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Abstract
The distribution of woody species in flooded environments depends on the duration of stress as well as seed germination 
strategies and plant morphophysiological adaptations. Allophylus edulis is a tree that occurs in temporarily or permanently 
flooded areas in several countries of South America. In this paper, we evaluate seed germination, growth parameters, photo-
synthetic pigment contents and chlorophyll a fluorescence in young plants to understand the tolerance of the specie to flood 
events. The evaluations were performed in non-flooded (NFL) and flooded (FL) plants in a temporal scale that included short 
(up to 30 days) and long (up to 90 days) flood periods. A short flooding (15 days) may favor germination but maintaining 
stress for 60 days makes the seeds unviable. Although 71.4% of the FL plants survived up to 90 days of flooding, injuries 
such as chlorosis and foliar abscission appeared. An increase in stem height and diameter was only observed in NFL plants; 
whereas, FL plants showed a growth inhibition. At 90 days, NFL and FL plants presented total dry mass of 18.35 ± 1.57 g 
and 1.93 ± 0.62 g, respectively. The photosynthetic performance indexes indicated acclimatization of the plants on the third 
day of flooding, but the stress induced a progressive decline in the parameters, signaling damages to the photosystem II. 
Both seeds and young plants of A. edulis tolerate short periods of flooding, but prolonged floods make the seeds unfeasible 
and damages the photosynthetic apparatus, leading to death of the plants.

Keywords  Stress · Flood acclimatization · Hypoxia · Sapindaceae · Recalcitrant seed

Introduction

Periodic or permanent floods exert strong selective pressure 
on the species, influencing aspects like the composition and 
structure of the tree flora in forest formations (Silva et al. 

2007). Flooding causes a number of changes in the soil, such 
as decreased or disappeared O2, accumulation of CO2, and 
formation of toxic compounds affecting various processes 
of plant development (Kozlowski 1997).

Flood events are challenging in all life stages of the 
plant, especially during the seed germination and seedlings 
initial development (Zúñiga-feest et al. 2017).  The seeds 
and seedlings of some species are not tolerant to flooding 
although adult plants of the same species tolerant stress (da 
Paz et al. 2017). The oxygen is less available to the embryos 
in flooded soils, preventing or delaying the germination of 
seeds of various species (Kozlowski 1997). To withstand 
flooding events, seeds may have morphological adaptations 
that improve their fluctuation (Parolin et al. 2004); physical 
dormancy (Lucas et al. 2012; da Paz et al. 2017); physi-
ological dormancy (Scarano et al. 2003) and energy reserve 
compounds (Ferreira et al. 2009).

Flooding of the root system can cause a number of con-
sequences to the plant such as increased shoot biomass to 
the detriment of the root (Liu et al. 2015; Yu et al. 2015), 
reduced or inhibited growth (Bailey-Serres and Voesenek 
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2008; Colmer and Voesenek 2009), decreased water and 
nutrient uptake (Colmer and Voesenek 2009; Liu et  al. 
2015), leaf fall (Parolin et al. 2004), minor chlorophyll con-
tent and decreased photosynthetic performance (Junior et al. 
2015). The decrease in photosynthetic activity during flood-
ing has been related to several factors such as decreased 
stomatal conductance (Medina et al. 2009), lower photo-
synthetic enzyme activities (Pezeshki 2001), lower chloro-
phyll content (Parolin et al. 2004), photosystem II damage 
and photosynthetic electron transport (Reginfo et al. 2005). 
The stress duration influences the damage to the structure 
and activity of the photosystem II and the development of 
photosynthetic adjustments in the plant (Larré et al. 2013).

The occurrence of some species in a predominantly 
flooded area is a strong but inconclusive indication of their 
tolerance, since some abiotic and/or biotic factors facilitate 
the occurrence of less tolerant species in these environ-
ments. In swamp forests, microtopographic changes (Teix-
eira et al. 2011; Gattringer et al. 2018) and positive interac-
tions between plants (Scarano 2002) can attenuate the stress 
caused by flooding, favoring the germination process and 
the survival of species less tolerant or living in flood-prone 
areas.

Flooding events can last for up to seven months in a 
year in some swamp forests in the extreme south of Brazil. 
These forests are located on relief depressions where the 
ground water is close to the surface or emerging most of 
the year, with periods of high precipitation rates, config-
uring long flooding events (Waechter and Jarenkow 1998; 
Duarte 2012). These forests are characterized by great spa-
tial variations in soil water conditions, containing flooded 
microenvironments (water line formation) and non-flooded 
microenvironments (humid soil) (Duarte 2012). The pres-
ence of arboreal individuals is noticeably greater in non-
flooded sites, being Allophylus edulis (A.St.-Hil et  al.) 
Hieron. ex Niederl one of the species possibly favored by 
these microenvironments.

