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Abstract
Key message  We analyzed the response of Vochysia divergens Pohl trees to hydrological variation over seasons in a 
Brazilian wetland-based 26 physiological parameters. Dry season conditions had a greater effect on the photosynthetic 
function than those in the wet season.
Abstract  Plants in seasonal wetlands are subject to large hydrological fluctuations and the physiological trade-offs that occur 
during these variations are still poorly understood. Within the Brazilian Pantanal, the largest tropical seasonal wetland in 
the world, the abundance of Vochysia divergens Pohl (Vochysiaceae) has been increasing and it forms mono-specific stands. 
The physiological performance of V. divergens trees to withstand seasonal variations in flooding and drought was evaluated 
to understand how the hydrological regime affects the species habitat and encourages new areas to be occupied. Individuals 
were evaluated for changes in their physiological parameters by means of CO2 response curves, chlorophyll fluorescence, 
photosynthetic pigment and nitrogen (N) concentrations. Drought conditions caused reductions of 82, 64 and 80% of the 
maximum rate of CO2-saturated photosynthesis (Amax m), electron transport (Jmax m), and carboxylation (Vcmax m) per unit 
leaf mass, an increase in leaf fluorescence (F0: 27%) and non-photochemical quenching (ΦNPQ: 18%), and a decrease in 
photochemical quantum yield of photosystem II (ΦPSII in: 29%). The dry season also caused a significant reduction in leaf 
photosynthetic pigments and an increase in leaf N concentration, but most of the N was allocated away from carboxylation 
and electron transport proteins and toward leaf structure. Our data indicate that dry season drought caused a significant 
decline in biochemical properties associated with leaf gas exchange and an increase in allocation to leaf structure. The abil-
ity to rapidly shift to high photosynthesis as soon as water levels rise in the wet season may be critical for the growth and 
expansion of this species in the Pantanal.

Keywords  Pantanal · Hyperseasonal savanna · Leaf gas exchange · Fluorescence · Photosynthesis · Nitrogen partitioning · 
Vochysia divergens

Abbreviations
A	� Net carbon assimilation rate (µmol CO2 m−2 

s−1)
Ac	� Rubisco-limited photosynthesis
Aj	� RUBP-limited photosynthesis
Ap	� Triose-phosphate utilization TPU photosyn-

thesis limited
A/Cc	� Photosynthetic response to the partial pres-

sure of CO2 at the sites of carboxylation
Amax a	� Maximum photosynthetic rate (per unit leaf 

area)
Amax m	� Maximum photosynthetic rate (per unit leaf 

mass)
Ca	� Concentration of atmospheric CO2
Chl a	� Chlorophyll a
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Chl b	� Chlorophyll b
Car	� Carotenoids
F0	� Minimal fluorescence from dark-adapted 

leaves
Fm	� Maximal fluorescence from dark-adapted 

leaves
Fv/Fm	� Maximum quantum efficiency of PSII 

photochemistry
Jmax a	� Maximum electron transport rate at saturating 

light (per unit leaf area)
Jmax m	� Electron transport rate at saturating light (per 

unit leaf mass)
Jmax/Vcmax	� Ratio of the electron transport rate at saturat-

ing light and the maximum Rubisco carboxy-
lation velocity rate at saturating light

JETR	� Maximum electron transport rate from 
fluorescence

Nm	� Leaf nitrogen concentration (per unit leaf 
mass)

Na	� Leaf nitrogen concentration (per unit leaf 
area)

qL	� Photochemical quenching from a lake model
PPFD	� Photosynthetic photon flux density
Pr	� Nitrogen allocated to Rubisco
Pb	� Nitrogen allocated to electron transport chain 

proteins
Pl	� Nitrogen allocated to light-harvesting 

pigments
Ps	� Nitrogen allocated to structure
PNUE	� Photosynthetic nitrogen use efficiency
Rd	� Rate of mitochondrial respiration in the light
Ratio a/b	� Ratio between chlorophyll a and b
SLA	� Specific leaf area
Total Chl	� Total chlorophylls (a + b)
Vcmax a	� Maximum Rubisco carboxylation velocity 

(per unit leaf area)
Vcmax m	� Maximum Rubisco carboxylation velocity 

(per unit leaf mass)
VPD	� Vapor pressure deficit
Γ*	� CO2 compensation point in the absence of Rd
ΦPSII	� Effective photochemical quantum yield of 

PSII
ΦNO	� Photochemical quenching from a lake model
ΦNPQ	� Non-photochemical quenching from a lake 

model

Introduction

Considered the largest floodplain in the world covering 
150,000 km2, the Pantanal has been threatened over the last 
4–5 decades by the invasion of Vochysia divergens Pohl, 
a flood-tolerant species native to the Amazon Basin that 

forms monospecific stands once it becomes established in its 
naturalized habitat (Nunes da Cunha and Junk 2001, 2004; 
Ariera and Nunes da Cunha 2006; Junk et al. 2006). Vochy-
sia divergens germinates and becomes established during 
the dry season after the flood pulse disperses seeds into the 
floodplain (Nunes da Cunha and Junk 2001, 2004). Once 
established, the naturalized population expands, causing 
declines in native plant species diversity (Ariera and Nunes 
da Cunha 2006), changes in the chemical composition of 
soils (Vourlitis et al. 2011), and an increase in the rate of 
evapotranspiration (Sanches et al. 2011). Vochysia divergens 
is a fast-growing pioneer tree species that can reach a height 
of 25–28 m (Pott and Pott 1994). The leaves have a life span 
of 8–9 months, and are produced regularly throughout the 
year with a brief break during the December–March flooding 
period (Dalmolin et al. 2015).

