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ABSTRACT
Alteration of flooding regimes due to global change may have cascading effects on plant community composition and associated 
ecosystem services. Here, we experimentally investigated the effects of six flooding regimes with contrasting combinations of 
flooding duration (5.5, 6 and 6.5 months) and submergence rate (from 3.3 to 17.5 cm/day) on the growth and reproductive traits of 
Carex cinerascens, a dominant plant species of the Poyang Lake wetland in southern China. The time span of this study included 
a summer flooding event and the following growing seasons (autumn of first year and spring of following year) before the return 
of the next flooding event. The six flooding treatments affected plant traits during the flooding and the following growing sea-
sons, but the different submergence rates under the same flooding duration did generally not show significant influence on plant 
traits. The 6.5- month flooding treatments had many fewer old (0.4 on average) and new stems (1 on average) than the 5.5- month 
treatments (8.3 and 29 stems, respectively) at the end of the flooding. The treatments with 5.5 months of flooding had 23% more 
stems than the other treatments and 26% more community biomass than the 6- month flooding treatments during the autumn 
growing season. The effects of summer flooding persisted in spring of the following year, but with an opposite trend of C. ciner-
ascens growth traits response to flooding treatments compared to autumn. In addition, the 6- month flooding treatments induced 
a higher number of inflorescences (39) than the 5.5- month (22) and 6.5- month floods (3). Altogether, our findings highlighted the 
important legacy effects of summer flooding with some trade- offs between growth recovery (autumn) and resilience (following 
spring) and between resource allocation to biomass production in autumn and resource allocation to sexual reproduction in the 
following spring, that were both mediated by flooding duration.
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1   |   Introduction

Wetlands are important ecosystems that provide a wide va-
riety of habitats for plants and animals (Dawson et al. 2003; 
Neckles et  al.  2010), as well as several important ecosystem 
functions such as water purification, water storage, and 
shoreline stabilization (Dawson et  al.  2003). Wetland plants 
are well adapted to the occurrence of seasonal flooding pe-
riods (Pezeshki  2001). However, climate change is expected 
to alter the frequency, duration, and severity of floods (Erwin 
and Gardner 2009; Langerwisch et al. 2013; Tan et al. 2015; 
Li et al. 2023) with associated impacts on vegetation through 
changes in the hydrological regime (Visser et  al.  2000; 
Zedler 2010; Sarneel et al. 2019; Feng, Mariotte, et al. 2020). 
In addition, the intensification of anthropogenic activities, 
such as sand mining (Lai et  al.  2014) and dam construction 
(Guo et al. 2012; Hu et al. 2018; Zhang et al. 2022; Baladron 
et al. 2023), is also altering lake discharge and river flow, re-
sulting in strong fluctuations in hydrological conditions expe-
rienced by wetland ecosystems.

Several studies have reported that hydrological processes con-
trol the spatial and temporal heterogeneity of wetland vegeta-
tion and associated ecosystem functions (Renofalt et al. 2007; 
Webb et  al.  2012; Garssen et  al.  2015; Feng, Santonja, 
et  al.  2020; Huang et  al.  2022). Flooding duration has been 
shown to be one of the crucial hydrological processes driving 
plant growth, plant reproduction, and thus plant community 
structure (Chen and Xie 2009; Hu et al. 2015; Hu et al. 2022). 
Seed germination, plant survival, growth, and reproduc-
tive parameters can be reduced by flooding due to oxygen 
depletion (Bailey- Serres and Voesenek  2008; Paillisson and 
Marion 2011; Pan et al. 2020), stable day and night tempera-
tures (Altenfelder et  al.  2016), decreased light availability 
(Clevering et  al.  1996; Casanova and Brock  2000; Mommer 
and Visser  2005) and changes in soil properties (Chen et  al. 
2013). Longer and more intense flooding periods can reduce 
plant abundance (Campbell et al. 2016) and plant species rich-
ness (Casanova and Brock 2000; Raulings et al. 2010). For ex-
ample, Campbell et al. (2016) observed a lack of plant survival 
when flooding occurred during the whole growing season in 
Louisiana (USA). Furthermore, Garssen et al. (2017) reported 
a decrease in plant species richness, but an increase in plant 
biomass under prolonged flooding duration during a 3- year 
field experiment in Northwestern Europe. However, despite 
the fact that several studies have investigated the effects of 
a flooding event on the following plant growing season (e.g., 
Lunt et al. 2012; Campbell et al. 2016), the extent to which a 
summer flooding event could affect plant growth in different 
growing periods (autumn vs. spring) before the next flooding 
event remains poorly understood.