Allophylus edulis is a pioneer tree distributed in several 
countries of South America, including diverse phytogeo-
graphic domains throughout Brazil (Abreu et al. 2005). The 
plantation of this species is recommended to accelerate for-
est restoration due to its rapid growth and high amount of 
fruits that attract dispersers of seeds from other species to 
the site (Turchetto et al. 2017). This species colonizes from 
open areas to forest formations subject to flooding, and it is 
more abundant in temporarily flooded forests than in those 
permanently flooded (Silva et al. 2007).

The species distribution in environments with different 
degrees of stress can be inferred through the knowledge 
about their level of tolerance to factors such as soil water 
conditions. Although important, this information is still 
scarce for subtropical and tropical tree species in southern 
South America (Zúñiga-feest et al. 2017), becoming an 

obstacle to restoration projects. This information is even 
more relevant if we consider the climate change scenario, 
which will increase the frequency of extreme weather events 
such as rainfall and drought, thereby influencing the hydro-
logical regime in areas subject to flooding (Junk 2013; Paro-
lin and Wittmann 2010). In the extreme south of Brazil, the 
climate change is associated with an increase in precipita-
tions (Copertino et al. 2016), intensifying forest flood events 
on a spatial and temporal scale. Such changes may impact 
the structure and distribution of the tree species in flooded 
forests.

In this sense, we evaluated the tolerance of seeds and 
young plants of Allophylus edulis to short- and long-term 
flooding. Our hypothesis was that seeds and young plants 
of the species would not tolerate a long period of flooding. 
Thus, short floods would reduce seed germination, growth, 
content of photosynthetic pigments and photosynthetic 
indexes (PIs) of young plants. While, long periods of flood-
ing cause plant death and seed unviability.

Materials and methods

Fruits of various trees of Allophylus edulis were collected in 
a swamp forest located in the municipality of Rio Grande, 
RS, Brazil (32° 07′ S; 52° 09′ W). This forest remains 
flooded for approximately seven months per year, with a 
depth of about 30 cm of water, and the flood periods can be 
greater or lesser depending on the rainfall regime (Duarte 
2012). The seeds for the experiments I and II were collected 
in November 2016, and in December 2015 for the experi-
ment III. The fruits were pulped and the seeds were used 
shortly after the collection in the tests to maintain their 
viability, since the seeds of A. edulis have a recalcitrant 
behavior.

Experiment I: seed germination in flooded and 
non‑flooded conditions

This experiment consisted of two treatments using eight 
Gerbox® transparent plastic boxes with 25 seeds each, 
totaling 200 seeds per treatment: non-flooded (NFL) and 
flooded (FL), with seed sowing on a sheet of blotting paper 
moistened with 20 mL and 150 mL of distilled water, respec-
tively, totaling approximately 2 cm of water depth in FL 
treatment.

The germination tests were carried out for 30 days in a 
BOD germination chamber under the temperature of 25 °C 
and constant light, as recommended by Abreu et al. (2005). 
The criterion considered for germination was the presence 
of radicles larger than 2 mm in the seeds. The percentage of 
germination (%G) and germination speed index (GSI) were 
evaluated according to the equations described by Oliveira 
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et al. (2009). At the end of the experiment, the seedlings that 
were morphologically perfect had the measured length (cm) 
and were classified as normal seedlings (NS) and seedlings 
that had any of their essential structures missing, deformed 
or severely damaged were classified as abnormal (AS) (Bra-
sil, Ministério da Agricultura, Pecuária e Abastecimento 
2009; Oliveira et al. 2009).

Experiment II: germination with relief from flood 
stress

The experiment II consisted of four tests with eight samples 
of 25 seeds, totaling 200 seeds per test. All tests were per-
formed in Gerbox® boxes, using a layer of 2 cm of medium-
textured, washed and sterilized sand (substrate). The ger-
mination tests followed the same criteria of germination, 
temperature and photoperiod established in experiment I. 
The seeds were submitted to four temporal levels of flood-
related stress. In the control (time 0), the seeds were planted 
directly on the non-flooded sand, moistened with 20 mL of 
distilled water. In the other tests, to ensure submersion, the 
seeds were initially semi-buried in sand substrate and sub-
mitted to different flooding periods (15, 30, 60 days), char-
acterizing different stress levels induced by flood duration. 
To this end, the Gerbox® boxes were filled with 150 mL of 
distilled water, maintaining a water depth about of 2 cm. 
At the end of each flooding period, the seeds were removed 
from the flood conditions (stress relief) and transferred to 
Gerbox® boxes with the same conditions of the control 
treatment, to evaluate the germination parameters.