While V. divergens appears to be an aggressive invader, 
populations reportedly decline during the 4–5 months long 
dry season (Nunes da Cunha and Junk 2004; Junk et al. 
2006) presumably because of decline in physiological per-
formance. Seasonal wetlands that have well-marked wet and 
dry seasons experience extreme hydrological fluctuations, 
and plants in these systems are exposed to temporal fluctua-
tions in resource availability that alter their leaf gas exchange 
and population dynamics (Araya et al. 2011; Savage and 
Cavender-Bars 2011; Lovell and Manges 2013; Wyse et al. 
2013). Studies of plant physiology and species distribution 
patterns in wetland areas are usually focused on the effects 
of flooding, due to the potential for physiological stress that 
occurs due to prolonged exposure to anaerobic conditions 
(Rodriguez-Gonzalez et al. 2010; Correa-Araneda et al. 
2012; Dalmagro et al. 2016), and the effects of drought are 
often neglected even though seasonal drought stress may be 
just as important as anaerobic stress in limiting plant physi-
ological performance in seasonal wetlands (De Steven et al. 
2010; Parolin et al. 2010; Osland et al. 2011).

Flood-tolerant species generally have morphological and 
anatomical characteristics or alternative metabolic pathways 
to overcome anoxia (Gibbs and Greenway 2003; Lovell and 
Menges 2013), such as adventitious root formation, lenticel 
hypertrophy, and aerenchyma formation in stems and roots 
(Kozlowski 2002; Mielke et al. 2003, 2005; Steffens et al. 
2013), which improve plant–atmosphere gas exchange (Arm-
strong 1980). Physiological changes can also be observed, for 
example some plants have the ability to switch between aero-
bic and anaerobic respiration (Kozlowski 2002), chlorophyll 
synthesis is inhibited, and many plants exhibit a decline in the 
permeability and hydraulic conductivity of roots under anaero-
bic conditions (Gaspar 2011). Declines in root permeability 
and hydraulic conductivity also cause a decline in water uptake 
and stomatal closure that is mediated by synthesis and/or accu-
mulation of abscisic acid (Chaves et al. 2009). The decline in 
stomatal conductance and lower concentration of chlorophyll 



1367Trees (2018) 32:1365–1375	

1 3

lead to a concomitant decline in leaf CO2 assimilation (Saibo 
et al. 2009; Asharaf and Harris 2013). Similar responses are 
often observed in plants exposed to drought stress, even in 
plants that are considered drought tolerant (Lovell and Menges 
2013). Under low water availability conditions, stomatal clo-
sure promoted by high ABA levels is one of the first strategies 
used by plants to reduce transpiration rate and maintain cell 
turgor (Melcher et al. 2009), and the reduced stomatal conduct-
ance limits the CO2 assimilation (Saibo et al. 2009; Asharaf 
and Harris 2013). Under severe water stress, dehydration 
occurs in the mesophyll cells and an inhibition of the biochem-
ical processes related to photosynthesis can occur (Damayanthi 
et al. 2010; Anjun et al. 2011). For example, severe water stress 
can result in the down-regulation of ribulose 1,5-bisphosphate 
regeneration, ATP synthesis, photochemistry of photosynthe-
sis indicated by chlorophyll fluorescence parameters, ribulose 
1,5-bisphosphate carboxylase/oxygenase activity, and/or a per-
manent state of photoinhibition (Flexas and Medrano 2002). 
Thus, plants that are exposed to frequent water stress caused 
by both super- and sub-optimal water availability presumably 
have flexible physiological capacity to withstand large varia-
tions in hydrology and water availability.

Given its invasive nature in the Pantanal, the population 
dynamics and ecophysiology of V. divergens have been studied 
in an effort to understand why this species is able to expand 
so rapidly and form extensive mono-specific stands (Nunes 
da Cunha and Junk 2001, 2004; Ariera and Nunes da Cunha 
2006; Junk et al. 2006; Dalmolin et al. 2012, 2013; Dalmagro 
et al. 2013). However, most of the ecophysiological works 
have focused on how flooding alters photosynthetic perfor-
mance (Dalmolin et al. 2012, 2013; Dalmagro et al. 2013, 
2014). Therefore, dry season effects on leaf gas exchange and 
biochemistry are not well studied or understood, and there is 
interest in knowing how the physiological performance could 
contribute to the population declines that are often observed 
during the dry season (Nunes da Cunha and Junk 2004; Junk 
et al. 2006). Thus, the goal of the present work was to evaluate 
how drought altered the leaf physiological performance and 
leaf chemistry of V. divergens. Because V. divergens appears 
to be well-adapted to flooded conditions (Dalmolin et al. 2012, 
2013; Dalmagro et al. 2013), we hypothesized that there would 
be a decrease in physiological rates, due to the reallocation 
and altered utilization of foliar resources such as pigments and 
nitrogen, in response to drought conditions experienced during 
the dry season.