In addition, much less attention has been paid to the submer-
gence rate, that is, the speed of water level rise, in combination 
with flooding duration. Submergence rate is a key factor driving 
aquatic plant fitness, as it affects plant metabolism and thus the 
rate of stem and leaf development (Cooling et al. 2001; Yu and 
Yu 2011; Voesenek et al. 2016; Yao et al. 2021). With increasing 
submergence rate, more biomass is allocated to stem and leaf 
growth in aquatic plants (Yang et al. 2004; Deegan et al. 2012; 
Wei et  al.  2014). However, the response of semi- terrestrial 

wetland plant species that experience varying submergence 
rates during flooding remains unclear. Thus, knowledge of plant 
community responses to flooding that varies in both duration 
and submergence rate is very limited.

Poyang Lake is the largest freshwater lake in China, which 
experiences large water level fluctuations under the monsoon 
climate (Lai et al. 2014; Li et al. 2023). The response of wet-
land plants to the water regime is thus an important research 
topic in Poyang Lake wetlands (e.g., Zhou et al. 2018; Huang 
et al.  2022; Zheng et al.  2021). Previous studies have shown 
that summer flooding events affect vegetation distribution, 
plant cover, and plant biomass in this wetland (You et al. 2015; 
Dai et al. 2020; Li et al. 2020) and that intense and prolonged 
flooding events in summer can inhibit plant recovery and 
reproduction (Cui et  al.  2000). Controlled experiments have 
been conducted to determine the effects of flooding duration 
(Li et  al.  2018; Liu et  al.  2023) and submergence rate along 
with flooding depth (Yao et al. 2021) on the growth and repro-
duction of wetland plants during flooding events. These stud-
ies pointed out that longer flooding duration, greater flooding 
depth, and faster submergence rate prevent the growth of wet-
land plants. However, it is still unclear how the combination 
of flooding duration and submergence rate in summer affects 
plant growth and reproduction in the subsequent autumn and 
spring growing seasons.

To fill this knowledge gap, we investigated the effects of six 
flooding scenarios on the growth and reproductive traits of 
Carex cinerascens Kük., a widely distributed dominant plant 
species in the Poyang Lake wetlands. We hypothesized that: (i) 
increasing flooding duration and submergence rate will induce 
more negative effects on C. cinerascens growth traits during the 
summer flooding and the following autumn growing season; 
(ii) a faster submergence rate will amplify the effect of flooding 
duration on C. cinerascens growth traits; (iii) the effects of the 
flooding treatments will not persist after the autumn period and 
cannot be detected in the following spring.

2   |   Materials and Methods

2.1   |   Study Site

The Poyang Lake (28.37°–29.75°N, 115.78°–116.75°E) is cur-
rently the largest freshwater lake in China. The climate is 
subtropical monsoon with a mean annual temperature of 
17.6°C and mean annual precipitation of 1528 mm. The com-
bined effects of catchment inflows and the interaction with 
the Yangtze River cause flooding in summer, resulting in 
large annual and seasonal variations in water level, which 
can reach up to 10 m (Zhang et al. 2014). In the Poyang Lake 
wetland, Carex cinerascens Kük. is the most widely distrib-
uted hygrophyte plant species with high productivity (You 
et  al.  2015; Yuan et  al.  2017). Carex cinerascens- dominated 
communities are located close to the shoreline at an elevation 
of about 13–14 m above Woosung Horizontal Zero in China 
and are completely submerged in summer due to flooding that 
raises the water level above 14 m (Figure 1B), and to the low 
elevation gradient along the shore (Wang et  al.  2016; Zhang 
et al. 2019).
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2.2   |   Plant Material Sampling