Experiment III: development of young plants 
under flood conditions

The seedlings for this experiment were obtained from the 
germination of A. edulis seeds in 290 cm3 tubes. After 
60 days, the seedlings were transplanted to 5-L perforated 
plastic pots containing organic soil obtained from the Fed-
eral University of Rio Grande. After seven months, the 
plants were submitted to two treatments: (I) non-flooded 
plants (NFL), irrigated daily to keep the substrate moist; 
(II) flooded (FL) plants, where the pots were placed into a 
second, to 10-L non-perforated plastic vessel to maintain a 
water slide of about 3 cm above the substrate. The experi-
ment lasted for 90 days and was conducted in experimental 
area covered with shade screen that partially diminished 
the solar radiation incident on the plants (50% shading). 
Global solar radiation daily (mean ± SD), during 30, 60 and 
90 days of flooding was, respectively, 953.30 ± 510.29 kJ/
m2, 1451.2 ± 569.35 kJ/m2, and 1626 ± 681.39 kJ/m2. The 
air temperature for the same periods was 14.9 ± 2.1 °C, 
16.1 ± 2.45 °C and 19 ± 2.66 °C, respectively. Daily values 
of global solar radiation and air temperature were obtained 

by Automatic Meteorological Station of Rio Grande, RS, 
Brazil (32° 01′ S 52° 06′ W), distant about 2 km from area 
of flooding experiment and provided by National Institute of 
Meteorology (INMET). Climate of the region is classified 
as Cfa, being characterized as humid subtropical (Alvares 
et al. 2013).

To evaluate survival and growth, 35 plants of each treat-
ment (NFL and FL) were selected and evaluated after seven 
different periods: 1, 10, 20, 30, 45, 60 and 90 days after 
the flooding started. The growth parameters analyzed were: 
plant height (cm), from the base of the plant until the meris-
tematic apex insertion; number of leaves; and stem diameter 
(cm), measured at 2 cm above the ground with a pachymeter. 
Possible visual morphological alterations induced by the 
treatments, such as hypertrophied lenticels and adventitious 
roots, were weekly monitored. At the end of the experiment, 
ten plants of each treatment were randomly selected to esti-
mate leaf area and dry mass. The leaf area was obtained 
through the foliar contour method, scanning ten mature 
leaves of each plant (Benincasa 2003). To estimate the dry 
mass, the plants were separated into leaves, stem and root, 
individually stored in paper bags, oven-dried at 70 °C for 
48 h and weighed.

The concentrations of chlorophyll a (Chl a), chlorophyll 
b (Chl b), total chlorophyll (Chla+b) and carotenoids (Cx+c) 
were determined from mature leaves of four plants of each 
treatment (NFL and FL) at 30, 60 and 90 days after the onset 
of flooding. The leaves were wrapped in aluminum foil and 
transported on ice to the laboratory, where a sample of each 
leaf was withdrawn and weighed. Subsequently, the samples 
were macerated with 80% (v/v) acetone (Arnon 1949) and 
filtered using Whatmann n1 filter paper, obtaining the ketone 
extract from chloroplast pigments. The absorbance readings 
were obtained from the ketone extracts at the wavelengths 
of 470, 646 and 663 nm. From the absorbance and dilution 
factors, the pigment contents were quantified and the results 
expressed in microgram per gram of fresh mass of leaf tissue 
(μg pigment g−1 MF), according to the equations described 
by Wellburn (1994).

The fluorescence of chlorophyll a was measured 1, 3, 
10, 20, 30, 45 and 60 days after flooding, using 18 plants 
of each treatment. In each collection, the central leaflets of 
two mature leaves of each plant were measured, totaling 
36 measurements in each water regime (NFL and FL). The 
emissions of chlorophyll a fluorescence emission were meas-
ured using a portable fluorometer Handy PEA (Hansatech 
Intruments). The leaves were adapted to the dark for 90 min 
and exposed to a saturation pulse of 3000 μmol m−2 s−1of 
photons for 1 s after that period. The fluorescence intensity 
of chlorophyll a was measured for 50 μs (initial fluorescence, 
F0), 2 ms (FJ), 30 ms (FI) and maximum fluorescence (FM). 
The parameters for the JIP test (Strasser and Strasser 1995; 
Strasser et al. 2004) were then calculated and are described 
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in Table 1. The values of the JIP test parameters were nor-
malized in relation to the control plants (NFL) levels in each 
period of data collection.