Materials and methods

Site study

This study was conducted in two field campaigns, March 
(wet season) and August (dry season) 2012, in the Brazilian 

Pantanal (16°39′50″S, 56°47′50″W) at a field site located 
approximately 160 km SSW from Cuiabá, Mato Grosso, at 
an elevation of 116 m above sea level. The 30 years average 
annual rainfall is 1420 mm and temperature 26.5 °C, and 
rainfall is strongly seasonal with the dry season extending 
from May to September (Vourlitis and da Rocha 2011). The 
flat topography of the area causes extensive flooding during 
the wet season (Nunes da Cunha and Junk 2001), and aver-
age flood height is typically 1–2 m in depth during the peak 
wet season (Nunes da Cunha and Junk 2004). The site is 
within the invasion front of an extensive forest that is domi-
nated almost exclusively by V. divergens (Vourlitis et al. 
2011). Vegetation is a mixture of trees and grasses, with 
tree species including V. divergens and Curatella americana 
L. (Dilleniaceae) and an understory consisting mainly of 
the grass Gymnopogon spicatus (Spreng.) Kuntze (Vourlitis 
et al. 2011).

Gas exchange measurements

We selected five young V. divergens plants that were 3–5 m 
tall, growing in full sun, and with a minimum distance of 
50 m between each individual. Gas exchange measurements 
were made on the third or fourth leaf from the apex of the 
branch that was fully expanded, had no obvious disease 
symptoms, and exposed to full sunlight. The same plants 
were measured in flooded and dry seasons.

The photosynthetic response to the partial pressure 
of CO2 at the sites of carboxylation (A/Cc) was measured 
using a portable photosynthesis system (LI-6400, LI-COR, 
Lincoln, NE, USA). Measurements were made during the 
morning when temperatures are cooler and the vapor pres-
sure deficit is lower to avoid the possibility of a midday 
photosynthetic depression (Dalmolin et al. 2012). Leaves 
were placed in the fluorometer chamber (LI-6400-40, LI-
COR, Lincoln, NE, USA), which was adjusted to provide 
a constant photosynthetic photon flux density (PPFD) of 
1000 µmol (photon) m−2 s−1 to ensure light saturation for 
photosynthesis (Dalmolin et al. 2013; Dalmagro et al. 2014), 
a 28 °C block temperature, and a relative humidity of 60%, 
similar to the ambient conditions (Dalmolin et al. 2012). 
After 15 or 20 min of acclimation to these conditions, the 
LI-6400 was adjusted to increase the CO2 supply in 15 steps 
from 50 to 1200 ppm. The assimilation was recorded only 
after the coefficient of variation was < 0.3%. Maximum pho-
tosynthesis on a leaf area basis (Amax a) was estimated as 
the mean of the three measurements made at 1200 ppm and 
saturating light [1000 µmol (photon) m−2 s−1]. Following 
Dalmagro et al. (2013), A/Cc curves were used instead of 
A/Ci curves because they rely on mesophyll conductance 
(gm), thus avoiding the underestimation of Vcmax (Epron et al. 
1995; Manter and Kerrigan 2004).
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The parameters of the A/Cc curve were calculated 
using the Farquhar et  al. (1980) model, which summa-
rizes the dependence of the net carbon assimilation rate [A 
(µmol(CO2) m−2 s−1)] on the partial pressure of CO2 at the 
sites of carboxylation [Cc (µmol(CO2) mol−1)], in which A 
is modeled as the minimum of Rubisco-limited (Ac), RUBP-
limited (Aj) or triose-phosphate utilization TPU (Ap) accord-
ing to Eqs. 1, 2, 3 and 4,

where Rd is the mitochondrial respiration rate in light, 
which was estimated from Ac, Vcmax is the maximum rate of 
Rubisco activity [µmol m−2 s−1], Cc is the molar concentra-
tion of CO2 in the chloroplast [Pa], O is the molar concen-
tration of O2 at Rubisco [µmol(O2) mol−1], Γ* is the CO2 
compensation point in the absence of mitochondrial respi-
ration [µmol(CO2) mol−1], and Kc and Ko are the Michae-
lis–Menten coefficients of Rubisco activity for CO2 and O2, 
respectively [µmol mol−1], which were calculated for the leaf 
temperature of each curve fallowing the equations derived 
by Bernacchi et al. (2001).

