conditions (Seeman et al. 1987; Evans 1989). 
Moreover, Chl/mass also decreased with increasing tree height, which may be a 
consequence of an increased investment in cell-wall material (e.g. Niinemets 
1997a). LMA and Chl/mass showed opposite patterns, resulting in Chl/area to be 



22 Chapter 2 

unaffected by tree height and light availability. This suggests that, within species, 
leaves of small and/or shade-growing individuals could capture a similar amount 
of light as do large and/or bright-growing individuals (Poorter et al.1995; 
Niinemets 1997b). Small individuals of Goupia, however, showed a contrasting 
pattern, as their leaves had a much lower Chl/area compared to those of saplings 
of the other three species (Fig. 4). 

Significant positive area-based Amax-N relationships (P<0.001) , wi th similar 
slopes (about 0.052), were found for leaves of the four species (data not 
shown). When expressed on a mass basis regressions were only significant for 
Duguetia and Vouacapoua; however, these slopes were almost horizontally 
oriented (data not shown). Within species, a stronger Amax -N relationship on an 
area than on a mass basis is caused by a larger variation in LMA than in N/mass 
across different environmental gradients, and by a strong correlation between 
LMA and N/area (Ellsworth and Reich 1993; Reich et al. 1994; Table 1). In our 
study the variation of Amax/area and N/area could also be traced back to variation 
in LMA, as this variable was strongly correlated with both tree height and canopy 
openness (Table 1). Other studies also found positive relationships between 
LMA and light availability (Walters et al. 1993b; Kitajima 1994; Raaimakers et 
al. 1995) and between LMA and tree height, independently of light, (Niinemets 
and Kull 1995; Poorter et al. 1995; Niinemets 1997a), suggesting a consistent 
trend within tree species. 

An increase in LMA with increasing light availability often is the result of the 
formation of a thicker mesophyll tissue, especially the development of elongated 
or more layers of palisade parenchyma (Bongers and Popma 1988; Chazdon and 
Kaufmann 1993). In addition, leaves with thicker mesophyll typically have more 
chloroplasts per unit area, resulting in a higher Amax/area (Hoflacher and Bauer 
1982; Turnbull 1991 ; Chazdon and Kaufmann 1993). LMA, however, also 
increased with increasing tree height, independently of light, suggesting the 
developmental phase constrained plasticity in LMA; that is, small trees were 
prevented from developing heavy and thick leaves like in large trees (e.g. 
Hoflacher and Bauer 1982; Knapp and Fahnestock 1990). 

When trees grow taller they often experience an increased water limitation, 
generally owing to changed environmental conditions, such as increasing vapour 
pressure deficits and wind speed with height, and an increased hydraulic and 
gravitational resistance to water f low in the xylem, as water has to travel a 
longer distance from the soil to a leaf (Tyree and Ewers 1 9 9 1 ; Friend 1993; 
Ryan and Yoder 1997). For leaves in a tree crown to be supplied with water 
they have to reduce their water potential, e.g. by increasing the amounts of 
solutes, to below that in the soil to overcome the effects of gravity and 
hydraulic resistance in the trunk and branches. In Picea abies, Niinemets 
(1997a) showed that the higher LMA of needles in tall trees compared to those 
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in small trees was owing to larger investments of structural (e.g. cell-wall 
thickening) and non-structural (e.g. starch) carbon per needle dry weight; in that 
study an increased water stress in taller trees was given as an explanation for 
the greater LMA. 

An adverse effect of higher carbon investments in leaves of tall trees, 
however, is the dilution of nitrogen and/or other compounds involving 
photosynthesis, leading to a lower Amax/mass. In light grown trees of Pinus 
aristata, Schoettle (1994) found that needles of tall trees had a higher LMA, a 
lower N/mass and a lower area and mass based light-saturated photosynthesis 
than those of small trees. Our results did not support this phenomenon, as 
N/mass and Amax/mass were unaffected by tree height (Table 1), indicating that 
allocation of nitrogen to the leaves was similar between tall and small trees. 

