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Tidal inundation is a major stress in salt marshes that regulates the patterns of plant
distribution and the associated functions provided by vegetation communities.
Usually, frequency is used to represent inundation intensity and can be estimated
using elevation. However, frequency is only a statistical indicator of tidal inundation
conditions during a given period, which ignores many details of tidal inundation
characteristics based on a single tidal event. On the scale of a single tidal event,
duration and water depth are important characteristics for describing inundation
conditions, which vary along the elevation gradient. The frequency of tidal events
of a specific duration and water depth also varied. To unravel the impact of varied
inundation characteristics on the key life stages of a foundation plant, we designed
an experiment with varied inundation treatments of different frequencies,
durations, and depths. Our results showed that the frequency, duration, and
depth of inundation events significantly influenced seed emergence, seedling
survival, and growth. Stress can be strengthened by a higher frequency with a
longer duration and larger depth. Among these factors, frequency had a dominant
impact, followed by duration and water depth. Specifically, there is a trade-off
between frequency, duration, and depth, suggesting that an inundation event with
shallower depth and/or shorter duration would reduce the stress from higher
frequency. The findings fill a gap in the loss of details of varied inundation
characteristics on plant establishment on a fine scale. Further, it will help explicit
inundation stress more accurately and clearly and provide important implications
for stress relief solutions in coastal ecological restoration.
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1 Introduction

Coastal salt marshes are buffer zones between land and sea that
are regularly or irregularly inundated by tides, and covered with
herbaceous vegetation or shrubs (Adam, 1990; Friess et al., 2012). It
is one of the most productive ecosystems in the world (Schubauer
and Hopkinson, 1984; Bouchard and Lefeuvre, 2000; Janousek et al.,
2020), providing a variety of valuable functions, such as storm
protection, flood control, nutrient cycling, and carbon storage
(Friess et al., 2012; Waring and Maricle, 2012; Zhao et al., 2019;
Janousek et al., 2020). All of these functions depend on the pattern
and stability of vegetation, which is susceptible to the dynamic tidal
waters and inundations (Redelstein et al, 2018). Although the
increase in sea level rise may be counterbalanced by sediment
accretion and increased belowground biomass production (Morris
et al,, 2002; Cherry et al., 2009; SChile et al., 2014), coastal wetlands
are likely to lose relative elevation and experience increased rates of
tidal inundation, leading to increased anaerobic stress (Sandi et al.,
2018). In addition, salt marsh plants are facing variable inundation
patterns due to sea level rise (Kirwan and Megonigal, 2013; SChile
et al., 2017), which might reduce their adaptability and cause a
higher degradation risk (Barnuevo and Asaeda, 2018; Elsey-Quirk
et al., 2024) and lower recovery rates (van Belzen et al.,, 2017).

Inundation is the main and key factor in wetland ecosystems,
which drives vegetation patterns (Crain et al., 2004; Todd et al,
2010; Guo and Pennings, 2012), important processes (i.e., plant life
history and establishment, Friess et al., 2012; Sloey et al., 2016), and
functions (i.e., productivity, carbon storage, Waring and Maricle,
2012; Zhao et al., 2019; Janousek et al., 2020). Inundation affects
plant survival, height, biomass and morphology at the individual
level in a number of ways (Colmer and Voesenek, 2009; Voesenek
and Bailey-Serres, 2015; Loreti et al., 2016; Redelstein et al., 2018;
Zhao et al,, 2023), and biodiversity, distribution patterns and
functions at community level (Lopez and Kursar, 2003; Kirwan
and Guntenspergen, 2012; Jones et al., 2018; Janousek et al., 2020).
Its role in driving and affecting wetland ecosystem has been realized
for a long time (Adam, 1990; Pezeshki, 2001; Lopez and Kursar,
2003; Crain et al., 2004; Redelstein et al.,, 2018). However,
inundation intensity is often treated roughly as a statistical
indicator over a period of time, such as inundation frequency. In
reality, the tidal inundation process over a period of time consists of
multiple inundation events, each with its own characteristics, such
as inundation duration and water depth. Furthermore, during a
tidal inundation event, the duration and water depth of inundation
vary along the elevation gradient. Thus, various inundation patterns
are generated along the elevation gradient when different tidal
inundation events occur. Additionally, inundation patterns are
likely to be highly affected by climate change (Kirwan and
Megonigal, 2013) and human activities (Wang et al., 2022). These
influence factors including changes in precipitation, sea-level rise,
or modification by dikes (Wang et al., 2022). This might pose
challenges to the present understanding of tidal inundation and its
effect on salt marsh plants. Whether treating tidal inundation
roughly as frequency and neglecting the details of individual
inundation events is sufficient to explain the establishment
patterns and variability of plants remains to be discussed. In
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nature with variable environment, it is necessary to have a deeper
and more comprehensive understanding of inundation and its
impact on salt marsh plants.

