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Abstract Annual mean temperature increases will cause
alterations in many ecosystem processes, which affect plants
given their physiological sensitivity to temperature. That is
closely related with plant growing conditions, genotype and
plasticity. We studied the photosynthetic responses to instan-
taneous temperature changes and functional leaf traits in two
tropical tree species associated with different successional
positions, Zygia longifolia (early successional) and Dipteryx
oleifera (late successional), in the northern lowlands of Costa
Rica. We found that D. oleifera had thicker leaves and lower
stomatal density, but similar specific leaf area to Z. longifolia.
Maximum photosynthetic rate (A;.x) and maximum RuBP
saturate rate of carboxylation were higher in Z. longifolia than
in D. oleifera. At 37 °C, only Z. longifolia reduced A, and
water use efficiency (WUE). But D. panamensis presented
more severe effects on the quantum yield, respiration and light
compensation points. The temperature response curves showed
a similar optimum temperature near 27 °C for both species. On
the other hand, the low and high temperature compensation
points were different, with D. oleifera showing a narrower
range than Z. longifolia. As a whole, we found two different
strategies to avoid temperature stress: one reducing WUE (Z.
longifolia), and the other one increasing metabolic rates (D.
oleifera). However, the ability to withstand stressful situations
may, in a larger context, negatively affect ecosystem water and
carbon fluxes. Also, functional plasticity in response to tem-
perature changes may relatively affect the ecosystem by
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causing long-term variations in their representation within the
complex diversity mosaic of their forest habitats.
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stress - Leaf thickness - Water use efficiency

Introduction

The annual increase of greenhouse gases emissions and in
particular of carbon dioxide (CO,) is a direct consequence of
human activity (Li et al. 2011), which cause a rise in mean
annual temperature, leading to many alterations in the exchange
of gases in many ecosystems (Bonan 2008; Lammertsma et al.
2011). Tropical rain forests are complex ecosystems that have
numerous interactions between their components. One very
important interaction is the balance between assimilation of
CO, and its liberation in decomposition and respiration pro-
cesses, through the carbon cycle. Recent studies suggest that
increases in mean annual temperature reduce CO, uptake by
tropical rainforest trees (Clark 2004). When ambient tempera-
tures increase, plants may undergo excessive heat stress, which
can have adverse consequences on plant growth, survival.
Photosynthesis is a highly sensitive physiological process that
responds in different ways to environmental changes (Kurek
et al. 2007). An important consequence of heat stress is an
inhibition of the photosynthetic apparatus (Sharkey 2005). The
main effect of that inhibition is a considerable decline of CO,
uptake that ultimately results in a reduction in plant growth.
However, heat tolerance is highly variable among plant species,
and thresholds can differ within species depending on the
growth conditions and genotype of an individual (Sage and
Kubien 2007).

Another important consequence of high temperatures for
plants is a reduction of stomatal conductance. Plants elevate
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their transpiration rates when leaf temperature reaches critical
ranges, and water becomes a limiting factor for photosynthesis
(Anderson 1982), then close their stomata in response to ele-
vated transpiration rates and reduced leaf water potential, as a
consequence of the development of high levels of vapor pres-
sure deficit (VPD) (Bassow and Bazzaz 1998; Kholova et al.
2010). All these effects reduce CO, assimilation and photo-
synthesis (Lloyd and Farquhar 2008). Thus, high temperatures
overall decrease both CO, assimilation rates and water use
efficiency (WUE) (Miller-Rushing et al. 2009). Internal carbon
concentration (C;) can indirectly influence photosynthesis,
because stomata control the influx of CO, to the plant. This
influx is dependent on the existing CO, concentration inside the
plant, which also increases with high temperatures. A higher
photosynthesis will also depend on the regeneration of Rubisco
substrate and on the enzyme itself, which are also sensitive to
high temperatures (Berry and Bjorkman 1980).