The experiment was conducted at the Poyang Lake Wetland 
Research Station (29.45°N, 116.06°E, Figure 1A) where C. ciner-
ascens emerges with increasing temperature in February, flow-
ers and fruits in April, with biomass peaking at the end of April 
(Figure 1C). Plants then begin to senesce just before the sum-
mer flooding. During the flooding period, individuals are com-
pletely submerged and the aboveground part decays. While new 
stems continue to be produced at the beginning of the flooding, 
they quickly decay when the water level further increases. After 
the recession of flooding in autumn, the plants immediately 
sprout and regrow, yielding a second peak of biomass around 
November–December. The aboveground plant parts generally 
wither as temperature drops in winter, and new green stems 
sprout again in the following spring.

In April 2016 (i.e., before the flooding period), 36 turfs (30 cm 
diameter × 30 cm depth) were haphazardly collected from the 
wetland area near the Poyang Lake Wetland Research Station. 
The turf contained both intact C. cinerascens individuals and 
the corresponding undisturbed soil. Three soil samples were 
collected from the area where the turfs were collected in order to 
characterize the soil physico- chemical characteristics. The soil 
collected from this area had on average a pH of 6.3, a dry bulk 
density of 1.21 g.cm−3, a total organic carbon concentration of 
27.19 g.kg−1, a total nitrogen concentration of 1.43 g.kg−1, and a 
total phosphorus concentration of 0.86 g.kg−1. At the same time, 
the subsoil under the extracted turfs was collected to fill the bot-
tom of the pots used in the experiment.

2.3   |   Experiment Design

The experiment was set up with six flooding scenarios, corre-
sponding to different combinations of flooding duration and 
submergence rate. Since longer flooding durations are gener-
ally associated with higher rates of submergence (Figure  S1), 
we adapted the submergence rate in function of the flooding 
duration, with higher submergence rates in longer flooding 
treatments. There were three flooding durations (5.5 months, 
6 months and 6.5 months) each including two submergence rates 
(slower and faster), with the faster submergence rate defined as a 
50% increase of the slower submergence rate. The submergence 
rate simulation was performed over a 3- day period by adjusting 
the water level daily according to a specific schedule for each 
treatment (Table  S1, Figure  S2). The six flooding scenarios 
consisted of combinations of flooding duration (months) and 
submergence rate (average cm increase per day) and included 
5.5 months with 3.3 cm/day, 5.5 months with 5 cm/day, 6 months 
with 6.7 cm/day, 6 months with 10 cm/day, 6.5 months with 
11.7 cm/day, and 6.5 months with 17.5 cm/day, with 6 replicates 
per scenario.

The experiment was conducted in three tanks (2 × 2 × 1.7 m) from 
April 2016 to May 2017. The 36 turfs were placed in individual 
pots (30 cm diameter × 40 cm height) which were filled with 10 cm 
of subsoil at the bottom. Twelve pots were randomly assigned per 
tank, representing two replicates of each flooding scenario per 
tank. All pots had a similar number of stems at the beginning of 
the experiment before flooding (F = 0.05, p = 0.9981), with an aver-
age of 104 ± 10 individuals. The pots were suspended from a tube 

FIGURE 1    |    Map of the Poyang Lake with the location of the Research Station (red triangle) (A), mean water level of Poyang Lake (Xingzi Station, 
2008–2017, in meter from Woosung Horizontal Zero) (B), and general plant phenology pattern of C. cinerascens (C).
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supported by a racket above the tank to manually control the sub-
mergence rate under a given flooding duration. The three tanks 
were filled with tap water instead of lake water in order to avoid 
confounding effects related to initial differences in water chem-
istry between tanks. One water sample was taken in each tank 
to characterize its nutrient concentrations. The tap water had, on 
average, a low nutrient concentration (0.16 mg. L−1 of N- NH4

+, 
0.65 mg. L−1 of N- NO3

−, and 0.10 mg. L−1 of P- PO4
3+).