Statistical analyses

The effects of the water conditions (NFL and FL) on the 
germination parameters (%G, GSI, AS) of experiment I were 
evaluated with the t test. The effect of the different flood 
periods on the germination parameters (%G, GSI, AS) of 
experiment II was evaluated with an analysis of variance 
(ANOVA) followed by the Tukey’s test. The effects of water 
conditions (NFL and FL) in different evaluation periods on 
plant growth (stem diameter, number of leaves and height) 
were tested with two-way ANOVA with repetitive measures. 
The differences in the pigment content of the plants were 
obtained with a two-way ANOVA. Leaf area, dry mass, PIabs 
and PItotal in different flood regimes (NFL and FL) were 
evaluated using a t test. The percentage data (%G and AS) 
and dry mass were transformed using, respectively, arcsine 

and square root of x, to achieve normality and homoscedas-
ticity. All other data presented normal and homoscedastic 
distribution and all the statistical tests followed Zar (1999) 
with a level of significance of 0.05.

Results

Seed germination in flood conditions 
and after relief of flood stress

The flood reduced the percentage of germinated seeds and 
the GSI (Table 2). In addition, seeds germinated in the FL 
treatment produced smaller NS and a high number of abnor-
mal seedlings (Fig. 1a, Table 2), with short hypocotyls and 
atrophied radicles (Fig. 1b). The germination began on the 
sixth day after sowing and the germination rate was high 
in the control test (NFL). The stress relief after 15 days of 
flooding resulted in germination on the third day, with high 
germination rate, high GSI and larger normal seedlings, 

Table 1   The JIP-test parameters, formulas and definitions

For review see Strasser et al. (2004). Note that PSI, PSII, RC, and QA
− are for photosystem I, photosystem II, total number of active PSII reac-

tion centers, and the first plastoquinone electron acceptor of PSII, respectively

Parameters of fluorescence Description

Extracted fluorescence parameters
 FO = F50μs (O) Fluorescence intensity at 50 μs
 FJ = F2ms (J) Fluorescence intensity at 2 ms
 FI = F30ms (I) Fluorescence intensity at 30 ms
 FP = FM (P) Maximum fluorescence
 F100 μs Fluorescence intensity at 100 μs
 F300 μs Fluorescence intensity at 300 μs

Calculated parameters
 Fv = (FM − F50 μs) Variable fluorescence
 VJ = (F2ms − F50μs)/(Fm − F50μs) Relative variable fluorescence at 2 ms
 M0 = [4.(F300 μs − F50μs)/(Fm − F50μs)] Net rate of PSII closure

Specific energy fluxes
 ABS/RC = (M0/VJ)/φP0 Apparent antenna size of an active PSII
 TR0/RC = M0/VJ Maximum trapped exciton flux per active PSII
 ET0/RC = M0/VJ × ψE0 The flux of electrons transferred from QA

− to PQ per active PSII
 DI0/RC = ABS/RC − TR0/RC The flux of energy dissipated in processes other than trapping per active PSII
 RE0/RC = RE0/RC = (M0/VJ) × ψR0 The flux of electrons transferred from QA

− to final PSI acceptors per active PSII
Efficiencies and quantum yields
 TR0/ABS = φP0 = Fv/FM Maximum quantum yield of primary PSII photochemistry
 ET0/ABS = φE0 = φP0 × ψE0 Quantum yield of electron transport from QA

− to PQ
 ET0/TR0 = ψE0 = 1 − VJ Efficiency with which a PSII trapped electron is transferred from QA

− to PQ
 RE0/ET0 = δR0 = ψR0/ψE0 Efficiency with which an electron from PQH2 is transferred to final PSI acceptors
 RE0/ABS = φR0 = φP0 × ψR0 Quantum yield of electron transport from QA

− to final PSI acceptors
Performance indexes
 PIABS = (RC/ABS) × [φP0/(1 − φP0)] × [ψE0/(1 − ψE0)] Performance index on absorption basis
 PIABS,total = PIABS × [δR0/(1 − δR0)] Total performance index on absorption basis measured for FSI and electron acceptors
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indicating greater germinative vigor. The potential to ger-
minate continued after 30 days of flooding, with seeds ger-
minating on the fifth day after removed from the flood and 
transferred to a humid substrate. In spite of this, the germi-
nation rate and GSI decreased and the number of abnormal 
seedlings increased. After 60 days of flooding, the seeds 
became non-viable (Table 2).

Survival and growth of young plants

Plants of A. edulis from the NFL treatment had an increase 
of approximately 67% in stem diameter at 90 days (Fig. 2a). 
In contrast, the stem growth of plants in the FL treatment 
was inhibited, lacking morphoanatomical adaptations such 
as adventitious roots, hypertrophied lenticels, cortical 
cracks and thickening of the stem due to the formation of 

aerenchymal tissue, which are normally observed in spe-
cies tolerant to flooded environments. NFL plants had a 
progressive increase in height, 48.16% larger at the end of 
the experiment, differing from the FL plants (Fig. 2b). The 
flooding induced a stoppage in plant growth, and the plant 
height measurements on the first day did not differ from 
the measure after 90 days of flooding. In the NFL plants, 
after 90 days of flooding, the number of leaves doubled in 
relation to the first day (Fig. 2c). There was a leaf fall in the 
FL treatment after 20 days of flooding, followed by a small 
increase in the number of leaves at 30 days and another fall 
after 90 days of flood, when we verified a leaf number 26.3% 
lower than at the first day of flood.

