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Abstract

The present study investigated changes in photosynthetic characteristics of Guazuma ulmifolia Lam. (early succes-
sional species) and Hymenaea courbaril L. (late successional species) grown in contrasting light conditions as a way
of assessing photosynthetic plasticity. Early successional species typically inhabit gap environments being exposed to
variability in multiple resources, hence it is expected that these species would show higher photosynthetic plasticity
than late successional ones. In order to test this hypothesis, light and CO, response curves and chlorophyll content
(Chl) were measured in plants grown in high and low light environments. G. ulmifolia presented the highest amounts
of both Chl a and b, especially in the low light, and both species presented higher Chl @ than b in both light conditions.
The Chl a/b ratio was higher in high light leaves of both species and greater in G. ulmifolia. Taken together, these re-
sults evidence the acclimation potential of both species, reflecting the capacity to modulate light harvesting complexes
according to the light environment. However, G. ulmifolia showed evidence of higher photosynthetic plasticity, as in-
dicated by the greater amplitude of variation on photosynthetic characteristics between environments shown by more
significant shade adjusted parameters (SAC) and principal component analysis (PCA). Thus, the results obtained were
coherent with the hypothesis that the early successional species G. ulmifolia exhibits higher photosynthetic plasticity
than the late successional species H. courbaril.

Keywords: leaf gas exchange, light and CO, photosynthetic responses, photosynthetic plasticity, plant ecophysiology,
tropical forest succession.

Evidéncias de maior plasticidade fotossintética na pioneira
Guazuma ulmifolia Lam. comparada a secundaria Hymenaea courbaril L.
crescidas em ambientes luminosos contrastantes

Resumo

O presente estudo investigou mudancas nas caracteristicas fotossintéticas de Guazuma ulmifolia Lam. (pioneira) e
Hymenaea courbaril L. (secunddria) crescidas sob condicdes luminosas contrastantes, como uma maneira de acessar
a plasticidade fotossintética das espécies. Espécies pioneiras geralmente habitam ambientes de clareira, expostas a
uma ampla variacdo em multiplos recursos, o que indica que essas espécies podem apresentar maior plasticidade
fotossintética do que espécies secunddrias. A fim de testar essa hipdtese, foram feitas curvas de resposta a luz e ao
CO, e medidas do conteddo de clorofila (Chl) em plantas crescidas em ambientes com alta e baixa luminosidade.
G. ulmifolia apresentou os maiores teores de Chl a e b, principalmente em baixa luminosidade, e ambas as espécies
apresentaram maior contetido de clorofila a do que b em ambas as condi¢des luminosas. A razdo Chl a/b foi maior
em folhas de sol em ambas as espécies e foi mais elevada em G. ulmifolia. Conjuntamente, esses resultados eviden-
ciam um potencial de aclimatacdo em ambas as espécies, indicando a capacidade de modular os complexos antena
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de acordo com o ambiente luminoso. Contudo, G. ulmifolia mostrou evidéncias de maior plasticidade fotossintética,
conforme indicado pela maior amplitude de variagdo nas caracteristicas fotossintéticas entre ambientes, maior nimero
de parametros significativamente justados a sombra (SAC) e pela andlise de componentes principais (PCA). Assim, os
resultados obtidos foram coerentes com a hipdtese de que a espécie pioneira G. ulmifolia apresenta maior plasticidade

fotossintética do que a secunddria H. courbaril.

Palavras-chave: ecofisiologia vegetal, plasticidade fotossintética, respostas fotossintéticas a luz e ao CO,, sucessio

florestal tropical, trocas gasosas foliares.

1. Introduction

In tropical forests, light availability affects plant
succession and life-history strategies such as those of
early and late successional species (Bazzaz and Pickett,
1980). Phenotypic plasticity is essential for survival in
heterogeneous and variable environments, especially for
sessile photosynthetic organisms (Sultan, 1992; Pintado
et al.,, 1997). According to Chazdon et al. (1996) and
Pigliucci (2001) phenotypic plasticity is usually defined
as a property of individual genotypes to produce differ-
ent phenotypes when exposed to different environmental
conditions. Acclimation is, therefore, considered as a
process by which plasticity is expressed.