For an initial period of 3 days, the water level was kept 10 cm below 
the soil surface to acclimate the plants. The flooding simulation 
began on April 21, and the submergence depth was adjusted daily 
using the rope connecting the tube to the pot. After all pots of the 
fast submergence rate under each flooding duration touched the 
bottom of the tank (i.e., corresponding to 1.3 m of flooding depth), 
they remained in this position until the pots of the slow submer-
gence rate under the same flooding duration also reached the same 
position. In the field, the C. cinerascens- dominated communities 
are sometimes flooded under a water column of more than 4 m, 
suggesting that there is almost no effective solar radiation for the 
submerged plants. To mimic this lack of radiation, all pots of the 
same flooding duration were covered with a sun shading net as 
soon as they reached the bottom of the tank (Figure S3a). Thus, 
within each flooding duration treatment, both submergence rate 
treatments experienced the same length of time without effective 
solar radiation. At the end of the flooding, the sun shading net was 
removed and the pots were lifted with the rope (on September 30, 
October 15 and October 30 for the 5.5, 6 and 6.5- month flooding 
treatments, respectively), and kept at a water level of 10–20 cm 
below the soil surface until the end of the experiment (Figure S3).

2.4   |   Plant Trait Measurements

After 1 month of flooding, the number of new stems per pot and 
the height (cm) of five haphazardly selected new stems were mea-
sured. The number of both old and new stems per pot and the 
height (cm) of five haphazardly selected new stems were also mea-
sured at the end of each flooding period for each treatment. Old 
stems refer to stems that were present at the start of flooding, as 
indicated by their yellow color, while new stems refer to the re-
growing C. cinerascens stems, as indicated by their green color.

At the peak of biomass production after the flooding event (au-
tumn), on October 30, November 30, and December 30 for the 
5.5, 6, and 6.5- month flooding duration treatments, respectively, 
the number of new stems per pot and the height (cm) of five hap-
hazardly selected stems per pot were measured. Three of the five 
selected stems were cut, and the fresh and oven- dried (65°C for 
72 h) weights of the aboveground biomass (stem and leaves) were 
measured and used to determine mean biomass per stem and dry 
matter content (DMC = dry weight/fresh weight × 100%). The 
aboveground biomass of the total population of C. cinerascens 
per pot was estimated based on the mean stem biomass × num-
ber of stems per pot.

During the following spring season (early April), the number of 
flowering stems per pot was recorded at the peak of the flower-
ing phase, and shortly thereafter, at the peak of biomass produc-
tion (1 month later for all flooding treatments), the number of 
stems per pot, the height (cm) of five haphazardly selected stems 

per pot, and the relative cover of C. cinerascens were measured. 
In addition, all the aboveground biomass of each pot was col-
lected, oven- dried at 65°C for 72 h, and weighed. Three individ-
uals of C. cinerascens were used in order to determine the mean 
biomass per stem (g) and DMC (%).

2.5   |   Statistical Analysis

Statistical analyses were performed using the R software 3.2.3. 
Considering that two replicates of each treatment were put 
in the same tank (block), we used linear mixed- effect models 
(package nlme) with replicate nested into block (i.e., two repli-
cates per treatment per tank) as a random factor followed by a 
post hoc Tukey test (package multcomp) to test the effects of the 
flooding treatments (6 scenarios) on growth and reproductive 
traits of C. cinerascens. Significance was evaluated at p < 0.05 
in all cases. Data were log- transformed when necessary to meet 
the conditions of normality and homoscedasticity.