Salt marsh plants have different tolerance to inundation. Thus,
plant patterns tend to adapt to specific inundation patterns in
ecosystems, such as the zonal distribution of salt marsh plants in
many coastal areas of the world (Crain et al., 2004; Guo and
Pennings, 2012; He, 2012). Tidal inundation affects salt marsh
plants in many ways, such as by changing soil permeability and
chemical characteristics (Adam, 1990; Colmer and Flowers, 2008).
During high tide, especially spring tides, salt marsh plants are often
partially or completely submerged by the sea water for several hours
or even longer. Frequent inundation causes the depletion of oxygen
in salt marsh soil (Pezeshki, 2001), which is harmful to root
respiration (Kirwan and Guntenspergen, 2012; Redelstein et al.,
2018). In addition to creating a soil anoxic environment, frequent
flooding also leads to the enrichment of other compounds and ions
in the soil that affect plant growth, including CO,, ethylene, $*", etc
(Brinkman and Van Diepen, 1990; Colmer and Flowers, 2008; Suo
et al., 2023).

Accordingly, the adaptive mechanisms of vegetation to
inundation are viral, which can be detected by morphology and
physiology indicators. This has also become a focus of inundation
stress on plants (Colmer and Voesenek, 2009; Jackson et al., 2009;
Voesenek and Bailey-Serres, 2015; Loreti et al., 2016). However, the
inundation stress is usually considered as inundation frequency or
period (Li et al., 2020), water depth or level (Fu et al., 2014; Zhao
et al,, 2020 and 2023; Mozo et al,, 2021; Wang et al, 2024) or
duration (Lan et al., 2019; Chen et al., 2020) independently. As we
know, water or tidal regime can be described by the depth, duration,
frequency, rate of filling and drying, timing and predictability of
flooded and dried phases in a wetland (Bunn et al, 1997). The
combined effect from different aspects of inundation has not been
well addressed (Casanova and Brock, 2000; Miller and Zedler,
2003). Inundation frequency, depth and duration describe
different aspects of tidal regime across the marsh, and shape the
specific plant traits, patterns and functions, but their effects may
differ (Casanova and Brock, 2000; Miller and Zedler, 2003;
Barnuevo and Asaeda, 2018; Zhao et al., 2021).

Based on a tidal event, the duration and water depth or level are
important aspects for describing the characteristics of the flooding
and ebbing process on salt marsh surfaces (Wang et al., 2019 and
2022). The depth and duration of inundation depend on the height
of the plants relative to the mean sea level (Silvestri et al., 2005;
Colmer and Flowers, 2008). The frequency or period is used to
describe the total number of inundation events or intervals between
two tidal events. For convenience and accessibility, a statistical
indicator, frequency, is usually used to represent inundation stress
in salt marshes (He, 2012; Wang et al., 2018). In many studies, the
frequency is sufficient to depict the inundation stress and can be
easily estimated through the relationship with elevation (SChile
et al,, 2017; Wang et al., 2019). In some cases, elevation is used to
represent inundation frequency, as it has a robust negative
correlation with inundation frequency (He, 2012). Water depth is
also used to represent inundation stress (Fu et al., 2014; Zhao et al.,
2020 and 2023; Mozo et al,, 2021; Wang et al., 2024). Water depth
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was used from a static perspective to illustrate the optimum range of
water depth for different vegetation types, which is rarely
considered with other factors, such as frequency. In conclusion,
although inundation is a common stress, its utilization is usually
simply based on frequency or depth, without the combination of
different aspects of the inundation process. This approximate
estimation of inundation stress may cause some inaccuracy or
misjudgment of its real effect on plant adaptation process, thereby
affecting our understanding of tidal inundation in salt marshes.