After 90 days of experiment, all NFL plants were still 
alive, unlike plants undergoing FL treatment, which showed 
a mortality of 28.57%. The surviving plants of the FL treat-
ment had severe stress symptoms such as leaf chlorosis and 
withered leaves (Fig. 1c) as well as lower dry mass for both 
shoot and root (Fig. 1d). The flood caused a reduction in leaf 
area, so that FL plants had leaves about six times smaller 
than the NFL plants (Table 3). The values of Chl a, Chl b 
and Chla+b were lower in FL plants at 60 days of flooding 
and remained stable (Fig. 3).

Chlorophyll a fluorescence transient

After 30 and 60 days, there was an increase in the flux of 
light energy absorption (ABS/RC) and captured energy 
flow (TR0/RC) per reaction center in the plants submit-
ted to FL treatment. Additionally, there was an increase 
in the dissipated energy flow (DI0/RC) reaching values of 
76% (30 days) and 61% (60 days) in relation to the plants 
submitted to the NFL treatment (control) (Fig. 4). For the 
ET0/RC and RE0/RC parameters, there was no discrepancy 
between FL and NFL (control) treatments. We verified a 
tendency of reduced ET0/TR0 (Fig. 4) levels in conditions of 
flood, indicating a lower probability that the captured exci-
ton moves electrons for the CTE besides the QA

−. This can 

Table 2   Average germination 
percentage, germination speed 
index (GSI), percentage of 
abnormal seedlings (AS), and 
total length of Allophylus edulis 
seedlings

Means followed by equal letters in the columns did not differ (p > 0.05) after t test (Experiment I) or 
Tukey’s test (Experiment II). Experiment I: seeds submitted to the non-flooded (NFL) and flooded (FL) 
regimes; Experiment II: germination after relief from stress by flooding periods of 15, 30 and 60  days 
(n = 8, mean ± SE)

Treatment Germination (%) GSI AS (%) Length of seedlings (cm)

Experiment I
 NFL 93.00 ± 1.96 a 2.33 ± 0.04 a 1.66 ± 1.15 a 5.46 ± 0.13 a
 FL 32.00 ± 3.93 b 1.03 ± 0.29 b 35.27 ± 12.63 b 1.65 ± 0.39 b

Experiment II
 0 days (NFL) 84.50 ± 3.81 a 2.15 ± 0.10 a 3.33 ± 1.11 a 7.56 ± 0.34 a
 15 days 92.50 ± 2.06 a 3.77 ± 0.14 b 8.06 ± 1.34 a 9.51 ± 0.21 b
 30 days 62.00 ± 3.38 b 1.88 ± 0.14 a 22.64 ± 3.40 b 7.18 ± 0.34 a
 60 days 0.00 – – –

Fig. 1   Morphological aspects of seedlings and plants of Allophylus 
edulis. Normal seedlings originated from non-flooded treatment (a); 
abnormal seedlings originated from flooded treatment (b); young 
plants after 90 days of flooding presenting symptoms such as wilted 
leaves and chlorotic spots (c); non-flooded and flooded plants at 
90 days (d)
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be confirmed by the decline in the values of the parameters 
associated with the quantum electron transport yield of QA

−. 
(1) For the electron acceptors of the intersystem (ET0/ABS); 
and (2) for the final electron acceptor of photosystem I (FSI) 
(RE0/ABS). The maximum photochemical quantum yield 
(TR0/ABS or FV/FM) did not suffer influence of the stress 
duration, with values close to control levels throughout all 
periods evaluated.

After the first day of flooding, there was a reduction in 
the performance indexes PIabs (33%) and PItotal (35%) in 
relation to the control treatment. After three days, the NFL 
(control) and FL plants resembled in relation to PIabs and 
PItotal. However, on the tenth day of evaluation, FL treatment 
plants showed a significant drop in the value of the PIabs that 
remained in decline until 60 days of flooding. In the same 
way, there was a progressive decrease in the PItotal as the 

flooding time increased. After 30 and 60 days of flooding, 
the plants had the values of PIabs and PItotal reduced in more 
than 50% in relation to the control (Figs. 4 and 5).

Discussion

Allophylus edulis plants tolerate flooding for a short period, 
maintaining the seed germination capacity and inhibiting the 
growth of young plants, though both stages are sensitive to 
prolonged flooding. These characteristics, associated with 
the efficient dispersion mechanism, justify the wide distribu-
tion of the species in temporarily flooded areas ().