3   |   Results

3.1   |   Plant Responses During and at the End 
of the Flooding Period

After 1 month of flooding, the flooding treatments only differed 
by their submergence rate and we found that the number of new 
stems that developed during the flooding period (Figure  2A, 
Table  1), as well as the stem height (Figure  2B, Table  1), was 
strongly reduced by about 40% and 30%, respectively, for sub-
mergence rates higher than 5 cm/day.

At the end of the flooding treatment, we observed a significant 
reduction in the average number of old stems in the 6.5- month 
flooding treatments (0.4 stems) compared to the 5.5- month (8.3 
stems) and 6- month (6.7 stems) flooding treatments (Figure 3A, 
Table 1). The number of new stems also strongly decreased in the 
6- month and 6.5- month flooding treatments (respectively 3.5 and 
1 stems on average) compared to the 5.5- month flooding treatment 
(29 stems on average, Figure 3B). Finally, the stem height was also 
strongly reduced by the increase in flooding duration, ranging 
from 4.5 cm after 5.5 months of flooding, 2 cm after 6 months, to 
0.3 cm after 6.5 months (Figure 3C). Overall, the submergence rate 
within each flooding duration treatment had no impact on plant 
traits during or at the end of the flooding (Figures 2, 3).

3.2   |   Plant Responses During Autumn and Spring 
Following the Flooding Events

In the post- flooding autumn period, the flooding treatments 
had significant effects on all the measured plant parameters, 
except on individual plant biomass (Table 1), but there was no 
significant difference in plant parameters between the two sub-
mergence rates within the same flooding duration (Figure  4). 
The average number of C. cinerascens stems was 29% lower in 
the 6- month (214 stems) and 6.5- month (229 stems) flooding 
treatments compared to the 5.5- month flooding treatments 
(287 stems, Figure 4A). The stem height of C. cinerascens was 
slightly reduced in the 6.5- month flooding treatments compared 
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to the 5.5- month flooding treatments (19.5 cm and 23.3 cm, 
respectively, Figure 4B). The dry matter content of C. cineras-
cens showed an increasing trend with the increasing flooding 
duration, with significantly higher values in the 6.5- month 
flooding treatment (+17%) compared to the 5.5- month flooding 
treatments (Figure 4C). The community aboveground biomass 
was significantly higher by 34% in the 5.5- month flooding treat-
ments (31.9 g.pot−1 on average) compared to the 6- month flood-
ing treatments (25.9 g.pot−1) with an intermediate value in the 
6.5- month (20.9 g.pot−1) flooding treatments (Figure 4D).

In the post- flooding spring period, all the parameters measured 
on C. cinerascens, except for stem height and individual plant 
biomass, were still significantly affected by the flooding treat-
ments (Table  1). However, the two submergence rates within 
the same flooding duration did not have any significant effect 
on the plant parameters (Figure  5). C. cinerascens produced 
14% more stems in the 6- month and 6.5- month flooding treat-
ments (respectively, 245 and 237 stems on average) compared to 
the 5.5- month flooding treatments (207 stems, Figure 5A). The 
dry matter content of C. cinerascens did not vary much among 
the different flooding treatments and was 49.7% on average 
(Figure 5B). The plant cover of C. cinerascens significantly in-
creased with increasing flooding duration, from 55% in the 5.5- 
month, 74% in the 6- month to 84% in the 6.5- month flooding 
treatments (Figure 5C). The community aboveground biomass 
showed an increasing trend with increasing flooding duration 

(from 58.9 g.pot−1 in 5.5 months to 69.1 g.pot−1 in 6.5 months of 
flooding, Figure 5D). Finally, strong differences in the number 
of flowering stems were observed among the different flooding 
treatments (Table 1). Indeed, an average of 39 flowering stems 
per pot was observed in the 6- month, 22 in the 5.5- month and 3 
in the 6.5- month flooding treatments (Figure 5E).