In a larger context, the consequences of these changes in
plant ecophysiology are alterations of the carbon cycle and the
stability of an ecosystem, by affecting net photosynthesis and
plant respiration (Clark et al. 2003). Our immediate goal was
to compare the leaf gas exchange parameters of two common
tropical trees belonging to two contrasting ecological prefer-
ences and growing in similar and natural conditions within the
low-land rainy forest and how these gas exchange traits were
affected by sudden changes in leaf temperature. Measuring
temperature effects on leaf photosynthesis will improve our
ability to predict how photosynthetic CO, uptake will respond
to variation in diurnal temperature cycles with future climatic
changes (Bernacchi et al. 2001). However, the knowledge
about these specific changes in the physiological responses to
temperature by tropical trees is still needed.

As mentioned above, temperature thresholds of plants
could vary in response to the growth conditions and the
genotype of an individual. Temperature may affect CO,
assimilation, even in a tropical rainforest where plant spe-
cies grow in a warm environment. In this study, we describe
the effect of instantaneous temperature changes on the
photosynthetic processes. Also, we associate functional
traits at a leaf-level with the ecological requirements of tree
species to explain responses to instantaneous temperature
changes. With this information, we can predict the behavior
of tropical rainforest tree species in the near future with
respect to sudden increases in ambient temperature, as an
approximation for future tree responses to global change.

Methods
Study site and plant species

La Selva Biological Station is located in the Costa Rican
Caribbean region next to Braulio Carrillo National Park
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(10°26'N, 83°59'W). This study was done on trees of the
early successional species Zygia longifolia (Fabaceae) that
were growing next to the Puerto Viejo river bank between
the Stone Bridge and the beginning of the Arriera-Zomp-
opa trail, on a 1- to 12-year secondary forest (La Selva GIS
map 2012). Z. longifolia is generally a riparian species but
can grow in any soil opportunistically (Ardon et al. 2009;
Camacho et al. 2009). We also studied several planted trees
of the late successional species Dipteryx oleifera (Faba-
ceae) that were growing at the entrance of the station, and
surrounded by tree plantations and other secondary suc-
cession vegetation. D. oleifera is an emergent old growth
forest tree, which requires light gaps to develop and reach
adult size (Clark and Clark 1987). In both cases, lower and
mid canopy branches of young trees were carefully pulled
by ropes in order to get distal shoots that were naturally
exposed to almost completely open sky, resembling typical
open canopy microclimatic conditions of the natural forest
canopy.

Morphological traits

These traits were measured in five leaves per morpholog-
ical characteristic of each of the five trees per species in the
same or in a neighbor leaflet: specific leaf area (SLA)
according to Garnier et al. (2001), by measuring the area in
an area section without main veins and posterior drying in
an oven for 72 h; leaf thickness (LT) was measured with a
micrometer (© Mitotuyo America Corporation, USA)
according to Castro-Diez et al. (1997); stomatal ratio and
stomatal density were calculated from leaf impressions
made with a commercial and transparent nail polish.

Gas exchange measurements

We measured leaf level gas exchange parameters from
three different sets of data: from assimilation to internal
carbon concentration curves (AC; curves) at two-leaf tem-
peratures, from assimilation to light response curves (light
curves) and from maximum assimilation measurements
along a gradient of leaf temperature values. All measure-
ments were performed with one of the two gas exchange
systems available: an LCpro + portable photosynthesis
system (ADC Bioscientific Ltd.), and an LI-6400XT por-
table photosynthesis system (LI-COR, Inc. Lincoln, NE,
USA). Both IRGAs were calibrated according to standard
parameters (flux rate, zero CO, and H,0O) on a daily basis
and using fresh soda lime and desiccant.

