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ABSTRACT

Light and water are important factors that may limit the growth and development of higher plants. The aim of this study
was to evaluate photosynthetic parameters and growth in seedlings of Bertholletia excelsa and Carapa guianensis in response
to pre-acclimation to full sunlight and mild water stress. I used six independent pre-acclimation treatments (0, 90 (11h1512h45), 180 (10h30-13h30), 360 (09h00-15h00), 540 (07h30-16h30) and 720 min (06h00-18h00)) varying the time of
exposure to full sunlight (PFS) during 30 days, followed by whole-day outdoor exposure for 120 days. Before PFS, the plants
were kept in a greenhouse at low light levels (0.8 mol m-2 day-1). The PFS of 0 min corresponded to plants constantly kept
under greenhouse conditions. From the beginning to the end of the experiment, each PFS treatment was submitted to two
water regimes: moderate water stress (MWS, pre-dawn leaf water potential (ΨL) of -500 to -700 kPa) and without water
stress (WWS, ΨL of -300 kPa, soil kept at field capacity). Plants under MWS received only a fraction of the amount of water
applied to the well-watered ones. At the end of the 120-day-period under outdoor conditions, I evaluated light saturated
photosynthesis (Amax), stomatal conductance (gs), transpiration (E) and plant growth. Both Amax and gs were higher for all
plants under the PFS treatment. Stem diameter growth rate and Amax were higher for C. guianensis subjected to MWS than in
well-watered plants. The contrary was true for B. excelsa. The growth of seedlings was enhanced by exposure to full sunlight for
180 minutes in both species. However, plants of B. excelsa were sensitive to moderate water stress. The higher photosynthetic
rates and faster growth of C. guianensis under full sun and moderate water stress make this species a promissory candidate to
be tested in reforestation programs.
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Parâmetros fotossintéticos e crescimento em mudas de Bertholletia
excelsa e Carapa guianensis em resposta a pré-aclimatação a pleno
sol e estresse hídrico moderado
RESUMO