Comparisons between early and late successional
species suggest that these two groups generally exhibit
different capacities for light acclimation (Bjorkman,
1981; Strauss-Debenedetti and Bazzaz, 1996; Valladares
et al., 2000; Cai et al., 2005). Light acclimation is the
process that allows environmentally induced changes in
the photosynthetic utilisation of light, depending upon
the irradiance regime under which leaves develop, in-
volving a complex set of physiological, biochemical
and structural responses that can increase the capacity to
exploit light (Bjorkman, 1981). We consider, from here
on, photosynthetic plasticity as a particular expression of
phenotypic plasticity.

Photoacclimation can be considered on two levels:
at the leaf and at the chloroplast level (Murchie and
Horton, 1997). Chloroplast level acclimation refers to
differences in content of thylakoid proteins, pigments,
Calvin cycle enzymes, etc (Anderson et al., 1995;
Murchie and Horton, 1997). Changes in parameters such
as the chlorophyll a/b ratio, the PSII/PSI ratio, or A__
per unit of chlorophyll are indicative of chloroplast level
acclimation. Leaf level acclimation refers to the mark-
edly different anatomies of high and low light leaves: the
‘sun-type’ morphology would generally consist of thick-
er leaves with more columnar mesophyll cells (Sims and
Pearcy, 1992; Oguchi et al., 2003). Leaf level acclima-
tion seems to be largely controlled by signals perceived,
generated in mature leaves and transduced to newly de-
veloping leaves, whereas chloroplast level acclimation is
regulated by environmental events (Yano and Terashima,
2001; Oguchi et al., 2003). In leaves transferred from
low to high light, successful light acclimation appears
to be related to coordinated increases in both carboxy-
lation and electron transport activity (Boardman, 1977;
Langenheim et al., 1984; Thompson et al., 1992). High

light acclimation is also associated with changes in chlo-
roplast ultra-structure and increased chlorophyll a/b ra-
tios (Anderson et al., 1988).

Plasticity also occurs in within-leaf partitioning of
resources between the two major functions of the pho-
tosynthetic apparatus in this context: light harvesting
and CO, assimilation capacity (Evans, 1989; Pons and
Jordi, 1998). Photosynthetic performance is improved
by investment in light harvesting, especially in low light
conditions, and in CO, assimilation, especially in high-
light conditions (Evans and Seeman, 1989; Hikosaka and
Terashima, 1996).

The potential of a given species to acclimate to
environmental extremes is probably related to the pat-
tern of environmental variability present in its habitat.
Plants of open habitats have been described to respond
plastically and acclimate rather quickly to changes in
environmental conditions, such as temperature (Regehr
and Bazzaz, 1978) and irradiance (Peterson and Bazzaz,
1978). Thus, it was suggested that early successional
species would have higher photosynthetic plasticity rela-
tive to that of species found in later successional habi-
tats (Bazzaz, 1979; Valladares et al., 2000; Ribeiro et al.,
2005). However, increasing evidence indicates that both
light-demanding and shade-tolerant species are capable
of high photosynthetic plasticity, suggesting that high
degree of adjustments to novel environmental conditions
are not necessarily related to the species’ successional
status (Turnbull, 1991; Popma et al., 1992; Rozendaal
et al., 2006; Souza et al., 2008).

The aim of the present study is to evaluate the plas-
ticity of the photosynthetic responses of two species of
different successional groups grown in contrasting light
conditions. The multiple resource model proposed by
Bazzaz and Pickett (1980) states that early successional
species must be more plastic than late successional ones
since they deal with variation in many resources. Thus,
as an underlying hypothesis, we expect early succession-
al species to show higher photosynthetic plasticity than
late successional species.

2. Material and Methods

2.1. Plant material and study site

In this study we evaluated photosynthetic respons-
es of young plants, approximately 120 days of age,
of different ecological groups: Guazuma ulmifolia
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Lam. (Sterculiaceae) and Hymenaea courbaril L.
(Leguminosae-Caesalpinoideae). The former woody
species is an early successional and the latter is a late
successional species (Lorenzi, 1992). The experiment
was performed in an open area located at the Department
of Biological Sciences, ESALQ/USP, Piracicaba, Brazil
(22° 42’ S and 47° 38’ W, 546 m of altitude). Seeds of
both species, donated by IPEF (Instituto de Pesquisas
e Estudos Florestais — Forest Research and Study
Institute), were germinated in a greenhouse and saplings
of each species were later planted in 20 L pots, contain-
ing potting soil. Sixty days after germination, the pots
were transferred to two different growth environments
inside a greenhouse: 1 - high light (maximum PPFD
around midday of 1800 + 200 umol photons m/s) and
2- low light (around 50 umol photons m%/s throughout
the day). Plants were watered daily to full soil capacity
and remained in the new environments for more 60 days.
The photosynthetic measurements were performed only
after this period. The shade environment was created
with a black shade cloth of low transmittance.