AC; response curves

These curves were generated for a leaf on each of five trees
per species at 27 °C (approximately mean daily
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temperature) and at a constant photosynthetic photon flux
density (PPFD) of 1,000 pmol m—*s~'. External CO,
concentrations (C,) were adjusted automatically in the
following order: 400, 300, 200, 100, 50, 400, 500, 700,
900 ppm. At each step, there was an acclimation period of
5 min before recording gas exchange data, following the
guidelines proposed by Warren and Dreyer (2006). AC;
response curves were analyzed using the mathematical
model developed by Sharkey et al. (2007) and the data
were automatically fitted with the model fitting utility
based on a Microsoft Excel program (Downloaded at http://
www.blackwellpublishing.com/plantsci/pccalcugation/).
This free available program uses a series of three equations
to obtain some physiological traits of the plants described
below. The portion of the entire AC; curve when the CO,
net assimilation (A) is Rubisco-limited is described by the
following equation:

C.—TI*
Cc +KC(1 + O/KO)

A= Vemax — R, (1)
where V.« 1S the maximum velocity of RuBP saturation
rate of carboxylation, C. is the CO, partial pressure, K, is
the Michaelis constant of Rubisco for CO,, O is the partial
pressure of oxygen, K, is the Michaelis constant of Rubisco
for O, and R, is the mitochondrial respiration. The portion
of the AC; curve when A is limited by RuBP regeneration is
performed by running the equation:

C.— I

A=J——__R,
4C, + 8I*

(2)
where J is the rate of electron transport. This equation
assumes four electrons per carboxylation and oxygenation.
Finally, the fitting utility runs the last equation that the
models require, when A is limited by the amount of triose
phosphate utilization (TPU):

A =3TPU — R, (3)

where TPU is the rate of use of triose-phosphates but can
also be any export of carbon from the Calvin cycle.

Leaf photosynthetic responses to temperature

This type of response was studied first by making light
response curves at two different leaf temperatures. These
were also measured to determine minimum PPFD values to
reach saturating assimilation rates and to obtain the pho-
tosynthetic parameters with respect to light for both spe-
cies. Light curves were constructed at 27 and 37 °C at 12
different light radiation levels between 1,600 and
0 pmol m™* s™', using a preset flow of 270 (U) which
allowed us to control easily relative humidity and kept it
above 60 %. We analyzed this set of data following the
empirical model suggested by:

A= Ay [1 = 7000 4)

where A is CO, assimilation, / is irradiance, /. is light com-
pensation point, @ describes the shape of the equation and
Amax 18 CO, light-saturated assimilation. We obtained the
apparent quantum yield (Qqpp) and dark respiration (Ry) from
the slope and the intersection with the y axis of the linear
regression obtained from six PPFD values between 0 and
100 pmol m~2 s™', respectively. The light compensation
point (I.) was interpolated as the intersection with the x axis.

To study the effect of temperature changes on plant
physiology, we generated temperature response curves by
measuring CO, net assimilation in response to eight leaf
temperatures, ranging between 20 and 45 °C. We created
one temperature response curve per leaf in five individuals
per species. During the measurements, VPD was controlled
through variation of the flow rate towards the desiccation
tube. The vapor pressure deficit values for both species
were maintained below 2 Kpa, to keep stomatal conduc-
tance above 0.05 mmol m > st avoiding indirect effects
on the photosynthetic responses as indicated by Bernacchi
et al. (2001). Subtle changes in the flow rate also allowed
us to keep the balance between temperature, relative
humidity values and changes in VPD.

Temperature response curves were analyzed according
to Cavieres et al. (2000), by fitting the data to a second
order polynomial function to obtain the three parameters:
optimum temperature for photosynthesis, which is calcu-
lated through the first derivative of the polynomial curves;
the low and high temperature compensation points (HTCP
and LTCP, respectively), as the temperatures at which leaf
carbon balance becomes zero, by solving the polynomial
equations.

Data analysis

The morphological variables and the parameters derived
from the AC; curves and light response curves were com-
pared between species performing a Mann—Whitney U test
executed on the statistical software STATISTICA 8 (Stat-
Soft, Inc., OK, USA). The parameters obtained from the
temperature-response polynomial functions were compared
between species performing ¢ test for independent samples
analysis, in STATISTICA 8 (StatSoft, Inc., OK, USA).