A luz e a água são importantes fatores que limitam o crescimento e o desenvolvimento das plantas. O objetivo deste estudo
foi avaliar os paâmetros fotossintéticos e o crescimento em mudas de Bertholletia excelsa e Carapa guianensis em resposta a préaclimatação à luz solar plena e estresse hídrico moderado. Foram usados seis independentes tratamentos de pré-aclimatação
a pleno sol (PFS), sendo estes de (0, 90 (11h15-12h45), 180 (10h30-13h30), 360 (09h00-15h00), 540 (07h30-16h30) e
720 min (06h00-18h00)) durante 30 dias seguidos por um período de exposição a pleno sol de 120 dias durante o dia todo.
Antes da PFS, as plantas foram mantidas em casa de vegetação a baixos níveis de luz (0,8 mol m-2 dia-1). O PFS de 0 min
correspondeu às plantas mantidas constatemente na casa de vegetação. Cada tratamento de PFS foi submetido desde o início
até o final do experimento a dois regimes hídricos, denominado de estresse hídrico moderado (MWS, potencial hidrico da
folha medido antes do amanhecer (ΨL) de -500 a -700 kPa) e sem estresse hídrico (WWS , ΨL de -300 kPa, solo mantido
na capacidade de campo). As plantas do tratamento MWS receberam apenas uma fração do volume de água fornecido para
aquelas do tratamento WWS. No final do período de 120 dias foi avaliada a fotossíntese saturada por luz (Amax), a condutância
estomática (gs), transpiração (E) e o crescimento. Amax e gs foram maiores em todas as plantas sob o tratamento de PFS. A taxa
de crescimento em diâmetro e Amax foram maiores em plantas de C. guianensis submetidas à MWS. O contrário foi observado
em B. excelsa. O crescimento das mudas foi maior nas plantas expostas à luz solar em 180 minutos em ambas as espécies.
Entretanto, as plantas de B. excelsa foram mais sensíveis ao estresse hídrico moderado. C. guianensis foi à especie que teve
melhor desempenho fotossintético e crescimento sob estresse hídrico moderado e luz solar plena. Portanto, essa espécie tem
grande potencialidade para ser testada em programas de reflorestamento.
PALAVRAS-CHAVE: Amazônia, condutância estomática, espécies florestais, fotossíntese
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INTRODUCTION
In tropical rainforests, irradiance greatly oscillates across
the forest profile, with high irradiance impinging on the
top of forest canopy and little light reaching the forest floor.
Such variations in light intensity influence the growth of
seedlings and saplings in their natural environment (Holste
et al. 2011). Due to low light levels in the forest understory,
saplings and seedlings grow slowly and often take decades to
reach the forest canopy (Clark and Clark 2001). However,
in shade acclimated seedlings, sudden exposure to full
sunlight causes photoinhibition of photosynthesis and under
prolonged illumination irreversible damage to the leaf tissue
can occur (Krause et al. 2012). Acclimation to changes in
light availability is directly related to the maximization of total
carbon accumulation in response to environmental changes,
so that photosynthetic acclimation to full sun light is an
important ecophysiological characteristic to improve plant
growth and fitness (Athanasiou et al. 2010). This adjustment
is related to functional changes in leaf physiology, morphology,
and plant architecture (Walters 2005), which finally leads to
changes in the photosynthetic properties of a leaf (Oguchi
et al. 2005).
During gas exchange, the leaf loses water vapor via
transpiration (E) and uptakes carbon dioxide during
photosynthesis (A). Thus, water use efficiency (WUE or
the A/E ratio) is related to both stomatal functioning and
carbon assimilation (Hikosaka 2004). Thereby, growth rates
and plant survival under water-deficit conditions will depend
on physiological mechanisms that enhance WUE (Liu et al.
2005). Acclimation to drought involves the accumulation of
osmotically compatible compounds (e.g. betaines, sorbitol,
proline), via osmoregulation (Larher et al. 2009), and in
some species, repeated exposure to moderate water stress
improves hardiness, which may lead to photosynthetic
acclimation (Matthews and Boyer 1984). Acclimation to
water stress probably increases the resistance of photosystem
II to the high temperatures commonly associated with dry
environments (Valladares and Pearcy 1997). Because degraded
lands have consistently increased over time in the Amazon
region (Nepstad et al. 2008), it becomes important to know
how Amazonian trees species, such as Bertholletia excelsa and
Carapa guianensis may respond to sudden changes in the
physical environment.
The Brazil nut (Bertholletia excelsa Humb. Bonpl,
Lecythidaceae) is of major socio-economic importance in
the Amazon region as its fruits are the base of an important
extractive industry in the region. Brazil nut seeds (about 20
per fruit) are rich in fats (about 65% on a dry mass) and
have a rather high protein content (14%), mostly legumin
and albumin (Venkatachalam and Sathe 2006). Brazil nut
trees (up to 50 m tall) can occur throughout the Amazon
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basin and in the Guianas (Mori and Prance 1990). It is a
gap-dependent species used for regeneration (Zuidema and
Boot 2002), with an intermediate shade tolerance (Mostacedo
and Fredericksen 1999). Therefore its seedlings and saplings
have a greater chance of survival in well-lit environments.
Found throughout the Amazon region, Crabwood (Carapa
guianensis Aubl., Meliaceae) is a fast-growing species (Bauch
and Dunisch 2000) and its seeds are rich in fats, which
account for 40-50% of dry seed mass. It is appreciated not
only by the quality of its timber, but also for the medicinal
properties of the high acidity carapa oil, extracted from its
seeds. Carapa oil may be employed to cure many ailments
including coughs, colds, whooping cough, and skin problems.
In this work, I hypothesize that the light acclimation process
can be stimulated when the plant is progressively subjected to
mild environmental stress. Thus, the aim of this study was to
evaluate photosynthetic changes and growth in juvenile plants
of B. excelsa and C. guianensis in response to acclimation to
full sunlight and mild water stress.