2.2. Determination of chlorophyll a and b
concentrations

Samples of the same leaf material used for gas ex-
change measurements were collected for chlorophyll
content determination. Three leaf discs were sampled
from different leaves of three plants and assays were
carried out immediately after removal. Leaf discs were
macerated and homogenised in a solution with DMF
(dimethylformamide) and buffered aqueous acetone
(80%), pH 7.8. The homogenate was centrifuged at
14.000 rpm for 5 minutes and the supernatants were sub-
mitted to measurements in a spectrophotometer at 663.6
and 646.6 nm. The determination of chlorophyll concen-
tration in the supernatant was performed according to
equations described by Porra et al. (1989).

Chl a = 12.25 x A%36 — 2,55 x A%66

Chl b =20.31 x A%66 —4.9] x A%36

Chla+ b =17.76 x A%66 —7.34 x A%36
where A is the absorbance.

2.3. Light and CO, response curves

Both light and CO, response curves were taken us-
ing a portable infrared gas analyser (Li-6400, Li-Cor,
Lincoln, NE, USA) with a leaf chamber of 6 cm?. Before
the measurements the gas exchange system was zeroed
using CO-free and HZOvupur—free air. The air entering the
gas analyser was sampled from a height of 2 m above
ground and passed through a 10 L mixing volume before
reaching the leaf chamber. The light and CO, response
curves were carried out from 8:00 AM to about 5:30 PM
in healthy and fully developed leaves grown in both light
environments. Three different plants per species were
evaluated in each light environment.

In the light response curves, assimilation rate (A)
was measured as a function of photosynthetic pho-
ton flux density (PPFD) in three fully expanded leaves

Braz. J. Biol., 2010, vol. 70, no. 1, p. 75-83

for each species and light environment, under control-
led temperature (about 27 °C) and CO, concentration
(400 £ 1.2 umol.mol™). Light response curves were
performed from the highest (2000 umol photon m/s)
to the lowest PPFD (0), and data were recorded after as-
similation rates reached the steady state. The A values
at PPFD = 0 were used as a measure of dark respiration
(Rd). In the CO, response curves, PPFD during meas-
urements was set at 1200 pmol photon m™/s and CO,
concentration was decreased from 400 umol mol! until
50 pmol mol™! and then increased until 1900 umol mol™.
Both light and CO, response curves were fitted using the
following equation (Prado and Moraes, 1997)

A= Amax (1-¢e 7k(X-CP))
where:

A = net CO, assimilation

A =maximum CO,assimilation

e = Euler’s number

k = constant related to the convexity of the curve

X =PPFD or Ci

CP = Light or CO, compensation point

Light and CO, saturation points were estimated cal-
culating the X-axis values in which A reached 90% of
A . Apparent quantum and carboxylation efficiencies
were estimated using the initial linear slope of A x PPFD
and A x Ci curves respectively. Relative stomatal limita-
tion of photosynthesis (Ls) was calculated as proposed
by Farquhar and Sharkey (1982):

Ls = [(A’-A)/A’]*100
where:

A’=CO, assimilation when Ci equals the atmosphere

concentration
A =CO, assimilation when Ce equals the atmosphere
concentration

Water use efficiency (WUE) (mmol CO, mol H,O™)
was calculated dividing daily integrated A values by
integrated E values obtained in daily courses (data not
show).

The shade adjustment coefficient (SAC) was calcu-
lated as in Laisk et al. (2005):

SAC = 1- (Shade/Sun)
where shade and sun corresponds to the value of a given
physiological parameter in each respective environment.
This is an estimate of shade adjustment, where higher
absolute values of SAC indicate higher photosynthetic
plasticity in response to different light conditions. SAC
was considered significant depending on the results of
a t-test performed between sun and shade values, at 5%
significance level.