To reveal the influence of varied characteristics of tidal
inundation events on salt marsh plants, we conducted an
experiment to simulate different types of inundation events with
varied durations, depths, and frequencies in a greenhouse.
Specifically, we focused on the frequency, duration and depth of
tidal events on seed emergence and seedling growth stage. We
aimed to address the following questions: 1) whether there is an
independent and cumulative effect of multiple factors from tidal
inundation on the early life stages of a plant and 2) how those
factors interact with each other when they act on different life
stages. By comprehensively considering the effects of inundation
stress from different aspects in the early stage of the plant, we could
predict the response of plants to multiple stresses caused by climate
change or human activity in the inundation regime and take
adaptive management measures to mitigate the adverse effects of
multiple stresses.

2 Methods and materials
2.1 Species selection and collection

The salt marsh plant species used in this study was Suaeda salsa
(S. salsa), an annual herbaceous salt species. It is the dominant
species in the salt marsh of the Yellow River Delta and has the
widest distribution range from the low tide zone to the supratidal
zone (Wang et al, 2022). The plant has a high tolerance to
inundation and salinity stress to some extent (Song, 2009),
whereas the appropriate range of adaptation to salinity ranges
from 0 to 10 ppt, according to our previous study (Wang et al,
2019). S. salsa seeds are characterized by a low mass and a waxy seed
coat (Li et al., 2005), which enables them to be easily dispersed by
the tide throughout the salt marshes. After seed maturation in
autumn, they fall to the ground and are picked up by the tide, which
then disperses them across mudflats and salt marshes (Wang
et al., 2022).

Seeds and seedlings of S. salsa were used to synchronously
conduct seed emergence and seedling survival experiments in
spring. The seeds were collected in the field when S. salsa
matured, fell to the ground (in autumn), and stored in cool and
dry conditions for the emergence experiment. S. salsa seedlings
were collected in April from undisturbed soil for the survival
experiment and were cultivated in the greenhouse for a week
for acclimatization.
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2.2 Experimental design

On a single tidal event scale, a tidal event can generate different
inundation patterns along an elevation gradient. That is, a higher
water depth and longer duration at low elevations, lower water
depths, and shorter durations at high elevations. In addition, the
inundation frequency varied along the elevation gradient. To
examine the effects of tidal inundation patterns on salt marsh
plants along the elevation gradient, we designed inundation
treatments of different durations, water depths, and frequencies.
We set up two types of inundation duration of 3h and 6h, with four
types of water depths of 10 cm, 20 cm, 30 cm, and 40 cm. The
frequency of occurrence was set based on a daily scale, according to
the frequency of occurrence of field tidal inundation events. They
were conducted with four frequencies once a day (1/1), once every
five days (1/5), once every ten days (1/10) and once every fifteen
days (1/15), simulating variations in inundation frequency along
the elevation gradient. Totally 32 inundation treatments were set up
according to the field tidal inundation patterns along the elevation
gradient. Because we focused on the inundation characteristics,
salinity stress was not considered in the experiment. The salinity in
the inundation treatment was approximately 2-3 ppt, which was
suitable for S. salsa to germinate and grow and would not induce
salinity stress.

Specifically, 32 treatments were adopted in both S. salsa seed
emergence and seedling survival experiments, and each treatment
had three replicates (n=96 in each experimental group). Flowerpots
with a diameter of 10 cm were used to conduct the experiments, and
in situ salt marsh soil was used to plant seeds or seedings in the
flowerpots. All flowerpots were placed in different tanks to control
the inundation duration, depth, and frequency. (1) Seed emergence
experiment. One hundred S. salsa seeds were sowed evenly in each
flowerpot, with a 1 c¢m soil layer and a 0.5 cm sand layer covered
above. As S. salsa seeds are light and easy to float, a 0.5 cm sand
layer was covered above the soil to prevent the loss of floating seeds.
(2) Seedling survival experiment. Seedlings of the same height
(approximately 8 cm) and stem diameter (approximately 1 mm)
in the field were selected for transplanting in the flowerpot with the
original soil. Each flowerpot was transplanted to six seedlings. (3)
Control treatment. As a reference, we also used watering treatments
for seed emergence and seedling survival experiments. We set three
groups of watering treatments, including once a day, once every five
days and once every ten days, with each group of three replications
(n=9 in each experiment).