Results
Morphological traits
Two out of three leaf morphological traits were signifi-

cantly different between our two tree species. D. oleifera
and Z. longifolia showed no significant differences in SLA
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(Table 1), but significant differences in the LT, where Z
longifolia showed thinner (36 %) leaves than D. oleifera
(Table 1). Leaves of both species are hypostomatic and
there was a higher (25 %) stomatal density on Z. longifolia
(Table 1).

Physiological measurements
Assimilation/internal carbon curves

AC; response curves showed that when the CO, rises, the
photosynthesis increases but the maximum photosynthetic
rate under saturating CO, was significantly different
between species (Apax+ Table 2) with Z. longifolia show-
ing a (23 %) higher CO, assimilation rate than D. oleifera.
The mitochondrial respiration of both species did not show
significant differences (R,, Table 2). Maximum RuBP
saturation rate of carboxylation (V¢ max, Table 2) was
(13 %) lower in D. oleifera. A great intraspecific variation
on the rate of photosynthetic electron transport produced a
no significant difference for this parameter (J, Table 2),
and the rate of triose-phosphate utilization was very similar
between our two species (TPU, Table 2). The CO, com-
pensation point was another parameter that showed very
high variation, mostly on D. oleifera, and no significant
difference found between species (I*, Table 2).

Photosynthesis responses to irradiance

The light response curves of both species measured under
natural climatic conditions showed a significant difference
between species on their maximum photosynthetic rate and
respiration rate (An.x and Ry). In those variables, Z. lon-
gifolia showed a 22 % higher A, than D. oleifera. On the
other hand, D. oleifera had 60 % higher R,. We found no
significant differences between species in the stomatal
conductance (gy), transpiration rate (E£), WUE at saturating
light conditions, and also no differences in apparent
quantum yield (Q,pp) and light compensation point (/).
The parameters obtained of the mathematical model
showed a similar pattern where A,x of the model was
significantly different between species (Any.x model); Z.
longifolia presented a higher (23 %) photosynthetic rate.
The shape of the curve (@) and the light compensation
point (I.) were not significantly different between species
(Table 3; Fig. 1).

We found important differences in the parameters
obtained from the light-response curves between tempera-
tures and species, when a thermal stress was applied during
the measurements (Table 3; Fig. 1). At 37 °C, there was
20 % reduction of the A,.x in Z. longifolia, but D. oleifera
did not show significant differences. The R, of both species
increases when exposed to a high temperature condition,

Table 1 Arithmetic mean (£SD) of the morphological parameters measured on five leaves of each five individuals of Dipteryx oleifera and
Zygia longifolia at La Selva Biological Station, Sarapiqui, Heredia, Costa Rica

Parameter Z. longifolia D. oleifera P value
SLA (gm™?) 123.71 (10.91) 128.58 (21.97) N.S.
LT (mm) 0.156 (0.011) 0.241 (0.025) *

SD (#/mm™?) 351.68 (49.42) 263.68 (22.21) *

SLA specific leaf area, LT leaf thickness, SD stomatal density

Mann—Whitney U test results: significant differences at P < 0.001(*)

N.S. non-significant

Table 2 Arithmetic mean (£SD) of the photosynthetic parameters obtained from the Ac; response curves of five individuals of Dipteryx oleifera
and Zygia longifolia at La Selva Biological Station, Sarapiqui, Heredia, Costa Rica

Parameter Z. longifolia D. oleifera P value
Amax (umol CO, m™2 s71) 14.80 (2.97) 11.45 (1.97) #

R, (umo CO, Im™2 s™1) —1.58 (0.31) —2.05 (0.62) N.S.
Ve, max (umol m™2 571 72.64 (5.76) 62.93 (8.19) *

J (umol m—2 s ") 84.81 (13.44) 72.03 (8.81) N.S.
TPU 5.25 (0.92) 4.36 (0.65) N.S.