In light grown trees of two Pinus species, Yoder et al. (1994) found from 
diurnal light-saturated rates of photosynthesis that tall trees had a much lower 
daily mean Amax/area than small trees, despite similar N/mass and peak net 
photosynthesis rate between tall and small trees. In that study, the authors 
suggested that the reduced net photosynthesis rate in tall trees was related to 
the earlier closure of stomata in the day resulting from an increased hydraulic 
resistance in these tall trees. Limiting transpirational water loss through 
stomatal closure in tall trees, which have an increased hydraulic resistance, is a 
necessity to prevent cavitation and embolism in the xylem, i.e. to avoid air 
entering in the xylem vessels causing a decrease in water transport (e.g. Tyree 
and Sperry 1988; Sperry et al. 1993). Fredericksen et al. (1996) also suggested 
that the effect of increased hydraulic resistance could explain the reduced mean 
diurnal gas exchange rates in canopy trees of Prunus serotina compared to 
saplings and seedlings. In our study, gas exchange rates were measured 
between 09.00 and 12.00 h, as we assumed that environmental conditions in 
the afternoon might reduce the photosynthetic potential. For trees up to 21 m in 
height, stomatal conductance was almost unaffected by tree height, whereas 
Amai</area increased with tree height (Table 1). In addition, leaves of the large, 
mature canopy trees tended to have a higher Amax/area and LMA than those of 
the smaller trees, despite their somewhat lower stomatal conductance (Fig. 2). 
Apparently, photosynthetic capacity was uniformly higher in taller trees than in 
smaller ones for all species. However, midday depression of gas exchange rates, 
owing to increasing air temperature and light, and decreasing humidity along a 
vertical gradient in the forest, could diminish the observed difference in 
photosynthesis rates between tall and small trees. 

In summary, the results of this study show that tree height and canopy 
openness had independent effects on the physiological and structural, i.e. LMA, 
leaf characteristics of all the four species. Moreover, the direction and 
magnitude of leaf responses to height and openness were similar among the 
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species. Overall, leaves of taller trees had higher LMA, N/area and Amax/area, 
and a lower Chl/mass than those of small trees, whereas canopy openness had 
an effect on all leaf variables, except on N/mass. LMA seemed to be a key 
variable, as the variation in photosynthesis rates, nitrogen and chlorophyll 
content could be traced back to variation in LMA. Our results show that the 
developmental phase of trees constrained plasticity in leaf variables, especially 
LMA. Beside environmental effects, differences in leaf variables between 
different sized trees might also be explained by changing water relations within 
a tree caused by increased hydraulic limitations in taller trees. 
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Chapter 3 

Photosynthetic induction in saplings of three 
shade-tolerant tree species: comparing understorey 

and gap habitats in a French Guiana rain forest 

With Peter Jan de Vries, Thijs Pons and Frans Bongers 

Abstract 

The photosynthetic induction response under constant and fluctuating light was 
examined in naturally occurring saplings (about 0.5-2 m in height) of three shade-
tolerant tree species, Pourouma bicolor spp digitata, Dicorynia guianensis and 
Vouacapoua americana, growing in bright gaps and in the shaded understorey in a 
neotropical rain forest. Light availability to saplings was estimated by hemispherical 
photography. Photosynthetic induction was measured in the morning on leaves that had 
not yet experienced direct sun light. In Dicorynia, the maximum net photosynthesis rate 
(Amax) was similar between forest environments (ca 4jumol m "2 s"1), whereas for the two 
other species it was twice as high in gaps (ca 7.5) as in the understorey (ca 4.5). 
However, the time required to reach 90% of A max did not differ among species, and was 
short, 7-11 min. Biochemical induction was fast in leaves of Pourouma, as about 3 min 
were needed to reach 75% of maximum carboxylation capacity (V cmax); the two other 
species needed 4-5 min. When induction continued after reaching 75% of Vcmajc, 
stomatal conductance increased in Pourouma only (ca 80%), causing a further 
increase in its net photosynthesis rate. When fully-induced leaves were shaded for 20 
min, loss of induction was moderate in all species. However, gap saplings of Dicorynia 
had a rapid induction loss (ca 80%), which was mainly due to biochemical limitation as 
stomatal conductance decreased only slowly. When leaves were exposed to a series of 
lightflecks separated by short periods of low light, photosynthetic induction increased 
substantially and to a similar extent in all species. Although A max was much lower in old 
than in young leaves as measured in Dicorynia and Vouacapoua, variables of the 
dynamic response of photosynthesis to a change in light tended to be similar between 
young and old leaves. Old leaves, therefore, might remain important for whole-plant 
carbon gain, especially in understorey environments. The three shade-tolerant species 
show that, particularly in low light, they are capable of efficient sunfleck utilization. 