The experiment was carried out in an indoor greenhouse from
May to July to ensure that the other conditions, such as light,
temperature, and soil moisture, were the same as the wild growing
conditions. The experiment lasted for two months. The emerged
seeds and seedlings were counted every five days before inundation.
In the seed emergence experiment, emerged seedlings were
removed from the flowerpot after recording for easy counting. In
the seedling experiment, the height of each seedling was measured
using a tapeline every five days and recorded.
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2.3 Data analysis

The cumulative seed emergence rate, survival rate and plant
height of S. salsa were used to reflect stress. They can be obtained
using the following equations:

n
ER; = 3'Ng;/100
i=1

SR,‘ = Nsl‘/6
1.n

Hl :—Eh,]
j=1

ER; and SR; are the emergence and survival rates on the i day,
respectively, and H; is the mean height of S. salsa in a flowerpot on
the i day. Np; is the number of emerged seeds on the ith day, Ng; is
the number of surviving S. salsa on the i™ day, 100 and 6 are the
total number of seeds and seedings, respectively, h;; is the height of
individual j on the i day, and only live individuals are counted.

The cumulative seed emergence rate, survival rate, and height
on the 60™ day were used to compare the differences. To test the
effects of frequency, duration, and water depth on S. salsa seed
emergence, survival, and growth, a three-way ANOVA was used to
compare the differences among the 32 treatments (n=96). Cohen’s f
was used to compare the effect size (ES) of each inundation
component (Cohen, 1988).

F
ES = Cohen'sf = \/;

Where F is the observed value of the sample F statistic, n is the
sample size of each group, and higher values of Cohen’s f represent
a higher effect. Specifically, Cohen’s f < 0.1 represents small effect,
Cohen’s f =0.25 represents medium effect, and Cohen’s f > 0.4
represents high effect. Additionally, one-way ANOVA was used to

10.3389/fmars.2024.1449034

compare the differences between the watering and inundation
groups (n=105). Mean values of the three replicates in each
treatment on the record day i day) were used to depict the
emergence, survival, and growth curves during the experiment, and
Kruskal-Wallis analysis was used to test the differences among these
curves of each frequency-duration-depth group in the inundation
treatment and each frequency group in the watering treatment. All
statistical analysis were conducted using SPSS 22. To compare the
final results of emergence rate, survival rate, and plant height in
each treatment more directly and to explore the interaction of
frequency, duration and depth, contour lines were used to seek the
equivalent groups of frequency, duration and depth.

3 Results

3.1 Effect of varied inundation
characteristics on seed emergence

From the perspective of the total emergence rate, the inundation
treatment showed significant stress compared to the watering
treatment (Figure 1A). The emergence rate in the watering treatment
was significantly higher than that of the inundation treatment.
According to the three-way ANOVA, frequency, duration and depth
of inundation events had a significant impact on seed emergence, and
seed emergence rate decreased with increasing inundation frequency,
duration and depth (Figures 1B, C). Specifically, the decrease in
emergence rate in 10 cm and 20 cm depth treatments was not
significant (Figure 1D). According to the effect size of inundation
frequency, duration and depth, frequency had the most obvious effect
on the emergence rate (ES=1.81, P=0.000), followed by duration
(ES=1.10, P=0.000), and depth (ES=0.72, P=0.000).