The potential electron transport rate (J) (Eq. 3) is related 
to Jmax through an empirical relationship (Farquhar and 
Wong 1984):

where J is the potential rate of electron transport [µmol m−2 
s−1] that is dependent upon photosynthetic photon flux den-
sity (PPFD), θ is the curvature of the light response curve, 
and α is the quantum yield of electron transport. The value 
of α was fixed at 0.3 [mol (electron) mol (photon)−1], based 
on an average C3 photosynthetic quantum yield of 0.093 and 
a leaf absorbance of 0.8 (Long et al. 1993). Mass-based esti-
mates (Amax.m, Vcmax.m and Jmax.m) were obtained by dividing 
area-based values by leaf dry mass per unit area (MA).

Chlorophyll fluorescence measurements

Light curve responses of the fluorescence parameters were 
performed with a modulated pulse fluorometer (LI-6400-40, 
LI-COR, Lincoln, NE, USA) coupled with a photosynthesis 
measurement portable system (LI-6400, LI- COR, Lincoln, 
NE, USA). Measurements were made at a block temperature 
of 28 °C and a relative humidity of 60% to be consistent 

(1)A = min
{

Ac, Aj,Ap

}

− Rd,

(2)Ac = Vcmax (Cc − Γ∗)∕Cc + Kc

(

1 + O∕Ko

)

,

(3)Aj =
J
(

CC − Γ∗
)

4Cc

+ 8Γ∗,

(4)Ap = 3TPU,

(5)�J2 −
(

�PPFD + Jmax
)

J + �PPFD Jmax = 0,

with the A/Cc curve measurements. Leaves of five plants 
were exposed to total darkness for 12 h by covering them 
with aluminum foil. Measurements of the minimum (F0) and 
maximum (Fm) fluorescence were made between 04:30 and 
05:30 hours local time by applying saturating light pulses of 
6600 µmol m−2 s−1 PPFD for 0.8 s. When the fluorescence 
signal approached the steady state (Fs) in actinic light, a 
similar pulse was applied to obtain the maximum value of 
the fluorescence light (Fm′), and the minimum fluorescence 
in the light (F0′) was measured over PPFD values varying 
from 0 to 1200 µmol photons m−2 s−1 by applying 5 s pulse 
of far-red light at 3 min intervals.

The fluorescence values were used to calculate photo-
chemical quenching (qL), which indicates the redox state of 
the primary acceptor electron quinone A (QA) in photosys-
tem II (PSII) according to Kramer et al. (2004) and Maxwell 
and Johnson (2000):

The yield of the three concurrent processes of energy 
transfer from chlorophyll in PSII—the photochemical effi-
ciency of PSII (ΦPSII), non-photochemical quenching (ΦNPQ) 
and extinction by other energy losses (ΦNO) (fluorescence, 
basal rate of non-radioactive decay and formation of Chl 
triplets), were calculated according Kramer et al. (2004):

where NPQ is the non-photochemical quenching energy, 
which is the apparent rate constant for loss of heat from 
PSII:

qL , ΦPSII , ΦNPQ , ΦNO , and NPQ were calculated for 
1500 µmol photons m−2 s−1.

Nitrogen concentration and fractioning among leaf 
proteins

Leaf nitrogen concentration per unit dry mass (Nm) was 
measured on six leaves per plant using a procedure described 
by Embrapa (2009). The same leaves used for evaluation 
of gas exchange and fluorescence were used for nitrogen 
analysis. Following Niinemets and Tenhunem (1997) and 
Rodríguez-Calcerrada et al. (2008), the proportion of Nm 

(6)qL =
F�

m − Fs

F�
m − F�

0

×
F�

0

Fs

.

(7)ΦPSII =
F�

m − Fs

F�
m

,

(8)ΦNPQ = 1 − ΦPSII − ΦNO,

(9)ΦNO =
1

NPQ + 1 + qL (Fm∕F0 − 1)
,

(10)NPQ =
Fm − F�

m

F�
m

.
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allocated to Rubisco (Pr) and electron transport chain pro-
teins (Pb) were calculated as:

where Nm is the total N content per leaf mass (g kg−1), SLA 
is the specific leaf area (m−2 kg−1), 6.25 is the conversion 
factor for the amount of N in Rubisco (gN Rubisco−1), 20.5 
is the specific activity of Rubisco µmol CO2 (g Rubisco)−1 
s−1, 8.06 µmol cytochrome f (gN in components of electron 
transport)−1 accounts for the amount of cytochrome f per 
unit N that is within the bioenergetics of electron transport, 
and 156 mol electrons (mol cytochrome f)−1 s−1 is the activ-
ity factor of the electron transport per unit of cytochrome f. 
The proportion of N allocated to light-harvesting compo-
nents (PI) was calculated as:

where Cm is the concentration of total chlorophyll per unit 
dry mass, and CB is the weighted average of the number 
of chlorophyll quantity per amount of nitrogen that is pre-
sent in the photosystems (PSII and PSI) and the antennae 
of PSII (LHCII) (Hikosaka and Terashima 1995; Niinemets 
and Tenhunen 1997; Rodríguez-Calcerrada et al. 2008). The 
proportion of N allocated to leaf structure (Ps) was calcu-
lated as:

The values of leaf chlorophyll concentration per unit 
dry mass (Cm) was determined following Wellburn (1994) 
and Porra et al. (1989). Nitrogen-use efficiency (PNUE) 
was calculated on the basis of concentration N and rate of 
photosynthesis.