I* (ppm) 56.57 (3.98) 65.76 (8.88) N.S.

Maximum photosynthetic rate (Ap,x), mitochondrial respiration (R,), maximum RuBP saturation rate of carboxylation (V¢ max), rate of pho-
tosynthetic electron transport (J), rate of triose phosphate utilization (TPU) and CO, compensation point in absence of dark respiration (/*) where
obtained from fitting equation utility (Sharkey et al. 2007). Mann—Whitney U test results: significant differences at P < 0.05(*)

N.S. non-significant
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Table 3 Arithmetic mean

(4SD) of the leaf Parameter Temperature (°C) Z. longifolia D. oleifera P value
photosynthetic parameters Amax(umol CO, m~2 571 27 16.58 (1.23) 12.91 (1.95) *
obtained from the light response N
curves of five individuals of 37 13.32 (1.70) 10.24 (2.95)
Dipteryx oleifera and P value * N.S.
Zygialongifolia at La Selva Ry (pmol CO, m™2s71) 27 —0.22 (0.17) —0.55 (0.20) *
Biological Station, Sarapiqui, . _
Heredia, Costa Rica 37 0.92 (0.24) 1.13 (0.39) N.S.
P value *ok ok
gs mol m™2s7h 27 0.52 (0.10) 0.35 (0.16) N.S.
37 0.49 (0.48) 0.18 (0.08) *
P value N.S. *
E (mmol H,O m™2 s~ 27 5.79 (1.06) 3.72 (1.55) N.S.
37 9.73 (2.10) 4.40 (1.82) *
P value w N.S.
WUE (pumol CO, mmol H,0) 27 2.91 (0.40) 3.80 (1.13) N.S.
37 1.41 (0.28) 2.45 (0.51) o
P value w N.S.
Qupp 27 0.069 (0.01) 0.060 (0.01) N.S.
37 0.055 (0.01) 0.044 (0.01) *
P value * *
Maximum photosynthetic rate
(Amay), Tespiration (Ry), I. 27 3.08 (2.47) 7.07 (4.42) N.S.
stomatal conductance (gy), 37 16.39 (3.02) 25.42 (6.76) *
transpiration rate (E) and water P value wok wk
use efficiency (WUE). Apparent 4 (11,0 qel) 27 16.75 (1.06) 12.95 (1.98) o
quantum yield (Q,pp), light
compensation point (I,), 37 13.24 (1.78) 10.54 (2.86) N.S.
obtained from the linear P value * N.S.
regression. Amay, curvature ) @(10~%) (model) 27 49.67 (2.47) 52.48 (11.25) N.S.
and [ where also obtained from 37 50.13 (4.34) 4844 (17.82) NS
a empiric mathematical model
(Kiippers and Schulze 1985). P value N.S. N.S.
Mann—Whitney U test results: 1. (model) 27 3.50 (2.53) 4.77 (4.10) N.S.
significant differences at 37 15.53 (2.90) 23.10 (6.97) N.S.
ES £
P < 0.05(%), P < 0.01(+*) b value " o
N.S. no significant
with Z. longifolia and D. oleifera increasing in an 80 and  Temperature-response curves
52 %, respectively.
At 37 °C, the g, did not change in Z. longifolia but the =~ Temperature-response curves showed that net CO,

E increased (40 %), and suffered a concomitant 52 %
reduction in WUE. The opposite effect was observed in D.
oleifera where the g, declined (49 %), and there were no
changes in £ or WUE. E and WUE were significantly
different between the two tree species at 37 °C.