4   |   Discussion

4.1   |   Plant Responses During and at the End 
of the Flooding Events

As we expected, the submergence rate, ranging from 3.3 to 
17.5 cm per day, impacted the growth traits of C. cinerascens 
during the flooding. We observed a significant decrease in the 
number of new stems and stem height for submergence rates 

FIGURE 2    |    Number (A) and height (B) of new stems of Carex ciner-
ascens during the flooding period (i.e., 1 month after the beginning of 
flooding) for the six flooding treatments. During the flooding period, 
the six flooding treatments only differ by their submergence rate. Values 
are mean ± SE (n = 6). Different letters indicate significant differences 
between treatments with a > b > c (Tukey tests).

TABLE 1    |    Outputs of the linear mixed- effect models testing the 
effects of the six flooding treatments on growth and reproductive traits 
of Carex cinerascens.

Treatment

F5,25 p

Before flooding

Number of stems 0.08 0.9947

During flooding

Number of new stems 8.05 < 0.001

Stem height (cm) 8.75 < 0.001

End of flooding

Number of new stems 88.56 < 0.001

Stem height (cm) 20.92 < 0.001

Number of old stems 10.86 < 0.001

Autumn after flooding

Number of stems 7.69 < 0.001

Stem height (cm) 3.63 0.0131

Dry matter content (%) 9.83 < 0.001

Individual biomass (g.plant−1) 1.37 0.2676

Community biomass (g.pot−1) 5.76 0.0011

Spring after flooding

Stem number 4.73 0.0035

Stem height (cm) 1.12 0.3758

Dry matter content (%) 3.44 0.0167

Individual biomass (g.plant−1) 0.75 0.5933

Community biomass (g.pot−1) 3.50 0.0156

Plant cover (%) 23.81 < 0.001

Inflorescence number 18.14 < 0.001

Note: F- values and associated p- values are indicated and in bold when 
significant.
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higher than 5 cm per day, which is consistent with previous 
studies performed in similar wetland systems (Yao et al. 2021; 
Hu et al. 2022). Since the submergence rate directly controls 
underwater light availability (Vervuren et  al.  2003; Serrano 
et al. 2014), the pots with a submergence rate lower than 5 cm 
per day received much more light, thus improving both re-
cruitment and growth of young plants (Clevering et al. 1996; 
Li et al. 2011).

At the end of the floodings, C. cinerascens produced more new 
stems with greater height in the 5.5- month flooding treatments 
compared to longer floods. Longer flooding duration may re-
duce the growth of wetland plant species due to lower photosyn-
thesis and stomatal conductance rates (Mills et al. 2011; Zhao 
et al. 2021). With a faster submergence rate and longer flooding 

duration in the 6- month and 6.5- month flooding treatments, a 
lower availability of photosynthetic active radiation caused a 
strong reduction in new stem development and growth rates. 
Furthermore, a flooding duration of 6.5 months induced a faster 
decay of old stems that almost completely disappeared at the end 
of the flooding, likely due to a faster decomposition rate of sub-
merged plant materials (Zhang et al.  2019). In contrast to our 
second hypothesis, the submergence rate did not amplify the 
negative effects of flooding duration within each flooding du-
ration treatment. These findings suggest that the submergence 
rate might only influence C. cinerascens growth at the begin-
ning of the flood, as described above, and that flooding duration 
has a much stronger impact than submergence rate at the end 
of flooding.

4.2   |   Post- Flooding Plant Responses During 
the Subsequent Autumn Growing Season