Statistical analysis

A/Cc curves were analyzed using a spreadsheet developed 
in Matlab (V7.3, Matworks Inc., Natick, MA, USA) and 
provided by Su et al. (2009). The parameters derived from 
the A/Cc curves and other variables were analyzed using a 
paired t test, because the same plants were measured season-
ally. Physiological variables were presented on a mass and 
area basis, because temporal variations in leaf physiology 
are not independent of temporal variations in leaf anatomy 
(SLA) (Niinemets and Tenhunen 1997), which change sea-
sonally as a function of water availability for many plants 
like V. divergens (Dalmagro et al. 2013). Data were tested for 
normality and heteroscedasticity, and none of the response 

(11)Pr =
Vcmax

6.25 × 20.5 × (1∕SLA) × Nm

,

(12)Pb =
Jmax

8.06 × 156 × (1∕SLA) × Nm

,

(13)PI =
Cm

Nm × CB

,

(14)Ps = 100 − Pr − Pb − Pl.

variables required transformation to fulfill assumptions of 
normality or homogeneous variance. All statistical tests 
were conducted using Number Cruncher Statistical Software 
(NSCC V7).

Results

Microclimate

Seasonal climate variations are typical of the Pantanal 
region (Vourlitis and da Rocha 2011). The average tempera-
ture over the study period was 26.1 °C, with the minimum 
temperature (18.2 °C) observed in July and the maximum 
temperature (28.7 °C) in November (Fig. 1). The vapor pres-
sure deficit (VPD) varied between a minimum of 0.13 kPa in 
January and a maximum of 3.02 kPa in August, with an aver-
age value of 1.01 kPa for the study period. The total rainfall 
was 1638 mm, which is about 215 mm above the long-term 
(30 years) average, with approximately half of the rainfall 
received between January and May (Fig. 1). Rainfall was 
low (< 100 mm) between June and September, representing 
the climatological dry season for the region (Vourlitis and 
da Rocha 2011), and no measureable rainfall was observed 
for July and August.

During the January–May wet season, overflow of the 
Cuiabá River caused widespread flooding, which promoted 
waterlogging and a decrease in the soil O2 concentration 
(Fig.  1). Soils were essentially anoxic (O2 concentra-
tion < 2%) from January to April 2012 and again in Decem-
ber 2012, when the flood pulse of the 2012–2013 wet season 
arrived. Soil O2 concentrations increased rapidly as soon as 

Fig. 1   Total monthly precipitation (PPT; grey-bars) and average 
monthly atmospheric vapor pressure deficit (VPD; white circles, dot-
ted line), temperature (black circles; solid line) and oxygen dissolved 
in the soil (white squares, dotted line), for the study site between 
January 2012 and December 2012. The scales for rainfall and VPD 
are displayed on the left-hand axis and the scales for temperature 
and oxygen dissolved in the soil on the right-hand axis. Values are 
means ± SE
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flood water receded in May and remained at 20% between 
July and September (Fig. 1).

Gas exchange parameters

A lower level of the maximum rate of photosynthetic capac-
ity (Amax) was observed during the dry period compared 
to the flooded period, and limitation by Rubisco activity 
occurred in Cc values < 20 Pa during the dry season vs. 60 Pa 
during the wet season (Fig. 2). Amax per unit area (Amax a) and 
per unit mass (Amax m) declined by 53 and 82%, respectively, 
during the dry season, while the maximum rate of electron 
transport (Jmax) per unit area (Jmax a) and mass (Jmax m) 
declined by 44 and 79%, respectively, during the dry sea-
son. However, no significant differences for the maximum 
rate of carboxylation per unit area (Vcmax a) were observed, 
although Vcmax per unit mass (Vcmax m) was 62% lower during 
the dry season (Table 1). The Jmax/Vcmax ratio (on a mass and 
area basis) also declined significantly during the dry season 
(Table 1), but no significant differences were observed for 
the CO2 compensation point (Γ*) or the rate of mitochon-
drial respiration (Rd) (data not shown).