Qapp differed between temperature treatments on both
species, at 20 % for Z. longifolia and a 27 % for D. ol-
eifera. The I. showed a significant increase of 81 % for Z.
longifolia and 72 % for D. oleifera, and they were signif-
icantly different between species. The modeled parameters
showed the same pattern where the A;,.x (model)
decreased, the @ did not change and the I. (model)
increased. No significant differences were found between
species. The photosynthetic light-response curves for both
species at each temperature treatment are shown in Fig. 2.

assimilation was significantly reduced at the lower tem-
peratures. Increasing temperatures concomitantly raised
assimilation. In both species, the optimum temperature
for the maximum photosynthesis rate was very similar, at
approximately 28 °C. From this point, a sustained
decrease in assimilation was observed. At the highest
temperature measured, we saw a 50 and 33 % reduction
in assimilation on D. oleifera and Z. longifolia, respec-
tively. The LTCP value for D. oleifera was two and a
half times higher than for Z. longifolia. The HTCP
showed the same pattern where Z. longifolia showed a
higher value (8 %). As shown before, Z. longifolia
exhibited a higher photosynthetic rate than D. oleifera,
and that difference was maintained at all temperature
points (Table 4; Fig. 3).
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Fig. 1 Leaf photosynthetic
parameters obtained from the
light response curves of
Dipteryx oleifera and Zygia
longifolia. Maximum
photosynthetic rate (Ayax),
respiration (Ry), stomatal
conductance (g;), transpiration
rate (E) and water use efficiency
(WUE). Apparent quantum
yield (Qypp), light compensation
point (I.), obtained from the
linear regression. Aaxs
curvature (@) and I, were also
obtained from a empiric
mathematical model (Kiippers
and Schulze 1985). Mann—
Whitney U test: differences
between treatments at

P < 0.05(%), P < 0.01(**), NS
no significant. Difference
between species at P < 0.05(ab)

Discussion

Morphological traits

We found that leaf morphological traits were associated
with the resource acquisition strategies, according to the
expected successional preference of each species. Differ-
ences between the two species in physiological character-
istics were related to differences in biochemically and
morphologically distinctive traits (Garnier et al. 1999). For
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example, pioneer species increase the ratio of leaf area per
unit plant mass along with the specific leaf area, due to
strong competition for light in early succession habitats
(Quilici and Medina 1998). However, we did not find any

differences in SLA data between Z. longifolia and D. ol-
eifera. It is well known that leaves of juvenile trees of D.
oleifera may have a high phenotypic plasticity and can
respond properly to the growing conditions (Fetcher et al.
1987). We expected that D. oleifera were adapting SLA in
response to the growing conditions, in the same way that
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Fig. 2 Light response curves of 20
photosynthesis obtained at two
leaf temperatures from two
tropical rain forest tree species
at La Selva Biological Station,
Sarapiqui, Heredia, Costa Rica.
Each point represents the
arithmetic mean (£SD) of
photosynthetic rate obtained
from five trees

Dipteryx oleifera

4,(umolCO,m™s™)
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Table 4 Arithmetic mean (£SD) of the optimum temperature for photosynthesis (Opt. T), low temperature (LTCP) and high temperature
(HTCP) compensation points for Dipteryx oleifera and Zygia longifolia at La Selva Biological Station, Sarapiqui, Heredia, Costa Rica

Species Opt. T (°C) LTCP (°C) HTCP (°C)
D. oleifera 28.80 (2.09) 10.00 (2.28) 47.61 (2.65)
Z. longifolia 27.92 (1.13) 4.08 (2.88) 51.75 (1.34)
P value N.S. wk *

Parameters obtained from second order polynomial equations derived of the nonlinear correlation analysis. # test results: significant differences at

P < 0.05(%), P < 0.01(**)