The success in establishing a species in flooded areas 
depends initially on the strategy of fruit dispersal associ-
ated with factors that allow seed germination and seedling 
survival during flooding (Marques and Joly 2000). The dis-
persal of A. edulis fruits can occur by zoochory, hydrochory 
and autochory. Zoochoric dispersal is promoted especially 
by birds (Abreu et al. 2005; Gagetti et al. 2016) and hydro-
choric dispersion occurs due to the frequent location of the 
specie near watercourses (Silva et al. 2007), contributing to 
that seeds are dispersed in places which experience a wide 
variety of hydrological conditions.

Some seeds show great success in germination after 
flooding (Ferreira et al. 2006; Wittmann et al. 2007) and 
others maintain viability after a long period of submer-
sion (Scarano and Crawford 1992; Parolin and Wittmann 
2010). However, for most species, stress has a negative effect 

Fig. 2   Average stem diameter 
(a), stem height (b) and number 
of leaves (c) in young plants of 
Allophylus edulis submitted to 
seven flooding periods. ns not 
significant, *p < 0.05 by the 
Tukey’s test (n = 35, mean ± SE)

Table 3   Mean (± SE; n = 10) values of dry mass of the stem, leaves 
and root, total dry mass and leaf area of flooded and non-flooded 
young plants of Allophylus edulis after 90 days of flooding, and statis-
tical values [t statistics and probability associated with a type I error 
(p)] obtained from the t test

Flooded Non-flooded t p

Dry leaf mass (g) 0.37 ± 0.06 6.55 ± 0.57 − 10.82 0.000001
Dry stem mass (g) 0.84 ± 0.11 5.36 ± 0.63 7.07 0.00001
Dry root mass (g) 0.73 ± 0.06 6.44 ± 0.87 6.59 0.00003
Total dry mass (g) 1.93 ± 0.62 18.35 ± 1.57 11.28 0.000001
Leaf area (mm2) 172.0 ± 27.8 997.0 ± 53.69 − 14.33 0.000001
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causing loss of viability (Kozlowski 1997; Okamoto and 
Joly 2000). In our study, we verified that some seeds started 
germination under flooding conditions, forming abnormal 
seedlings or small-size normal seedlings which decreases the 
chances of establishment in the soil. The fluctuation of seed 
may have exercised a positive effect on germination under 
flood conditions. There is variation in seed size of A. edulis 
(Abreu et al. 2005) which can have an effect on both seed 
fluctuating capacity and on the content of reserves accumu-
lated. In swamp forests, submerged seeds are exposed to an 
environment with less availability of oxygen and light due 
to turbid waters. In experiment II, when the seeds were half-
buried and, therefore, prevented from floating, the start of 
germination occurred only when the seeds were transferred 
to the non-flooded treatment. Submersion possibly induced 
the physiological dormancy in seed, postponing germination 

Fig. 3   Average photosynthetic 
pigments of leaves of young 
Allophylus edulis plants in non-
flooded (NFL) and flooded (FL) 
treatments during three periods 
of evaluation. *p < 0.05 by the 
Tukey’s test (n = 4, mean ± SE)

Fig. 4   Photosynthetic parameters obtained by JIP test and transient 
analysis of the chlorophyll a fluorescence in young plants of Allo-
phylus edulis subjected to six flooding periods (1, 3, 10, 20, 30 and 
60 days) (n = 18)

Fig. 5   Average performance 
index on absorption basis PIabs 
(a) and total performance index 
PITotal (b) of young plants of 
Allophylus edulis in non-flooded 
(NFL) and flooded (FL) treat-
ments for different periods of 
evaluation. *p < 0.05 by the t 
test (n = 18, mean ± SE)
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until conditions were favorable. The seed dormancy is an 
ecologically advantageous response in flood-prone habitats 
(Scarano et al. 2003).

The stress relief test showed that the germination of A. 
edulis seeds can be favored after a short flood period, since 
seeds flooded for 15 days and subsequently transferred to 
the non-flooded treatment had high germination rate, higher 
germination speed producing also more vigorous seedlings. 
Other studies have shown that short-term soaking in water 
increases the germination of forest species seeds (Parolin 
et al. 2003; Lucas et al. 2012; Conserva et al. 2018). Soaking 
seeds in water probably breaks the physical barriers imposed 
on germination by softening the coating and favoring the 
imbibition process (Lucas et al. 2012). The soaking treat-
ment for 15 days may have promoted the imbibition of A. 
edulis seeds. Thus, when the seeds were transferred to the 
non-flooded substrate, they germinated faster.