2.4. Statistical analysis

All data were subjected to a two-way-ANOVA, in
order to test the significance of the differences between
species in each light condition and between light con-
ditions for each species. Pos hoc average comparisons
were performed by Tukey’s test at 5% significance level.
Analyses were carried out using Sisvar 4.6 software.
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Multivariate principal components analysis (PCA)
was used in order to evaluate the combination of pho-
tosynthetic characteristics of the species studied in both
environments. The PCA is a linear dimensionality reduc-
tion technique, which identifies orthogonal directions of
maximum variance in the original data, projecting the
data into a lower-dimensionality space formed by a sub-
set of the highest-variance components (Manly, 1994).
In this study a space of two dimensions (two principal
components), which were limited by two axes labelled
pcl and pc2, was suitable for our analysis. In this analy-
sis, all parameters presented in Table 1 were used, except
Chl contents, and the threshold established to consider
a given physiological parameter relevant for each axis
was 0.35 (eigenvector). The analysis was performed on
PC-ORD version 3.12 software (MJM Software Design,
Gleneden Beach, Oregon, USA).

3. Results and Discussion

3.1. Chlorophyll content

The early successional species G. ulmifolia present-
ed the highest contents of both Chl ¢ and b and total Chl
(a+b) especially in the low light environment (Table 1).
Previous works also described that Chl is higher in
leaves of shade plants relative to sun plants (Anderson
et al., 1988; Evans, 1989; Zhang et al., 1995; Feng et al.,

2004). Shade-acclimated leaves contain higher Chl per
unit of mass than sun leaves, which is related to in-
creased allocation of resources to light-harvesting func-
tions rather than in electron transport and CO, fixation
capacity (Bjorkman, 1981; Walters, 2005). However,
in H. courbaril the highest Chl contents (a, b and to-
tal) were detected in leaves under high light conditions.
Since higher SLW is expected in high light grown leaves
(Krall et al., 1995; Murchie and Horton, 1997; Portes
et al., 2006), this unexpected result can be explained by
the differences between leaf thickness in sun and shade
leaves. Lichtenthaler et al. (2007) also verified higher to-
tal Chl (a+b) contents per unit of leaf area in sun leaves
and needles in the four tree species studied; however
when expressed on a dry matter basis, shade leaves and
needles presented higher Chl a+b content.

G. ulmifolia and H. courbaril presented higher con-
tent of Chl a than b in both high and low light condi-
tions, although in H. courbaril the contents were higher
in high light leaves of and in G. ulmifolia in low light
leaves. However, the Chl a/b ratio was higher in high
light leaves of the both species, being the highest in
G. ulmifolia. Other studies described that Chl a/b ratio
is higher in sun plants than in shade plants for many spe-
cies (Anderson, 1986; Sims and Pearcy, 1989; Zhang
et al., 1995). Acclimation to shade conditions has been
shown to result in decreased Chl a/b ratio reflecting

Table 1. Photosynthetic parameters of Guazuma ulmifolia and Hymenaea courbaril in high and low light environments.
Capital letters mean statistical differences between species whereas small letters mean statistical differences between light
environments. Bolded shade adaptation coefficient (SAC) values indicate significative differences (p < 0.05) between en-
vironments within the same species (n = 3). o = apparent quantum efficiency (umol CO, (umol photon) ™), & = apparent
carboxylation efficiency (umol CO, m~/s Pa™'), LCP = light compensation point (umol photon m~/s), LSP = light saturation
point (umol photon m/s), Rd = dark respiration (umol CO, m?/s), A = maximum CO, assimilation (umol CO, m™/s),
CCP = CO, compensation point (umol CO, mol™"), CSP = CO, saturation point (umol CO, mol™), Ls = relative stomatal limi-
tation of photosynthesis (%), Chl = chlorophyll content (ug.cm™), WUE = water use efficiency (mmol CO,mol HO ™).