N.S. no significant

®  Dipteryx oleifera
§ Zygia longifolia

—
W
1

A (umolCO,m™s™)
=
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0 : : .
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Fig. 3 Temperature response curves of leaf photosynthesis from two
tropical rain forest tree species at La Selva Biological Station,
Sarapiqui, Heredia, Costa Rica. Each point represents the arithmetic
mean (£SD) from five trees, the net CO, assimilation (A,
pmol CO, m™2 s™") in response to the different temperature values
(°C). Data fitted to a second order polynomial equation

their seedlings were able to respond to contrasting light
conditions. Developing leaves with low SLA as typical of
early successional trees do exploit light resources and
develop in full light conditions (Valladares et al. 2002).
Our two species had low SLA which is associated with
open light conditions in the canopy for old successional
tree species. However, some morphological and physio-
logical adaptations of late successional species such as D.

oleifera, which colonize gaps, are similar to adaptations
found in early successional trees species such as Z. longi-
folia (Garcia-Nufiez et al. 1995). Although we did not find
differences in SLA between the two plant species, we can
identify differences between them based on other mor-
phological traits. D. oleifera had thicker leaves (36 %),
which is a morphological characteristic of late successional
tree species (Bazzaz 1979). Leaf thickness plays an
important role in leaf metabolism, and is highly related to
the photosynthetic capacity of a leaf. LT is likely to affect
the amount of light absorbed and the diffusion of CO, (Vile
et al. 2005). Such morphological adaptations developed in
response to saturating light conditions (Nobel et al. 1975),
and allow a plant optimally use nutrients, water and light
(Valladares et al. 2002).

We found that both species have hypostomatic leaves as
previously found for D. oleifera and similar species
(Fetcher et al. 1983). Hypostomatic leaves are common in
tropical rainforest trees (Camargo and Marenco 2011), and
probably this trait is especially important for canopy
leaves, which are directly exposed to the more drastic
micro-environmental conditions (Chen et al. 1999). In the
same sense, higher stomatal densities have been clearly
associated with tropical canopy leaves (Camargo and
Marenco 2011). In our case, stomatal density differed
between the two species such that, Z. longifolia had 25 %
more stomata per leaf area than D. oleifera. Given the fact
that stomatal density is related to the ecological preferences
of plant species (Sellin et al. 2010), we expected to find
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more stomata on Z. longifolia species that is generally
associated with riparian habitats, where there are no limi-
tations on water as a resource (Ardon et al. 2009).

Physiological measurements

When we measured the response of maximum photosyn-
thetic rate to both internal carbon concentrations and to
light for D. oleifera, we found that it was approximately
22 % lower than Z. longifolia. Thus, a higher LT value
seems to relate negatively with photosynthesis. Previous
research has shown that thicker leaves have reduced pho-
tosynthesis, because at saturating irradiance, photosynthe-
sis is mostly limited by the rate of CO, diffusion
(Longstreth and Nobel 1979), and because the CO, diffu-
sion through the leaf tissue depends on the amount of air
space inside the leaf and the internal tissue conductance
(Nobel 1977), a larger spongy mesophyll area or volume
actually occurs in D. oleifera. Some studies have shown
that plants with thicker leaves, large amounts of mesophyll,
and big air space have higher levels of photosynthesis
(Garnier et al. 1999). However, this relationship seems to
apply only to plants with stomata on both sides of the
leaves (Fetcher et al. 1983). Nevertheless, high photosyn-
thetic rates are a physiological adaptation common to early
succession plant species (Bazzaz 1979; Huc et al. 1994),
clearly supporting the ecological preference of our Z.
longifolia.

Internal conductance limits photosynthesis and has a
large effect on the Vi .« (Warren and Dreyer 2006). We
observed that Z. longifolia have a higher maximum RuBP
rate of carboxylation than D. oleifera. An elevated internal
tissue conductance results in a higher V¢ .« and conse-
quently a superior maximum photosynthetic rate. In addi-
tion, this difference is in agreement with its previously
discussed thinner leaves.