Chlorophyll fluorescence parameters

Changes in hydrology significantly affected fluorescence 
from the light curves (Fig. 3; Table 2). There was a 21% 
increase in the initial fluorescence (F0) in the dry season, 
but maximum fluorescence (Fm) and the maximum quan-
tum efficiency of PSII photochemistry (Fv/Fm) were not 
significantly different between the flooded and dry periods 
(Table 2). Seasonal drought caused a significant decline in 

the effective photochemical quantum yield of PSII (ΦPSII), 
which mirrored the dry season decline Amax, and there was 
an associated increase in non-photochemical quenching 
(ΦNPQ) throughout the PPFD response curves (Fig. 3) and 
at saturating PPFD (1500 μmol m−2 s−1; Table 2). Higher 
values of ΦPSII were accompanied by larger values of JETR 
in the flooded period; however, light-saturated rates of pho-
tochemical quenching (qL) were not statistically different 
between the flooded and dry periods (Table 2), indicating 

Fig. 2   Mean (+ se: n = 5) leaf photosynthesis response vs. chloroplast 
CO2 (A/Cc) curves for Vochysia divergens during the flooding (black 
circles) and dry (white circles) seasons. The solid lines represent the 
Farquhar et  al. (1980) model functions for Rubisco and the dashed 
lines represent the model functions for RuBP

Table 1   Mean (± se; n = 5) gas exchange parameters derived from 
A/CC curves of Vochysia divergens leaves during the flooding and dry 
seasons in the Pantanal together with the statistical values [t statistic, 
degrees of freedom, and probability associated with a type I error (p)] 
obtained from a paired t test

Amax. a maximum rate of photosynthetic capacity per unit area, Amax. 
m per unit mass, Vcmax. a maximum rate of carboxylation per unit area, 
Vcmax. m per unit mass, Jmax. a maximum rate of electron transport per 
unit area, Jmax. m per unit mass, Jmax/Vcmax the ratio of maximum elec-
tron transport to maximum carboxylation, NS not statistically signifi-
cant

Variable (units) Flooding Dry t4 p

Amax. a (μmol m−2 s−1) 22.7 (± 1.4) 10.6 (± 1.6) 6.9 < 0.01
Amax. m (μmol g−1s−1) 0.18 (± 0.01) 0.03 (± 0.01) 11.8 < 0.001
Vcmax. a (μmol m−2 s−1) 50.2 (± 6.7) 50.6 (± 8.4) − 0.1 NS
Vcmax. m (μmol g−1s−1) 0.41 (± 0.06) 0.15 (± 0.02) 3.7 < 0.05
Jmax. a (μmol m−2 s−1) 79.9 (± 3.8) 44.7 (± 10.8) 4.1 < 0.05
Jmax. m (μmol g−1s−1) 0.60 (± 0.04) 0.12 (± 0.03) 11.2 < 0.001
Jmax. a/Vcmax. a 1.7 (± 0.2) 0.9 ± (0.1) 6.3 < 0.01

Fig. 3   Mean (± se; n = 5) response of photochemical and non-photo-
chemical yields of absorbed energy with photosynthetic photon flux 
density (PPFD) in leaves of Vochysia divergens in the flooding and 
dry seasons. Circles represent the photochemical quantum yield of 
PSII (ΦPSII), squares non-photochemical quenching (ΦNPQ) and tri-
angles photochemical quenching (ΦNO). Black symbols represent the 
flooding and white symbols the dry season
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that the dry season decline in ΦPSII and JETR was due more 
to a decline in Amax than in light-harvesting ability.

Nitrogen partitioning

Leaf N concentration per unit leaf mass (Nm) and area (Na) 
was significantly higher during the dry season, and there were 
significant seasonal differences in the proportion of N allo-
cated to Rubisco (Pr), electron transport chain proteins (Pb), 
light-harvesting pigments (Pl), and structure (Ps) (Table 3). 
For example, Pr and Pb declined by nearly three- and five-
fold, respectively, during the dry season, while the dry sea-
son decline in Pl was relatively less, of the order of 1.5-fold 
(Table 2). In contrast, the amount of N allocated to structure 
increased by nearly 1.3-fold during the dry season. Together, 
the decline in A and the increase in N during the dry season 
led to a significant decline in photosynthetic N-use efficiency 
(PNUE: Table 3).

Photosynthetic pigments

Chlorophyll a and b contents were significantly lower in the 
dry season, leading to a > twofold reduction in total chloro-
phyll during the dry season (Table 4). However, the ratio of 
chlorophyll a:b increased by > twofold during the dry season 
because the dry season decline in chlorophyll b was larger than 
for chlorophyll a (ca. 4- vs. 1.7-fold; Table 4). Leaf carotenoid 
content also exhibited a significant decline (1.8-fold) during 
the dry season.

Discussion

Our data support the hypothesis that there will be a 
decrease in physiological rates, photosynthetic pigments, 
and changes in leaf nitrogen (N) allocation of V. diver-
gens when exposed to dry season drought conditions. The 
reduction in the biochemical parameters derived from the 
A/Cc curves, Amax, Jmax, and Vcmax, indicates that drought, 
which occurs during the dry season, caused a biochemical 
limitation to leaf photosynthesis. This biochemical limita-
tion appeared to be due to both reductions in carboxylation 
and electron transport, which in turn led to a switch in 
the allocation of N from photochemical pools (Rubisco, 
electron transport and light-harvesting proteins) to leaf 
structural pools, indicating that seasonal drought had a 
large effect on leaf photosynthetic potential.