From the view of the cumulative emergence curve during the
two months (Figure 2), most seeds emerged within one month,
revealing a fast emergence characteristic. Differences between

A B C D
100 100 100 100 =
90 - P 90 -
F=78.264, T 207 2]
80 P=0.000 80 4 i e !
F) ES=1.81, P=0.000 807 ES=1.10, P=0.000 %7 gg=0.72, P=0.000
g 70 4 . et 09, N 70 - L . X .
Y 604 60 60 60 L .
s x Y ? o ° o
Y 50 50 * 50 - 50
g ‘ o d D
2 40+ 204N ¢ . 40 40 }
£ ° 2 Py
M 30 30 < 30 30 - ¢ [ :
L]
20 4 04| ® i 20 204 |"® ’ % f X
s . O .
10 4 10 10 10 4 ° °
§ <
0 - . T 0 T T T T 0 0 T T T T
Inundation Watering 1/15 1/10 1/5 1/1 10 20 30 40
treatment treatment Inundation frequency Inundation duration (h) Inundation depth (cm)
FIGURE 1

ANOVA analysis of total emergence rate of S. salsa seeds under different treatment. (A) shows the result of one-way ANOVA of inundation and
watering treatment, (B-D) show the results of three-way ANOVA of frequency, duration and depth in inundation treatment. The same letter above

the bar shows no significant differences.
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FIGURE 2

S. salsa emergence curve during the experiment. (A-D) are inundation treatment with frequency at 1/1, 1/5, 1/10 and 1/15, respectively. Each full line
with different color shows inundation event of 3h-duration with different depth, and each dash line with different color shows inundation event of
6h-duration with different depth. (E) is watering treatment with watering frequency at 1/1, 1/5 and 1/10, respectively.

inundation treatments with different frequencies, durations, depths
and watering treatments with different frequencies were significant
according to Kruskal-Wallis analysis (y° = 343.673, df=34,
P=0.000). The emergence rate was significantly higher in the
watering treatment than in the inundation treatment, at a
frequency of 1/1. Generally, the inundation treatment with a
frequency of 1/15, duration of 3h, depth of 10 and 20 cm had the

highest emergence rate among inundation treatments.

3.2 Effect of varied inundation
characteristics on seedling survival

All S. salsa seedlings were alive during the experiment in the
watering treatment, which was significantly different from the
inundation treatment (Figure 3A). In the inundation treatment,
frequency, duration and depth of inundation events significantly
affected seedling survival (Figures 3B-D). The seedling survival rate
decreased with increasing frequency, duration and water depth.
Specifically, the decrease in emergence rate in the 10 and 20 cm was
not significant (Figure 3D). According to the effect size, frequency had
the most obvious effect on survival rate (ES=2.94, P=0.000), followed by
duration (ES=1.04, P=0.000) and depth (ES=0.62, P=0.000).

When the inundation frequency was 1/1, all seedlings died within
40 days (Figure 4A), and inundation event of duration at 6 h, depth at
40 cm accelerated the death of seedlings (within 20 days). In other
inundation treatments (Figures 4B-D), the survival rate decreased
within 30 days, and then became stable. Differences between
inundation treatments with different frequencies, durations, depths
and watering treatments with different frequencies were significant
according to Kruskal-Wallis analysis (y° = 269.935, df=34, P=0.000).
The survival rate in the inundation treatment with a frequency of 1/1
was significantly different from that of the other inundation and
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watering treatments. The inundation treatment with a frequency of 1/
15, duration of 3h, depth of 10 and 20 cm had the highest survival
rate among inundation treatments.

3.3 Effect of varied inundation
characteristics on seedling growth

The height of S. salsa seedlings in the inundation treatment was
significantly lower than that in the watering treatment (Figure 5A).
The influence of frequency, duration and depth was also significant
on seedling growth (Figures 5B-D), but the difference among
groups decreased. Except for the fatal treatment with a frequency
of 1/1, the height in frequency of 1/5, 1/10 and 1/15 were close, and
the differences between the frequency of 1/15 and 1/5 was not
significant (Figure 5B). In addition, differences among groups in
depth treatment were further reduced (Figure 5D). According to the
effect size, frequency had the most obvious effect on seedling growth
(ES=4.81, P=0.000), followed by duration (ES=0.89, P=0.000), and
depth (ES=0.33, P=0.003).