MATERIALS AND METHODS
Experimental site and plant material
The experiment was conducted at the V8 Campus of
the Instituto National de Pesquisas da Amazonia (INPA) in
Manaus, Amazonas (03°05’30” S, 59°59’35” W) between July
2010 and December 2011. I used saplings of Bertholletia excelsa
and Carapa guianensis grown from seeds. After germination
the plants were kept under greenhouse conditions until the
beginning of the experiment (eight months for B. excelsa and
three months for C. guianensis; the latter specie was kept a
shorter period of time in the greenhouse because it grows faster
than the Brazil nut). Ambient conditions in the greenhouse
were mean light intensity of 0.8 mol m-2 day-1, temperature of
27 °C, and relative humidity (RH) of 80%. In the greenhouse,
the natural sunlight was attenuated by the canopy of tall trees
that surrounded the facility, a 150-µm-clear polyethylene film
(as the top cover), two layers (50%-transmittance) of nylon net
shade below the plastic film and a layer of 50%-transmittancenylon net shade on the sides of the greenhouse. Plants were
grown in 10 L. polyethylene bags containing as substrate
forest soil from the upper 20-cm-soil layer (90%), sand (7%)
and vermiculite (3%). A slow-release fertilizer (1.7 g kg-1
substrate, Basacote ®) was added to the substrate. When the
plants of both species had an average height of 12 cm, they
were subjected to six independent pre-acclimation treatments
[0 min., 90 min. (11h15-12h45), 180 min.(10h30-13h30),
360 min.(09h00-15h00), 540 min. (07h30-16h30) and 720
minutes (06h00-18h00)] varying the time of exposure to full
sunlight (PFS), for 30 days followed by whole-day outdoor
exposure (hereinafter referred to as full sunlight) for 120 days.
The PFS of 0 min corresponded to plants constantly kept
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under greenhouse conditions. During the PFS treatments (30
days), every day, after the period of exposure, the plants were
returned to the greenhouse until the next day, when the PFS
treatment was applied again.
From the beginning to the end of the experiment (30
days of pre-acclimation followed by 120 days under outdoor
conditions), each PFS treatment was submitted to two water
regimes (WR), hereinafter termed moderate water stress
(MWS, pre-dawn leaf water potential (ΨL) of -500 to -700
kPa) and without water stress (WWS, pre-dawn ΨL of -300
kPa). The WWS treatment corresponded to soil kept at
field capacity. Plants under MWS received only a fraction
of the water supplied to the well-watered ones. During
the experiment, leaf water potential was determined daily
using psychrometric sensors (L51A, Wescor, USA), a nondestructive method. Sensors were attached to the leaf the
day before (at 18h00) the pre-dawn measurement in order
to obtain stable values. When ΨLP of MWS treatment was
below the target value (-700 kPa), the plant was watered
and ΨLP measured again following a (previously determined)
stabilization period of 30 min. To avoid the MWS treatment
from receiving the open field rainfall, the top of the bag was
covered with a white plastic film, with a gap of few millimeters
between the soil surface and the film to allow ventilation. The
same water-proof film was only used in the WWS treatment
to standardize experimental conditions. Plants of the WWS
treatments were irrigated daily to keep the soil at field capacity.
As additional information, and in order to compare with
values obtained with the psychrometric sensors, ΨLP was
also determined using a pressure chamber (PMS Instrument
Company, Albany, OR, USA), at the end of the experiment.
Finally, the soil water tension (ΨS) of the MWS treatment
(ΨS-MWS) was estimated as the difference in ΨLP in both water
regime treatments (i.e.: ΨS-MWS = ΨL-MWS - ΨL-WWS)). For the sake
of simplicity, it was assumed that ΨS at field capacity is nil.
The photosynthetically active radiation (PAR), temperature
(T) and relative humidity (RH) of both environments
(greenhouse and outdoor conditions) were measured using
specific sensors (Li-191SA, Li-Cor, NE, USA and Humitter
50Y Vaisala Oyj, Finland) connected to a data logger (Li1400 Li-Cor). Data were collected at intervals of 15 minutes
during the experimental period. Just after the end of the
outdoor exposure period (120 days), I determined the light
saturated photosynthesis (Amax), the stomatal conductance (gs),
the transpiration (E), the leaf to air vapor pressure difference
(VPD), the relative chlorophyll content, along with both the
water use efficiency values (WUE, the A/E ratio) and the
intrinsic WUE (A/gs ratio). I also determined the monthly
increase in plant height (MIH) and diameter (MID) and the
monthly rate of leaf production (MLP), by counting leaves
in B. excelsa and leaflets in C. guianensis. Plant height (base
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to apex) and diameter (at 5 cm from the ground) were also
measured.
Gas exchange data were collected using a portable gasexchange system (Li-6400, Li-Cor, Lincoln, NE, USA) from
five plants per species and from two fully expanded leaves
(upper half ) per plant. The leaves used for gas exchange
measurements were produced under outdoor conditions.
It took about 10 days to collect all the photosynthesis data,
and during this period, the plants were kept under outdoor
conditions. Data were recorded between 08:00 and 14:00,
when the stomata were open. Gas exchange measurements
were taken at a temperature of 27 ± 1 ºC, RH of 70 ± 2%,
light intensity of 1000 µmol m-2 s-1 (light saturation) and
[CO2] of 380 µmol mol-1. The relative chlorophyll content was
determined using a chlorophyll meter (SPAD-502, Minolta,
Japan). Specific leaf area (SLA) was calculated as the area to
leaf mass ratio. Leaf area was determined with a leaf area meter
(LI-3050, Li-Cor), whereas leaf mass was assessed only after
oven-drying at 72 °C until constant mass was achieved. Stem
diameter was determined using digital calipers. MID and MIH
were calculated as the difference between stem diameter (D)
or height (H) at the end (t2) and beginning (t1) and of the
experimental period divided by the growing period (e.g. (Dt2
- Dt1)/elapsed time, in months). Leaf production was assessed
counting the leaf number at one-month-interval.