Parameter Species
G. ulmifolia H.courbaril

High light Low light SAC High light Low light SAC
Chl a 2.37£0.284 270 £0.184 -0.14 1.67 £0.288 0.9625 £ 0.128° 0.42
Chl b 0.59 + 0.054° 0.88 + 0.084 -0.49 0.55+£0.08% 0.39 £ 0.058 0.29
Chl a+b 2.96 +0.334¢ 3.58 £0.26" -0.21 2.22 £0.36% 1.35+£0.158% 0.39
Chl a/b 3.96 £ 0.18% 3.12+0.15% 0.21 3.03 £0.148 2.56 £0.334 0.16
o 0.04 £ 0.0014 0.034 £0.0014° 0.16 0.017 £ 0.0008 0.014 £0.0028  0.16
A light 15.13 £0.38* 4.65£0.19%° 0.69 4.46 £ 0.094 3.80£0.184 0.15
LCP 10.03 £ 1.524 1.92 £0.874° 0.81 11.97 £3.26M 4.29 £ 0.60"° 0.64
LSP 679.95 £ 32.56* 192.52 + 14.324° 0.72 436.24 £52.324 344.6 £94.44% (.21
Rd 0.75 £ 0.044¢ 0.19 £0.05%° 0.74 0.50 £ 0.108 0.24 £0.034° 0.52
€ 0.07 £ 0.014¢ 0.03 £0.0024° 0.57 0.03 £0.0034 0.02+£0.001% 045
A, CO, 27.42 +£0.394 10.66 = 0.36° 0.61 13.44 £0.96% 7.67 £ 0.68%° 0.43
CCP 52.81+0.578 67.94 + 4,284 -0.29 90.72 £+ 8.394 69.29 + 5.574° 0.24
CSP 614.42 +0.578 622.78 £ 4,298 -0.01 812.53 £ 8.44° 836.81 £5.57%  -0.03
Ls 19.69 + 2.558: 25.88 +3.60" -0.31 40.37 £ 8.314 18.28 + 6.48%° 0.55
WUE 7.38 0.3480 0.95 7.7% 2.074° 0.73
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changes in concentrations of light-harvesting Chl com-
plexes relative to reaction centres (Anderson, 1986;
Walters, 2005). Decreased Chl a/b ratio in the shade re-
sults from greater investment in light-harvesting Chl a/b-
protein complexes of photosystem II (LHCP-II), which
contain most of the Chl 4 in the chloroplast (Anderson,
1986). The capacity to increase the investment in Chl in
general and particularly in LHCP-II appears to be greater
in shade tree species as compared to sun-adapted spe-
cies (Chu and Anderson, 1984; Evans, 1989). The lower
Chl a/b ratio results from increased LHCP-II per unit of
leaf area coupled with decreased concentrations of PSII
core complex (Evans, 1986). The shift to more LHCP-
II while maintaining constant the total Chl per unit of
leaf area results in a significantly greater light capture
per unit of N invested, which is possible in shade but
not in sun leaves, since high capacities of PSII electron
transport are not needed in shade conditions (Nilsen and
Orcutt, 1996).

Taken together these results evidence the acclima-
tion potential of both species, reflecting the capacity to
modulate light harvesting complexes according to the
light environment. Given that Chl content is a highly
plastic characteristic, it did not provide clear insights
of potential differences in photosynthetic plasticity be-
tween species.

3.2. Light and CO, response curves

Comparing the light response curves between en-
vironments, G. ulmifolia showed a remarkably higher
A rate under high light, while H. courbaril did not
show significant difference between light environments
(Figure 1 and Table 1), indicating lower photosynthetic
plasticity in the late successional species (Ribeiro et al.,
2005). Comparing between species, G. ulmifolia pre-
sented higher A (p < 0.05) than H. courbaril in both
environments (Table 1). The apparent quantum efficien-
cy (o) was significantly higher in G. ulmifolia than in
H. courbaril in both environments (p < 0.05) (Table 1).
The o values did not show significant differences be-
tween environments in H. courbaril (p > 0.05), which
is expected since quantum yield tends to remain insensi-
tive to the light environment (Bjorkman, 1981; Sims and
Pearcy, 1989; Ramos and Grace, 1990; Valladares et al.,
1997). However, G. ulmifolia showed a significantly low-
er o (p < 0.05) in shade conditions. Laisk et al. (2005)
discusses that alterations in the LHC may decrease the
quantum efficiency in shade adjusted leaves, but not in-
crease it. Bjorkman (1981), studying plants under severe
protein N deficiency, reported that the adaptational goal
of the light-harvesting machinery seems to be to main-
tain Chl organised around PSII. This strategy ensures the
maximum possible quantum yield at low light, possibly
explaining the difference in quantum yield observed in
G. ulmifolia.