As we hypothesized, the shortest summer flooding duration 
had lower negative impacts on C. cinerascens growth during 
the autumn growing season, but submergence rate manipu-
lation within the same flooding duration had no additional 
effect. We reported a higher number of C. cinerascens stems 
and higher stem height in the 5.5- month flooding treatments 
compared to the four other treatments. Since the 5.5- month 
floods ended earlier, the plant community was exposed to 
better climatic conditions (light and temperature), which 
promoted photosynthesis and subsequently plant growth. 
Similar to Fu et al. (2018), who reported that plants exhibited 
decreasing leaf dry matter content during the autumn grow-
ing season with decreasing summer flooding in the Poyang 
Lake wetland, we also found an increase in dry matter content 
(DMC) with increasing summer flooding duration in the au-
tumn growing season. Lower DMC values in the 5.5- month 
flooding treatments in the present study may be associated 
with higher investment in assimilatory tissue (i.e., the me-
sophyll) (Wright et al. 2004; Kazakou et al. 2006). Thus, the 
range of DMC values across the six flooding scenarios likely 
reflects a trade- off between higher energy investment in plant 
growth (i.e., enlargement of cell walls and higher photosyn-
thesis) under lower flooding stress and higher investment in 
plant maintenance (i.e., increase in the rigidity of cell walls) 
under higher flooding stress.

In line with van Eck et  al.  (2004), Guan et  al.  (2014) and 
Campbell et  al.  (2016), we found a general decrease in abo-
veground biomass with increasing flooding duration. Since 
the different flooding treatments had no impact on individual 
stem biomass, the reduction in community biomass in the 6- 
month and 6.5- month treatments compared to the 5.5- month 
flooding treatments was mostly explained by the lower stem 
number of C. cinarescens. The community biomass in the pots 
experiencing the 6.5- month flooding treatments was lower but 
not significantly different from that of the 5.5- month flooding 
treatments, which might be related to higher nutrient avail-
ability under longer flooding duration (Wright et al. 2015; Lan 
et al. 2021) and growth overcompensation (i.e., higher recov-
ery rate) after stronger flooding stress (Mollard et  al.  2022). 
Interestingly, the peak of biomass production in the 6- month 
and 6.5- month flooding treatments occurred, respectively, 

FIGURE 3    |    Number of old stems (A), number of new stems (B) and 
height of new stems (C) of Carex cinerascens at the end of the flood-
ing period for the six flooding treatments. Values are mean ± SE (n = 6). 
Different letters indicate significant differences between flooding treat-
ments with a > b > c (Tukey tests).
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1 and 2 months later than in the 5.5- month flooding treat-
ments, while their flooding durations were, respectively, 0.5 
and 1 month longer than the 5.5- month flooding treatments. 
Thus, we reported a delay in the peak of biomass production in 
autumn with increasing flooding duration corresponding to 
twice the difference in flooding duration among treatments. 
Such findings are in agreement with Guan et al. (2014) who re-
ported a delay in peak biomass of Carex meadows in response 
to delayed flood recession. In addition, Jing et al. (2017) high-
lighted that the time of flood recession exerted an important 
control on the distribution of Carex meadows in Dongting 
Lake (China). Therefore, the flooding duration, including the 
flood stress and the time of recession, really matters for the 
regrowth of wetland plants in the following growing season, 
with strong impacts on the stem number and thus on the pop-
ulation growth.

4.3   |   Post- Flooding Plant Responses During 
the Subsequent Spring Growing Season

Contrary to our expectation, the effects of the summer flooding 
events persisted into the following spring. Surprisingly, we re-
ported an opposite trend of C. cinerascens growth traits response 
to flooding treatments in spring compared to autumn. Indeed, 
stem number, plant cover, and community biomass were lower 
in the 5.5- month flooding treatments compared to the longer 
flooding durations. These findings suggest a trade- off between 
recovery and resilience to flooding, depending on flooding du-
ration, with C. cinerascens- dominated communities showing 
higher recovery (autumn) but lower resilience (spring) to the 

5.5- month flooding treatments and lower recovery but higher 
resilience to the 6- month and 6.5- month flooding treatments 
(Mollard et al. 2022).