Statistical analyses
The experiment was a completely randomized design with
five replications (plants) and treatments arranged in a 2 x 6 x 2
factorial (species (SP), PFS and WR). Data were subjected to
analysis of variance (ANOVA). The PFS effect in the studied
variables was examined by regression analysis. The program
Sigma Plot 11.0 (Systat Software, Inc, USA) was used for
statistical analyses.

RESULTS
Environmental conditions during the experiment
Under full sun PAR ranged between 13 and 24 mol m-2
day , while in the greenhouse, those values ranged

between
0.3 and 1.32 mol m-2 day-1 (mean of 0.8 mol m-2 day-1, Figure
1). Temperature and RH were similar in both environments;
mean values were 27 °C and 80%, respectively (Figure 1).
Irrespective of species, ΨL measured with the pressure chamber
(at the end of the experimental period) confirmed the ΨL
values obtained with psychometric sensors.
-1

Relative chlorophyll content and specific leaf area
The relative leaf chlorophyll content differed between
species (SP), PFS and WR treatments (Table 1). I also found
a significant interaction between SP and WR, therefore data
for each species at each WR level are shown (Figure 2 A,B).
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In both species, the highest chlorophyll levels were found
under greenhouse conditions. Under outdoor conditions,
plants of C. guianensis subjected to MWS had the highest
relative chlorophyll content. SLA was higher in C. guianensis
than in B. excelsa, while in the Brazil nut it was higher in the
WWS treatment, mainly at low PFS values (Figure 2 C,D).

but the effect of PFS on this parameter was significant (Table
1). In the WWS treatment, WUE was consistently higher in
plants of B. excelsa exposed to outdoor conditions than in
those grown in the greenhouse (Figure 4 C). In C. guianensis,
WUE was higher in the majority of the PFS treatments (90540 min) subjected to moderate water stress. Intrinsic WUE
was higher in B. excelsa than in C. guianensis (64 µmol mol-1
versus 52 µmol mol-1) without effect of either WR or PFS
(data not shown).

Gas exchange parameters
On average, Amax and gs were higher in C. guianensis
than in B. excelsa. They were also higher in plants exposed
to outdoor conditions than in those kept in the greenhouse.
Across species, Amax and gs were not affected by the water
regime (Figure 3). However, for these variables the interactions
between treatments were significant (Table 1), therefore data
for each species at each WR and PFS treatment are shown.
Except for the PFS treatment under greenhouse conditions,
the lowest Amax value was observed in B. excelsa subjected to
the PFS treatment of 360 min (Figure 3A). This may be due to
the low chlorophyll content observed in this treatment (Figure
2). In C. guianensis, Amax was higher in the MWS treatment
(Figure 3B), which may be related to the higher chlorophyll
content observed in this species under moderate water stress
(Figure 2). The lowest Amax value observed in B. excelsa during
the MWS treatment (Figure 3A) does not seem to be related
to an effect of the water regime on gs, as stomatal conductance
was similar in both WR treatments (Figure 3D).

Growth in diameter and height
The monthly increments in diameter (MID) and height
(MIH) were higher in C. guianensis than in B. excelsa. In
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In general, the correlation between Amax and VPD was
negative, but it was only significant in well-watered plants of
B. excelsa (Table 2). On average, transpiration (E) was higher
in C. guianensis than in B. excelsa, and irrespective of the
water regime, there was no effect of PFS on E values (Figure
4, Table 1). On average, WUE did not differ between species,
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Figure 1 - Monthly average of photosynthetically active radiation (PAR, bars),
temperature (T, ◦C, squares symbols) and relative humidity (RH%, circles)
recorded during the experimental period (July of 2010 and December of
2011). The open and dark bars indicate PAR values obtained in the greenhouse
and under full sunlight, respectively. Open symbols: values obtained in the
greenhouse; solid symbols, values recorded under full sunlight.