Photosynthetic light compensation point (LCP) did
not show significant differences (p > 0.05) between spe-
cies in both light environments (Table 1), although the
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Figure 1. Photosynthetic light response curves of CO, as-
similation in Guazuma ulmifolia and Hymenaea courbaril
under high light (o) and low light environments (®). Vertical
lines represent + standard error (n = 3).

mean values were higher in the high light for both spe-
cies (p < 0.05). Langenheim et al. (1984) also verified
that H. courbaril presented lower LCP when grown in
the shade. In general, early successional plants have high
LCP and high rates of A (Bazzaz and Pickett, 1980;
Feng et al., 2004). Taiz and Zeiger (1998) suggested
that LCP of sun plants range from 10 to 20 umol photon
m%/s, and of shade plants from 1 to 5 umol photon m/s.
The values for shade plants are lower because respira-
tion rates are very low, therefore small assimilation rates
are sufficient to bring the rates of CO, evolution to zero.
Low respiratory rates seem to represent a basic adapta-
tion that allows shade plants to survive in light-limited
environments, since it is of utmost importance to mini-
mise carbon losses via respiration in order to maintain
a positive net carbon balance in highly shaded environ-
ments (Givnish, 1988; Reich et al. 1998; Pearcy, 1998).
Both species showed greater values of dark respi-
ration (Rd) in the high light compared to the low light
(p < 0.05), being significantly higher in G. ulmifolia
than in H. courbaril only in high light (Table 1). Several
authors also verified that respiration rates are higher in
the sun (forest gap environments) than in the shade (un-
derstorey) (Ramos and Grace, 1990; Fredeen and Field,
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1991; Feng et al., 2004). As we observed in the high light,
it has been described that early successional species usu-
ally show higher leaf respiration than late successional
ones (Bazzaz and Pickett, 1980; Chazdon et al., 1996).
The higher Rd in sun plants may be a combined result
of higher energy cost for maintenance and greater avail-
ability of carbohydrates due to higher assimilation rates
(Sims and Pearcy, 1991).

Comparing between species, the light saturation point
(LSP) did not show significant differences (p > 0.05) in
both environments (Table 1). However, LSP was higher
in G. ulmifolia under high light, being significantly dif-
ferent (p < 0.05) between environments only in this spe-
cies. Previous studies found that the level of irradiance
required for photosynthetic saturation is lower for late
successional species (Bazzaz, 1979; Bazzaz and Pickett,
1980), which was not observed here since G. ulmifolia
lowered considerably its LSP. This is an indication of
high photosynthetic plasticity in the early successional
species.

Concerning CO, response curves (Figure 2), as ob-
served in the light response curves, G. ulmifolia pre-

30 4

®

25 4

20

A (umol CO?> m?/s)

Guazuma ulmifolia

®

25 4

20

A (umol CO? m/s)

Hymenaea courbaril

800 1200 1600
Ci (umol CO, mol™)

0 400 2000

O High light @ Low light

Figure 2. Intercellular CO, concentration (Ci) response
curves of CO, assimilation in Guazuma ulmifolia and
Hymenaea courbaril under high light (o) and low light
environments (®). Vertical and horizontal lines represent *
standard error (n = 3).

sented higher (p < 0.05) A rates than H. courbaril
in both environments (Figure 2, Table 1). The apparent
carboxylation efficiency (€) was not significantly differ-
ent (p > 0.05) between species as well as between light
environments for H. courbaril. However, € was signifi-
cantly higher (p < 0.05) in the high light for G. ulmifolia.
Comparing species, CO, compensation point (CCP) was
significantly higher (p < 0.05) in H. courbaril in the high
light but did not show significant differences (p > 0.05)
in the low light. The difference between light environ-
ments was significant only in H. courbaril which pre-
sented higher CCP in the high light. The CO, saturation
point (CSP) did not change (p > 0.05) between light en-
vironments in G. ulmifolia, but was significantly higher
in H. courbaril in the low light (p < 0.05). Comparing
species, CSP was significantly higher (p < 0.05) in
H. courbaril in both light environments (Table 1).

In terms of potential performance, the data on light
and CO, response curves indicate that G. ulmifolia has
greater efficiency in light exploitation than H. courbaril
in both light environments.

H. courbaril presented significantly higher
(p < 0.05) relative stomatal limitation of photosynthesis
(Ls) than G. ulmifolia under high light (Table 1). Both
species significantly adjusted its Ls to low light condi-
tions (p < 0.05) as indicated by SAC value (Table 1). In
high light conditions, both species showed similar WUE
(p>0.05), which was significantly higher (p < 0.05) than
in the low light (Table 1). This parameter was dramati-
cally different in the shade, given that H. courbaril pre-
sented a considerably higher WUE than G. ulmifolia.