Table 2   Mean (± se; n = 5) chlorophyll fluorescence of Vochysia 
divergens leaves during the flooding and dry seasons in the Pantanal 
together with the statistical values [t statistic, degrees of freedom, and 
probability associated with a type I error (p)] obtained from a paired 
t test

Fo minimal fluorescence from dark-adapted leaves, Fm maximal fluo-
rescence from dark-adapted leaves, Fv/Fm maximum quantum effi-
ciency of PSII photochemistry, JETR maximum electron transport rate 
from fluorescence, qL(1500) photochemical quenching in 1500 μmol 
m−2  s−1PPFD, ΦPSII (1500) effective photochemical quantum yield 
of PSII in 1500 μmol m−2 s−1PPFD, ΦNPQ (1500) non-photochemical 
quenching in 1500 μmol m−2s−1PPFD, NS not statistically significant

Variable (units) Flooding Dry t4 p

Fo 397 (± 13) 505 (± 16) − 5.75 < 0.01
Fm 2104 (± 134) 2445 (± 43) − 2.61 NS
Fv/Fm 0.81 (± 0.01) 0.79 (± 0.01) 1.00 NS
JETR (μmol m−2s−1) 115 (± 8) 76 (± 11) 3.32 < 0.05
qL (1500) 0.35 (± 0.01) 0.33 (± 0.02) 2.26 NS
ΦPSII (1500) 0.18 (± 0.10) 0.13 (± 0.02) 2.72 0.05
ΦNPQ (1500) 0.65 (± 0.03) 0.76 (± 0.02) − 3.31 < 0.05

Table 3   Mean (± se; n = 5) leaf nitrogen (N) concentrations and 
allocation of Vochysia divergens leaves during the flooding and dry 
season in the Pantanal together with the statistical values [t statistic, 
degrees of freedom, and probability associated with a type I error (p)] 
obtained from a paired t test

Nm N concentration for unit leaf mass, Na N nitrogen concentra-
tion for unit leaf area, Pr N allocation to Rubisco, Pb N allocation to 
electron transport proteins, Pl N allocation to light-harvesting com-
ponents, Ps N allocation to structural components, PNUE photosyn-
thetic N-use efficiency, NS not statistically significant

Variable (units) Flooding Dry t4 p

Nm (g g−1) 14.3 (± 0.6) 16.7 (± 0.5) − 2.07 NS
Na (g m−2) 1.8 (± 0.1) 5.0 (± 0.3) − 16.60 < 0.001
Pr (%) 23.7 (± 4.1) 8.7 (± 1.7) 3.56 < 0.05
Pb (%) 3.7 (± 0.3) 0.8 (± 0.2) 9.54 < 0.001
Pl (%) 0.6 (± 0.03) 0.2 (± 0.03) 21.59 < 0.001
Ps (%) 72.0 (± 4.3) 90.3 (± 1.8) − 4.05 < 0.05
PNUE (μmol g−1 s−1) 12.9 (± 1.0) 2.1 (± 0.3) 12.72 < 0.001

Table 4   Mean (± se; n = 5) photosynthetic pigments of Vochysia 
divergens leaves during the flooding and dry seasons in the Pantanal 
together with the statistical values [t statistic, degrees of freedom, and 
probability associated with a type I error (p)] obtained from a paired 
t test

Chl a chlorophyll a, Chl b chlorophyll b, Car carotenoids (mg m−2), 
total Chl a + b total chlorophylls, Ratio a/b the ratio between chloro-
phyll a and b, NS not statistically significant

Variable (units) Flooding Dry t4 p

Chl a (mg m−2) 132 (± 10) 79 (± 8) 4.37 < 0.05
Chl b (mg m−2) 111 (± 12) 28 (± 3) 6.30 < 0.01
Car (mg m−2) 41 (± 4) 22 (± 1) 5.22 < 0.01
Total Chl (mg m−2) 243 (± 22) 107 (± 10) 5.47 < 0.01
Ratio a/b 1.2 (± 0.1) 2.8 (± 0.1) − 14.00 < 0.001
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Xu and Baldocchi (2003) have shown that Amax is highly 
correlated with Vcmax, and even though rates of Vcmax a were 
not significantly affected by variations in hydrology Vcmax m 
was significantly lower during the dry season (Table 1). A 
reduction in Vcmax m is often attributed to a decrease in the 
amount of Rubisco (Jacob et al. 1995), or its low activation 
state (Nakano et al. 1997), as leaves increase allocation to 
mass. The significant dry season reduction in the N allocated 
to Rubisco (Pr), and increase in allocation to structure (Ps) 
(Table 3), indicate a decline in the amount and/or activation 
state of Rubisco (Porra et al. 1989; Wellburn 1994; Niinem-
ets and Tenhunen 1997).