Table 1 - F values (ANOVA) for the effects of species (SP), water regime (WR) and pre-acclimation to full sunlight (PFS) on the variables: light-saturated
photosynthesis (Amax), stomatal conductance (gs), leaf transpiration (E), vapor pressure difference (VPD), water use efficiency (WUE), specific leaf area (SLA),
SPAD values, monthly increase in height (MIH) monthly increase in diameter (MID ) and monthly production of leaves or leaflets (MLP).
Source of variation

Amax

gs

E

VPD

WUE

SLA

SPAD values

MIH

MID

MLP

SP

40,95**

40,06**

10,84**

46,04**

1,20ns

55,72**

215,98**

524,04**

346,89**

106,17**

PFS

10,83**

2,46*

1,33ns

4,62**

2,43*

6,79**

29,44**

97,40**

29,52**

4,73**

WR

0,29

0,73

0,37

0,21

0,03

13,02**

14,85**

11,12**

11,14**

7,64**

ns

ns

ns

ns

ns

Interactions
SP x PFS

1,43ns

2,03ns

2,18ns

2,22ns

1,27ns

0,71ns

2,18ns

13,65ns

4,15**

2,39**

SP x WR

3,11ns

3,77*

3,72*

0,58ns

12,24**

1,62ns

16,56*

0,82**

65,33**

15,02*

PFS x WR

1,60

0,81

0,47

1,17

0,77

0,32

1,19

ns

5,75**

20,11**

1,43ns

SP x PFS x WR

2,44*

0,61ns

7,17**

10,19**

2,03ns

ns

ns

0,88ns

ns

2,10ns

ns

4,0**

ns

3,12**

ns

0,31ns

F value (ANOVA) ns, not significant (p> 0.05); *, significant (p ≤ 0.05), and **, highly significant (p ≤ 0.01, Fisher’s test).
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Figure 2 - Relative chlorophyll content (SPAD values) and specific leaf area (SLA) in response to pre-acclimation to full sunlight (PFS) in seedlings of B.
excelsa (A,C) and C. guianensis (B,D). SPAD and SLA were determined at the end of the full sunlight exposure period of 120 days. The filled symbols (dotted
line) indicate plants subjected to moderate water stress (MWS) and open symbols (solid line) plants without water stress (WWS). Each symbol represents the
mean of five plants and two leaves per plant (± SD).

general, they were also higher in plants exposed to outdoor
conditions than in those kept under greenhouse conditions
(Figure 5, Table 1). As the interactions between treatments
were significant (Table 1), data of the species, WR and PFS
treatments are shown. In C. guianensis, higher MID values
were observed in plants subjected to moderate water stress
than in well-watered plants, particularly at high PFS values.
The contrary was true for B. excelsa (Figure 5, Table 1).
Monthly leaf production (MLP) was lower in B. excelsa than
in C. guianensis, and in the latter species, it was higher under
moderate water stress. MLP was also greater in plants exposed
to full sun, particularly in C. guianensis (Figure 5 E,F).

Table 2 - Correlation coefficients between light saturated photosynthesis
(Amax) and stomatal conductance (gs) and the vapor pressure difference
(VPD) in seedlings of B. excelsa and C. guianensis determined at the end
of the full sunlight exposure period of 120 days. Acronyms: Moderate water
stress (MWS); without water stress (WWS). Mean of five plants and two
leaves per plant.
B. excelsa
WWS

MWS

WWS

MWS

Amax x VPD

-0.41*

- 0.29ns

0.28ns

0.32ns

gs x VPD

-0.06 ns

- 0.37ns

0.16 ns

0.10ns

ns, not significant (> 0.05), *, significant (p ≤ 0.05).
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C. guianensis

Variable
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Figure 3 - Light saturated photosynthesis (Amax) and stomatal conductance (gs), in response to pre-acclimation to full sunlight (PFS) in seedlings of B. excelsa
(A,C) and C. guianensis (B,D). Amax and gs were determined at the end of the full sunlight exposure period of 120 days. The filled symbols (dotted line) indicate
plants subjected to moderate water stress (MWS) and open symbols (solid line) plants without water stress (WWS). Each symbol represents the mean of five
plants and two leaves per plant (± SD).