The higher variation between environments observed
in light and CO, response curves in G. ulmifolia com-
pared to H. courbaril indicates that the photosynthetic
apparatus of the former species can respond more plasti-
cally to different light conditions. H. courbaril showed
similar performances under high and low light condi-
tions, indicating lower plasticity for the traits analysed.

¥ Gu Low light
< A
o
Gu High light -
A 2 Hc Low light
A
pcl 59.5%
A\

Hc High light

Figure 3. Ordination graph of principal component analysis
(PCA) of species Guazuma ulmifolia (Gu) and Hymenaea
courbaril (He) in high light (A) and in low light environ-
ment (o), for first and second principal components (pcl
and pc2 axes, respectively).
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Table 2. Eigenvectors of the physiological parameters corresponding to pc (principal component) 1 and 2 axes considered

in principal component analysis (PCA).

pcl
Physiological parameters Eigenvectors values
A CO, 0.371
Rd 0.362
€ 0.359
A light 0.357
LSP 0.349
WUE 0.283
o 0.261
LCP 0.251
CCP 0.184
CSp 0.125
Ls 0.042

pc2
Physiological parameters Eigenvector values
CSP 0.420
CCp 0.416
Ls 0.409
LCP 0.366
WUE 0.322
o 0.321
A light 0.145
Rd 0.121
€ 0.120
LSP 0.090
A CO, 0.054

Considering that SAC indicates the capacity to adjust
to shade conditions, more significant shade adjusted pa-
rameters presented by G. ulmifolia suggest higher capac-
ity to acclimate to different conditions (Table 1). Since
acclimation can be seen as a process by which plasticity
is expressed, higher plasticity may also be attributed to
G. ulmifolia. This is in agreement with several studies
which reported higher plasticity in light-demanding spe-
cies (Valladares et al., 2000; Feng et al., 2004, Ribeiro
et al., 2005, Souza et al., 2008).

The distribution obtained in principal component
analysis (PCA) showed that the first principal component
(pcl) accounted for 59.5% of the total variance present in
the data, while the second principal component (pc2) ac-
counted for 34.2% of the variance, with a total of 93.7%
of the variance explained by both axes (Figure 3). The
physiological parameters of greater significance for the
separation of species in the different environments, ac-
cording to eigenvector values (Table 2), in relation to pcl
axis were: A CO,, Rd, e and A light. With respect to
pc2 axis, the physiological parameters of greater signifi-
cance were: CSP, CCP, Ls and LCP. The PCA showed
a clear separation among the species and environments.
The plants grown in low light were grouped whereas high
light plants remained further apart. Considering only
pcl, it is possible to verify that the distance between low
and high light grown plants is lower in H. courbaril than
in G. ulmifolia, meaning that there is much more varia-
tion due to the difference in environments in G. ulmifolia
than in H. courbaril. The pc2 accounted for the separa-
tion of H. courbaril in the high light from plants grown
in the low light representing an evidence of acclimation
to this environment, as suggested by changes principally
in CSP and CCP and also in LCP and Ls (Figure 3).

Considering these results, the early successional spe-
cies G. ulmifolia is apparently capable of higher photo-
synthetic plasticity, since it showed greater capacity to
acclimate by changing its photosynthetic characteristics
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between environments. Conversely, H. courbaril has a
more conservative response to environmental changes,
which probably constitute a different strategy compati-
ble with its successional status (Valladares, 2004). These
indications are based solely on the plasticity of the traits
evaluated herein, which is limited since photosynthetic
plasticity is a processes occurring at the whole-plant
level. Plasticity is also conditioned on seasonality, being
particularly pronounced in the gap environment, as well
as on other environmental factors (Souza et al., 2008).

4. Conclusion

The data presented in this study support the hypoth-
esis that early successional species are capable of higher
acclimation and thus displays higher photosynthetic
plasticity. As expected, G. ulmifolia showed, in general,
higher photosynthetic potential performance under high
light and low light conditions. H. courbaril, however,
showed higher WUE and lower Ls under low light con-
dition, agreeing with the physiological characteristics at-
tributed to its ecological group. Results obtained by SAC
and PCA analyses indicated that G. ulmifolia showed
higher capacity to adjust its physiological parameters to
contrasting light environments, having greater amplitude
of variation in photosynthetic characteristics which indi-
cates higher photosynthetic plasticity. It is important to
keep in mind that these parameters and analyses may not
be sufficient to assess phenotypic plasticity completely,
which is a characteristic of the whole-plant level that
may be expressed in different scales of spatial-temporal
organization.
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