Stomatal conductance also plays an important role in
photosynthesis via CO, uptake and control of the water loss
(Lammertsma et al. 2011). Plant species with the highest
stomatal conductance are going to be expected to have a
higher maximum CO, assimilation (Messinger et al. 2006).
Although we did not find a significant difference between
the two species studied, Z. longifolia always showed a
higher stomatal conductance and transpiration rate.
According to other studies, plants with an elevated maxi-
mum photosynthetic rate have higher stomatal conductance
values and lower WUE (Marenco et al. 2001). We did not
find significant differences between our species apparent
quantum Yyield and light compensation point. The values we
obtained for those parameters were similar to values in
other studies of trees with high photosynthetic efficiency.
Although our individuals were located in high light con-
ditions, responses to light were similar to previous studies
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of seedlings exposed to low light growth conditions; they
exhibited high apparent quantum yield and low light
compensation points (Jiang et al. 2002).

Plant responses to temperature agree with many previ-
ous studies in which high temperatures reduced CO, net
assimilation (Frolec et al. 2008). When we measured the
photosynthetic responses to light during temperature stress,
the maximum photosynthetic rate was lower than without
temperature stress. Although we did not see a significant
difference in D. oleifera, we did observe high intraspecific
variation which indicates that individuals may have dif-
ferent responses depending on the growing condition and
genotype (Wang et al. 2008). However, the decline in
photosynthesis was significant for Z. longifolia.

A reduction in maximum CO, assimilation rate cannot
explain complete photosynthetic responses to temperature,
because the plant responses involve more complex pro-
cesses. Photosynthesis is the result of a combination of
many physiological processes, and it is likely that many
indirect effects also explain the observed response to
temperature (Berry and Bjorkman 1980). Photosynthesis is
highly dependent on stomatal conductance, and stomatal
conductance of D. oleifera declined 49 % during temper-
ature stress. This decline helped to stabilize the leaf water
balance more effectively than in Z. longifolia, as evidenced
by a much higher transpiration in Z. longifolia in which
stomatal conductance decreased only 6 %. Other studies on
tropical late successional trees have suggested that low
stomatal conductance maintains stability in tree water
balance (Carswell et al. 2000). Also, species with lower
photosynthetic rate capacity tend to show higher WUE
(Santiago et al. 2004). The opposite response is common in
early succession trees such as Z. longifolia (Silva et al.
2011). Responses of Z. longifolia may also be related to its
riparian habitat (Tsialtas et al. 2001). Despite there were
some important increases in VPD values corresponding
with increases in temperature, they did not resulted in a
concomitant reduction in stomatal conductance. This fact
supports our experiment by saying that there were no
indirect effects of temperature on the observed reduction of
assimilation.

Another physiological characteristic affected by the high
temperature was Q. In D. oleifera, this characteristic
decreased 27 % along with the increment of the light
compensation point. This goes according to the lower rate
of RuBP carboxylation which affects directly the Q,pp
(Timm et al. 2002). Low V¢ ax may affect response to
temperature by reducing the Q.,, and increasing light
compensation point. Both changes were also observed and
significant in Z. longifolia, but were larger in D. oleifera.
Thus, early successional tree species may have more
capability to acclimate their metabolism to high
temperatures.
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Both species responded negatively to instantaneous
temperature changes. However, the narrower interval
between the high and low temperature compensation points
of D. oleifera support previous work showing that early
successional tree species are better able than late succes-
sional species to adjust to variation and stressful conditions
such as an instantaneous rise in temperature (Bazzaz and
Carlson 1982). Early successional plant species developed
in a more variable ambient, with typically higher temper-
ature fluctuations, contrary to the situation in later suc-
cessional forest vegetation, where variation in temperature,
wind and moisture are less fluctuating (Bazzaz 1979).

It is well known that many plant physiological charac-
teristics can be linked to functions that influence such
ecosystem processes (Sandquist and Cordell 2007). Over-
all, we found that plant function is affected by high tem-
peratures, where early succession tree species are likely to
reduce their WUE and late succession tree species tend to
increment their metabolic rates increasing the respiration
and light compensation point.
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