DISCUSSION

Relative chlorophyll content and specific leaf area

Environmental conditions during the experiment
The large variation in daily irradiance observed under full
sun is not unexpected as cloudy conditions can prevail for
most part of the day during the rainy season. Values of daily
photon fluence recorded during this study are within the range
of daily irradiance reported by others for central Amazonia
(Ribeiro et al. 1982, Nascimento and Marenco 2010). As ΨLP
in the WWS treatment (soil at field capacity) was -300 kPa in
both species, I concluded that there was an imbalance between
the soil water tension and ΨLP, in agreement with the findings
of Donovan et al. (2001) for several species (e.g. Cornus sp.,
Quercus sp., Prunus persica, Betula alba). Thus, because of a
lack of perfect soil-plant equilibrium (Richter 1997), it was
estimated that soil water tension in the MWS treatment varied
from -200 to -400 kPa.
72
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In both species, higher relative chlorophyll levels were
found in plants kept in the greenhouse, corroborating that
shade plants tend to increase chlorophyll concentration in
order to enhance light capture (Lichtenthaler et al. 2007;
Sarijeva et al. 2007). Plants of C. guianensis subjected to mild
water stress had higher both Amax and chlorophyll content,
particularly under full sunlight. Azevedo (2013) observed that
plants of C. guianensis under mild water stress have higher
leaf N content, which may explain the higher chlorophyll
content observed under moderate water stress, as nitrogen
is required to construct antenna proteins involved in light
capture (Hikosaka 2004). SLA is an important leaf trait, that
has been used to predict photosynthesis (Poorter and Bongers
2006), and in both species, mild water stress and exposure to
outdoor conditions led to decreases in SLA (thicker leaves).
Several studies have shown that SLA tends to decrease in plants
grown under full sunlight (Valladares and Niinemets 2008)
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or in plants growing under water restriction (Cunningham
et al. 1999; Westoby et al. 2002).

Gas exchange parameters
The higher Amax values observed in C. guianensis indicate
that in this species, exposure to outdoor conditions and
mid water stress has a positive effect on Amax. The lower Amax
values observed in B. excelsa subjected to the MWS treatment
cannot be attributed to partial stomatal closing, not to the
leaf chlorophyll content. This suggests that the biochemical
properties of the leaf can be affected by the water stress, as
suggested by Tezara et al. (1999). The low photosynthetic
rates observed under low light intensity is in agreement with
the results reported by Nascimento and Marenco (2013)
for saplings grown at the forest understory under natural
conditions. In Tabebuia rosea, a tropical tree, Amax values
were 8.94 and 3.96 µmol m-2 s-1 in sun and shade plants,
respectively (Kitajima and Hogan 2003), which is within
the range reported in this study. The benefit of full sunlight

acclimation on photosynthesis was also reported by others
(Abrams and Mostoller 1995; Ronquim et al. 2009). Under
similar environmental conditions, thicker leaves (lower SLA)
have higher concentrations of Calvin cycle proteins and,
consequently, higher photosynthetic rates (Evans and Poorter
2001; Nikolopoulos et al. 2002). In B. excelsa, a decrease in
SLA was associated with an increase in Amax, particularly in
well-irrigated plants. Several studies have shown a positive
correlation between photosynthesis and specific leaf mass, the
inverse of SLA (Niinemets 1999; Feng 2008).
The higher gs found in C. guianensis under full sunlight
suggests that, in this species, PFS leads to an increase in
stomatal density (Franks and Beerling 2009), which ultimately
results in a high stomatal pore area (Valladares and Niinemets
2008). Irrespective of pre-exposure to full sunlight, gs remained
rather constant in B. excelsa, indicating that the positive effect
of light exposure was offset by the negative effect of the water
deficit, which leads to similar values of gs in both sun and
shade plants. Water restriction usually leads to reduction in