The seeds of A. edulis have a thin integument (Abreu 
et al. 2005) and imbibition is generally rapid in seeds with 
permeable coating (Baskin and Baskin 2014). After the ger-
mination process has started, as maintenance of seeds in 
hypoxic conditions possibly caused gradual damage to 
embryonic tissue and consequent loss of germination capac-
ity. In addition, other characteristics of A. edulis seed such 
as relatively small size, absence of endosperm and foliar 
cotyledons (Abreu et al. 2005) indicate that the seeds store 
low energy reserves. Thus, the decline in germination rate 
may also be linked to the depletion of energy resources to 
maintain fermentative metabolism. Under low-humidity 
conditions, A. edulis seeds also lose viability as they are 
recalcitrant (José et al. 2007). This type of seed has a strong 
tendency to accumulate soluble sugars, especially sucrose 
(Berjak and Pammenter 2007) which is an immediate use 
reserve for energy production (Buckeridge et. al. 2004). 
Thus, the rapid germination and formation of seedlings 
when conditions become favorable may be associated with 
the presence of these sugars. In addition, soluble sugars may 
have exerted an osmoprotective effect, while the seeds were 
flooded, maintaining cell turgidity, membrane stability and 
preventing protein degradation (Tewari and Mishra 2018).

In southern Brazil, the ripening of A. edulis fruits occurs 
at the end of the flooded phase, when the water level is fall-
ing. Thereby, many seeds must go through a brief period of 
flooding and begin germination while floating or as soon 
as conditions of normoxia are reestablished. The germina-
tion in the hydrological transition period is beneficial as it 
prevents the seed from being exposed to extreme flood or 
dry conditions. The dry phase is characterized by high tem-
peratures and high evaporation (Reboita and Kruche 2018) 
rates that can be as detrimental to seed germination as a long 
period of flooding.

Given that plants with recalcitrant seeds do not form seed 
banks in the soil (Barbedo and Marcos Filho 1998), it is 

important to invest in seeds with rapid germination to form 
a seedling bank (Berjak and Pammenter 2007). This invest-
ment becomes even more important in floodable forests that 
offer a narrow window for seedling regeneration (Parolin 
et al. 2003; Wittmann et al. 2007). Furthermore, there is an 
association between functional type of cotyledon and seed 
germination speed, being that seedlings with foliar cotyledon 
develop faster because they have limited energy reserves 
(Parolin et al. 2003). The rapid germination and emergence 
of foliar cotyledons when flooding ceases probably maxi-
mize photosynthetic activity and growth seedling in the non-
flooded period (Parolin et al. 2003; Conserva et al. 2018).

According to Joly and Crawford (1982), a plant can 
be considered flood tolerant when it is able to grow and 
increase its biomass under flood conditions. In our study, we 
verified that the young plants of A. edulis respond to flood 
conditions with changes in the energy flow of the photosyn-
thetic electron transport chain (ETC), reduction in plant size 
and biomass, and leaf fall, which indicate reduced tolerance 
to prolonged flood. The hypoxic and/or anoxic conditions 
imposed by the flood affect the growth of sensitive plants, 
as the water and nutrient uptake is compromised and the sto-
matal conductance of the leaves and photosynthetic capacity 
are reduced (Batista et al. 2008; Yu et al. 2015; Bidalia et al. 
2018). A deviation from aerobic to anaerobic root system 
metabolism also occurs under these conditions, resulting in a 
reduced energy efficiency (Drew 1997). To compensate low 
energy yields, root cells increase their demand for carbohy-
drates, reducing their availability to other plant functions 
(Bailey-Serres and Voesenek 2008). Thus, it is common for 
plants to respond to flooding by inhibiting their growth or 
reducing their biomass (Andrade et al. 1999; Batista et al. 
2008; Peng et al. 2017; Bidalia et al. 2018).

Some plants are able to grow vigorously during long 
periods of flooding (Kolb and Joly 2009). In general, spe-
cies that present high flood tolerance tend to inhibit growth 
when stress begins and return to growth after a period of 
acclimatization (Larré et al. 2013; Zúñiga-Feest et al. 2017). 
During this period, the plant performs metabolic (Joly and 
Crawford 1982; Alves et al. 2013; Larré et al. 2016) and 
photosynthetic (Medina et al. 2009; Larré et al. 2013) adjust-
ments, developing morphoanatomical structures that allow 
the plant to survive and thrive in conditions of water satu-
ration (Medina et al. 2009; Oliveira and Joly 2010; Larré 
et al. 2013). In this context, the formation of hypertrophied 
lenticels, cortical cracks and adventitious roots are common 
morphological responses that confer advantage to the spe-
cies (Zhang et al. 2017). Although individuals withstand 
a long period of flooding, the plants of A. edulis did not 
develop any morphological changes that could help the plant 
survive the anoxia conditions. Stress conditions were sig-
naled by injury symptoms, such as chlorosis, loss of leaf 
mass and reduced growth.
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The flood may compromise photosynthesis through sto-
matal and non-stomatal limitations, decreasing the photo-
synthetic capacity due to a reduction in chlorophyll concen-
trations, carboxylation efficiency or electron transport rates 
(Gravatt and Kirby 1998; Herrera et al. 2008; Larré et al. 
2013; Polacik and Maricle 2013; Junior et al. 2015). The 
distinction between stomatal and non-stomatal limitations 
is important, since the stomatal closure is a transient regu-
latory response that can be reverted when stressful condi-
tions cease; whereas, the other responses reflect permanent 
changes (Herrera et al. 2008).