The number of inflorescences per pot was higher in the 
6- month flooding treatments and drastically lower in the 
6.5- month flooding treatments compared to the 5.5- month 
flooding treatments. As highlighted by Chen et al. (2015) for 
Carex brevicuspis C.B. Clarke, higher flooding stress induces 
higher production of reproductive ramets as a survival mech-
anism, which is in line with the increase in inflorescence of 
C. cinerascens observed in the 6- month compared to the 5.5- 
month flooding treatments. In the 6.5- month flooding treat-
ments, the very low number of inflorescences recorded in 
spring is likely related to the higher investment in biomass 
production (i.e., community biomass), and the shorter grow-
ing time and delayed peak of biomass production observed in 
autumn, which means less energy accumulation compared 
to other treatments. This limited the energy allocation to 
flower production in the following spring in the 6.5- month 
flooding treatments (Chiariello and Gulmon 1991). Overall, 
our findings suggest a trade- off between resource allocation 
to biomass production in autumn and resource allocation to 
sexual reproduction in spring, which is mediated by flooding 
duration. These results have strong implications for the dy-
namics of the C. cinerascens population, since long floodings 
(6.5 months) would reduce sexual reproduction (i.e., almost no 
flowers in our study) and thus seed dispersal. In the long term, 
this can lead to a reduction in the population size of C. ciner-
ascens, especially in the case of recurrent prolonged flooding 
events.

FIGURE 4    |    Stem number (A), stem height (B), dry matter content (C) and community aboveground biomass (D) of C. cinerascens at the peak of 
biomass production in autumn for the six flooding treatments. Values are mean ± SE (n = 6). Different letters indicate significant differences between 
flooding treatments with a > b > c (Tukey tests).
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5   |   Conclusions

We observed that the submergence rate only impacted the 
growth traits of C. cinerascens during flooding, whereas it 
had limited impacts at the end and during the post- flooding 
periods (i.e., recovery in autumn and resilience in spring). 
Flooding duration was the main factor affecting the growth 
traits of C. cinerascens from the end of the flooding treatments 
till the following spring. Shorter flooding duration generally 
induced lower negative effects on plant growth traits at the 
end of the flooding and during the recovery phase in autumn, 
whereas longer flooding caused a strong delay in the peak of 
biomass production. Our findings also highlighted a trade- off 
between growth recovery (autumn) and resilience (spring) 
with C. cinerascens- dominated communities showing a stron-
ger recovery but lower resilience to flooding in the shorter 
flooding duration treatment (5.5 months), whereas an opposite 

trend was observed in the longer flooding duration treatments 
(6- month and 6.5- months). Similarly, we demonstrated a 
trade- off between resource allocation to biomass production 
in autumn and resource allocation to sexual reproduction in 
spring, with higher biomass production in autumn and lower 
sexual reproduction in spring for the shortest flooding treat-
ment (5.5- months) and lower biomass production in autumn 
and higher sexual reproduction in spring in the intermediate 
flooding treatment (6- months). We also observed that the lon-
gest flooding treatments almost completely suppressed sexual 
reproduction of C. cinerascens by modifying plant phenology 
(i.e., delay in the peak of biomass production) and resource 
allocation (i.e., investment in growth rather than in flowers). 
Overall, the results from our study shed light on the legacy 
effects of flooding duration on C. cinerascens growth and 
reproductive traits while providing important data to pre-
dict changes in C. cinerascens population dynamics under 

FIGURE 5    |    Stem number (A), dry matter content (B), relative plant cover (C), community aboveground biomass (D), and number of inflorescence 
(E) of C. cinerascens in spring following the flooding event according to the six flooding treatments. Values are mean ± SE (n = 6). Different letters 
indicate significant differences among flooding treatments with a > b > c (Tukey tests).
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forecasted climate change- induced flooding. While previous 
studies generally focused on the impact of flooding on a sin-
gle growing period (e.g., You et al. 2015; Dai et al. 2020; Liu 
et al. 2023), future research should investigate the influence 
of flooding along the whole plant life cycle, especially in eco-
systems highly affected by hydrological processes. Long- term 
studies are also needed to fully understand the implications of 
flooding duration on the fitness and population dynamics of 
C. cinerascens.
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