Figure 4 - Leaf transpiration (E) and water use efficiency (WUE), in response to pre-acclimation to full sunlight (PFS) in seedlings of B. excelsa (A,C) and
C. guianensis (B,D). E and WUE were determined at the end of the full sunlight exposure period of 120 days. The filled symbols (dotted line) indicate plants
subjected to moderate water stress (MWS) and open symbols (solid line) plants without water stress (WWS). Each symbol represents the mean of five plants
and two leaves per plant (± SD).
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Figure 5 - Monthly increase in height (MIH), diameter (MID) and the monthly leaf production (MLP) in response to pre-acclimation to full sunlight (PFS) in
seedlings of B. excelsa (A,C,E) and C. guianensis (B,D,F). MIH, MID and MLP were determined at the end of the full sunlight exposure period of 120 days. The
filled symbols (dotted line) indicate plants subjected to moderate water stress (MWS) and open symbols (solid line) plants without water stress (WWS). Each
symbol represents the mean of five plants and two leaves per plant (± SD).
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gs (Valladares and Pearcy 1997; Chaves et al. 2002), and this
effect was opposite to the effect of full sunlight. The lowest gs
values recorded in B. excelsa indicate that this species is more
sensitive to water stress than C. guianensis. This shows that
tropical species from the same region may respond differently
to the acclimation process. In general, photosynthesis and gs
decreased with increasing VPD. The trend toward a decrease
of A and gs with increasing VPD is consistent with results
reported by others (Lio et al. 2004; Domec et al. 2009).
Distinct responses of E and gs to WR indicate that plants
react to factors that affect water status in different ways. As
can be seen in Figure 3 and 4, a low gs does not necessarily
lead to a low E value. This is because E is a function of gs
and VPD, so that E can increase when the decrease in gs is
outweighed by the increase in VPD (Dai et al. 1992; Bunce
1996; Macfarlane et al. 2004). With respect to WUE, several
studies have shown that stomatal opening decreases as
evaporative demand increases (Dai et al. 1992; Domec et al.
2009) which restraints CO2 diffusion into intercellular space,
thereby influencing WUE.

Growth in diameter and height
In all treatments, crabwood grew faster than Brazil nut.
The highest growth rate of C. guianensis can be attributed
to its highest photosynthetic rates, together with higher leaf
production and SLA. Plants with high SLA tend to grow
faster (Poorter and Bongers 2006), perhaps because nitrogen
use efficiency is higher in thinner leaves (Hokosaka 2004).
Moreover, growth rates of seedlings tend to be enhanced in
plants that produce larger seeds (Janos 1980), an effect that
can last up to four years (Poorter and Rose 2005). Seeds of
C. guianensis are larger (25 g per seed, Ferraz et al. 2002)
than those of B. excelsa, 4 to 10 g per seed (Tonini and ArcoVerde 2004), which may contribute the faster growth of C.
guianensis seedlings. Growth rates reported in this study
concur with those observed previously, either for B. excelsa (0.5
mm month-1, Camargo et al. 1994) or C. guianensis (0.95 to
2.2 mm month-1, Bauch and Dunisch 2000, Camargo and
Marenco 2012).
MID values observed in B. excelsa under greenhouse
conditions agree with those reported

by Pena-Claros et al.
(2002). However, they observed higher growth rates in plants
grown under full sunlight. This discrepancy can be attributed
the difference in the experimental conditions, as Pena-Claros
et al. (2002) used larger saplings. MIH values observed

in
both species are within the range reported by Azevedo and
Marenco (2012) in other Amazonian species (Minquartia
guianensis and Swietenia macrophylla). Taking leaf size into
account [a leaflet (54.8 cm2) of C. guianensis is 1.6 times larger
than a leaf of B. excelsa], I concluded that the total amount of
foliage production was about four times higher in C. guianensis
than in B. excelsa. Thus, the high growth rates observed in
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C. guianensis under mild water stress can be attributed to its
high photosynthetic rates, as well as its high leaf production,
plant responses that were not observed in B. excelsa. Leaf
production observed in B. excelsa during the MWS treatment
is consistent with that reported by Barros and Barbosa (1995),
who observed less foliage in plants of A. macrocarpa and A.
farnesiana subjected to water restriction.

CONCLUSIONS
Seedlings of B. excelsa and C. guianensis have a different
physiological performance. A pre-exposure time to full
sunlight of 180 min is adequate for both species. More
prolonged exposure times (>180 min under full sun) can
impair plant growth. Subjecting plants to mild water stress
seems to improve the acclimation response only in C.
guianensis. In B. excelsa, pre-acclimation to full sun should
be carried out in well-watered plants. In comparison with B.
excelsa, higher foliage production and higher photosynthetic
rates of C. guianensis are factors that result in faster growth of
this species. The higher growth rates of C. guianensis suggest
this species is a promissory one to be tested in field experiments
under a wider range of environmental conditions.
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