The plants of the FL treatment showed a reduction in 
chlorophyll content (Fig. 3) and changes in JIP-test param-
eters (Fig. 4), which reflect the energy flux in the photosyn-
thetic ETC, signaling that long-term flooding promotes a 
decrease in photosynthetic capacity. The reduction in pig-
ment contents is a typical symptom of stress due to oxidative 
processes in the chloroplast, resulting in slow synthesis or 
rapid breakdown of pigments (Smirnoff 1993). Some species 
with a greater tolerance to flooding do not present a reduc-
tion in their content of photosynthetic pigments (Junior et al. 
2015), even increasing their pigment content in response to 
flooding (Parolin 2001). However, many plants, classified as 
tolerant or sensitive to flooding, show a reduced chlorophyll 
content in water saturation conditions (Junior et al. 2015; 
Kozlowski and Pallardy 2002). During flooding, metabolic 
adjustments can occur, reducing the chlorophyll content in 
the leaves, resulting in a lower absorption of light energy 
by leaf area to protect PSII from photo-oxidation (Du et al. 
2012).

In our study, the flood increased the absorption flux 
(ABS/RC) by the antenna pigments, as well as the captured 
energy flow (TR0/RC), mainly after the first day, 30 and 
60 days of flooding. The decrease in the ET0/TR0, ET0/ABS 
and RE0/ABS parameters shows a lower electron transfer to 
the ETC (Fig. 4). This can lead to the inactivation of a frac-
tion of the PSII reaction centers, converting them into non-
reducing centers of QA

− resulting in an increase in the mean 
antenna size by active RC (Junior et al. 2015). Consequently, 
an increase in the energy flux dissipated by PSII reaction 
center (DI0/RC) was triggered. The mechanism of dissipat-
ing energy in the form of heat or fluorescence may have 
been employed by A. edulis plants as a measure to avoid 
photoinhibition and consequent damage to the photosystems.

Substantial changes in the electron transport per active 
reaction center were noted with flooding. In general, the 
performance indexes (PIabs and PItotal), energy flow param-
eters per reaction center (ABS/RC, TR0/RC and DI0/RC) 
and parameters related to quantum yields (ET0/TR0, ET0/
ABS and RE0/ABS) show increased stress on the first day 
of flood. However, the stress was followed by an acclima-
tization mechanism after the third day, when FL treatment 
plants showed values similar to the control (Figs. 4 and 5). 

After this short period, the discrepancies between the NFL 
and flooded treatments increased as the flood time elapsed, 
culminating in low PI values at 30 and 60 days, which indi-
cate damage to PSII. The maximum quantum yield of pri-
mary PSII photochemistry (TR0/ABS or FV/FM), widely 
used to monitor environmental stress in plants (Oxborough 
and Baker 1997), was not an effective indicator in our study, 
which was also observed for other tree species under flood 
conditions (Larré et al. 2013; Martinazzo et al. 2013).

The distribution of species in flooded forests is regulated 
by the duration of flooding, their inherent mechanisms to 
tolerate flood-related stress (Bailey-Serres and Voesenek 
2008), and the existence of microenvironments where stress 
is attenuated and the conditions become favorable for the 
plant development. In this way, species with different lev-
els of flood tolerance may coexist in a flooded environment 
seasonally or permanently.

We verified positive germinative response in A. edulis 
seeds after a short period of flooding (15 days) and low 
mortality of young plants after a long period of flooding 
(90 days). However, the period of 30 days of flooding was 
sufficient to cause a sharp drop in seed germination and plant 
photosynthetic performance indexes (PIs). After 60 days 
of flooding, the seeds lost viability and the PIs remained 
low, signaling damage to the photosynthetic apparatus. At 
90 days of flooding, the surviving plants presented serious 
evidence of injury caused by the flood. Thus, we conclude 
that the initial development of A. edulis is associated with 
environments with short periods of flooding, which explains 
the greater abundance of individuals of the species in tem-
porarily flooded forests. The occurrence of the species in 
flooded forests for long periods is conditioned by the occur-
rence of microenvironments protected from long floods. 
This species is recommended for the restoration of flooded 
areas if planted where they are exposed to short periods of 
flooding.
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