While the dry season decline in Amax may have been 
driven in part to a decline in Vcmax, the significant reduction 
in the ratio Jmax/Vcmax during the dry season was mostly due 
to the reduction in Jmax (around 47.3%). Thus, the decline in 
Amax, which is measured at high Cc, may be more reflective 
of limitations in RuBP regeneration by the rate of electron 
transport (Jmax) than by the rate of carboxylation (Sharkey 
et al. 2007). It is known that the Rubisco activity and RuBP 
regeneration have different sensitivities to water stress accli-
mation (Bernacchi et al. 2001), and that RuBP regeneration 
capacity is more sensitive than the capacity of carboxyla-
tion in situations of low leaf water potential (Medrano et al. 
2002). The significant reduction in Jmax observed in the dry 
season (Table 1) can be attributed to several factors such as 
a decline in the concentration a lower investment of leaf pig-
ments (Table 4), and a decline in the investment of N to elec-
tron transport proteins (Table 3) (Rodríguez-Calcerrada et al. 
2008; Asharaf and Harris 2013). The sharp decrease in the 
content of photosynthetic pigments is commonly observed in 
plants subjected to drought stress (Din et al. 2011; Asharaf 
and Harris 2013) and is a good indicator of signs of oxida-
tive stress (Bacelar et al. 2006). This decrease may result 
from the chlorophyll degradation (Smirnoff 1993) or due to 
a deficiency in the chlorophyll synthesis in conjunction with 
changes in the structure of the thylakoid membrane (Brito 
et al. 2003).

Significant reductions in Jmax and the fluorescence 
parameters obtained in the dark (F0) and under varying 
PPFD (JETR, ΦPSII and ΦNPQ) provide evidence that the 
dry season decline in V. divergens Amax was due in large 
part to photochemical limitations. The observed increase 
in Fo can indicate damage to the PSII reaction center or 
a decrease in the transmission capacity of the excitation 
energy from the antenna to the reaction center, since F0 
is the fluorescence when QA (quinone primary receiving 
of electrons from PSII) is completely oxidized and the 
PSII reaction center is open (Baker and Rosenqvst 2004). 
Although we found that a reduction in the maximum effi-
ciency of PSII, represented by Fv/Fm, was not statistically 
significant between seasons, there was a significant reduc-
tion in the efficiency of photosystem II (ΦPSII) (Table 2), 

indicating that a smaller proportion of absorbed energy 
was used in this photochemical pathway due to the reduc-
tion in the functioning of this photosystem. Decreases in 
ΦPSII under water stress may be attributed to damage to the 
oxygen evolving complex (OEC), which promotes the gen-
eration of reactive oxygen species (ROS) that are responsi-
ble for photoinhibition and oxidative damage (Anjun et al. 
2011). Decrease in ΦPSII can also be ascribed to degrada-
tion of the D1 protein constituents of the PSII reaction 
center (Zlateve and Yordanov 2004).

Declines in ΦPSII and ΦNO led to an increase in ΦNPQ 
(Table 2), indicating an increase in non-photochemical 
energy dissipation during the dry season. The increased of 
ΦNPQ indicates that the rate of electron transport is reduced 
in comparison to the normal state (Cornic and Briantais 
1991), and demonstrate that the pH of the lumen of the thy-
lakoid is acidic and that the transport of H+ by ATP synthase 
is the limiting ATP synthesis (Lawlor and Tezara 2009). 
The significant dry season decrease in JETR (Table 2) further 
implicates photochemical limitations to RuBP regeneration, 
but despite the lower JETR and ΦPSII, photoinhibition was 
probably not observed in this study since the values of Fv/Fm 
were not significantly affected by seasonal drought and were 
higher than 0.75 (Maxwell and Johnson 2000).

Vochysia divergens plants showed significantly higher 
Nm and Na values during the dry season (Table 3), which, 
according to Wright et al. (2001), is a common phenomenon. 
Wright et al. (2001) suggested that the higher N allowed 
plants exposed to dry conditions to achieve a higher A per 
unit area at a lower stomatal conductance, which would act 
to reduce transpiration rates. Some of this additional leaf N 
was allocated to structural components (Table 3), which may 
help to conserve limited water reserves, reduce leaf loss to 
herbivore damage, and increase leaf longevity (Reich et al. 
1995; Hikosaka et al. 1998; Wright et al. 2001; Brennes-
Arguedas et al. 2006). In particular, herbivore pressure on V. 
divergens increases substantially during the dry season (Dal-
molin et al. 2015), thus allocating N to structure or second-
ary metabolites may reduce the impact of herbivore damage.

In conclusion, V. divergens exhibited a reduction in leaf 
CO2 assimilation during the period of highest water deficit 
in the Pantanal. This decrease was promoted by biochemi-
cal and photochemical changes that were associated with 
an increase in N allocation to the leaf structure. These 
coordinated changes in physiology appear to increase the 
chances of survival of V. divergens seedlings during a time 
of presumably high water stress. The ability to survive under 
stressful conditions, coupled with flooding tolerance and a 
rapid shift to C gain as soil moisture rises during the wet 
season, may be a key property that allows the successful 
expansion of V. divergens into new habitats such as the Bra-
zilian Pantanal.
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