In the inundation treatment at a frequency of 1/1, the mean
seedling height showed a slowly increasing trend at the beginning of
the experiment and then decreased abruptly due to the death of some
individuals (Figure 6A). Specifically, the mean height in the treatment
of duration at 6 h and depth at 40 cm decreased to 0 at first (Figure 6A).
In other inundation and watering treatments (Figures 6B-E), seedling
height increased stably until the end of the experiment, and the curves
were close to each other. Differences between inundation treatments
with different frequencies, durations, depths and watering treatments
with different frequencies were significant according to Kruskal-Wallis
analysis (y° = 178.142, df=34, P=0.000). Significant differences were
observed in the frequency of inundation treatment at 1/1 with the
other treatments.
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FIGURE 3

ANOVA analysis of final survival rate of S. salsa seedlings under different treatment. (A) shows the result of one-way ANOVA of inundation and
watering treatment, (B-D) show the results of three-way ANOVA of frequency, duration and depth in inundation treatment. The same letter above

the bar shows no significant differences.

3.4 Interactions of varied
inundation characteristics

By calculating the mean values of emergence rate, survival rate
and height in each frequency-duration-depth group, the
interactions among inundation frequency, duration and depth can
be summarized as shown in Figure 7. The emergence rate, survival
rate and height of each frequency-duration group decreased with
increasing depth, indicating a regular variation trend along the
grouping of frequency, duration and depth. Specifically, the
emergence rates of the 1/1-6 h-20 cm, 1/1- 6h-10 ¢cm and 1/5-6
h-40 cm treatments were the same, at 20% (Figure 7A). Similarly,
the emergence rates of the 1/1-3 h-10 cm, 1/10-6 h-40 cm and 1/15-

A Inundation frequency = 1/1 B

100 3h-10cm 6h-10cm

3h-20cm 6h-20cm

80 3h-30cm 6h-30cm
W,

~3h-40cm  ===-6h-40cm

Survival rate (%)
o
=y

6 h-40 cm treatments were approximately 34%, and the emergence
rates of the 1/15-3 h-40 cm, 1/15-6 h-30 cm and 1/10-3 h-30 cm
were approximately 45% (Figure 7A). These inundation groups
shared the same emergence rate revealing a trade-off between
frequency, duration and depth. Inundation events with shallower
water depths and/or shorter durations would reduce the stress from
higher frequencies. Similar trade-ofts of frequency, duration and
depth were found in seedling survival and growth (Figures 7B, C).
For example, the survival rates of the 1/10-6 h-40 cm and 1/5-6 h-30
cm treatments were the same at 26%, the survival rates of the 1/15-6
h-40 cm and 1/5-3 h-30 cm treatments were the same at 60%, and
the survival rates of the 1/10-6 h-10 cm and 1/5-3 h-10 cm
treatments were the same at 82% (Figure 7B). In terms of plant
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different color shows inundation event of 3h-duration with different depth, and each dash line with different color shows inundation event of 6h-
duration with different depth. (E) is watering treatment with watering frequency at 1/1, 1/5 and 1/10, respectively.
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height, treatments of 1/15-3 h-40 cm, 1/15-6 h-20 c¢m, 1/10-6 h-40
cm,1/5-3 h-30 cm and 1/5-6 h-10 cm were the same at 25 cm
height (Figure 7C).

4 Discussion

Since inundation is usually represented by a statistical indicator,
such as frequency, details of each specific tidal event and their
cumulative effects on plants might be ignored. Thus, we conducted
this experiment to explore the effects of various inundation
characteristics based on the inundation event scale. The results
showed that stress could be strengthened by a higher inundation
frequency with a longer duration and deeper depth. Among these

factors, frequency had a dominant effect, followed by duration and
water depth. Specifically, there was a trade-off among frequency,
duration and depth, which showed that inundation events with
shallower depths and/or shorter durations would reduce stress from
higher frequencies. This might be important in multi-stress systems
and in enlightening stress relief solutions for ecological restoration.

4.1 Inundation stress on S. salsa
seed emergence

As a seed diffusion propagates plant, S. salsa seed are widely
spread by tides (He, 2012). This make it a ubiquitous species and
has potential for extensive colonization in intertidal zone. The small
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different color shows inundation event of 3h-duration with different depth, and each dash line with different color shows inundation event of 6h-
duration with different depth. (E) is watering treatment with watering frequency at 1/1, 1/5 and 1/10, respectively.
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and light attributes and waxy coat make it can float with tidal waters
for a long time, until fall onto the ground (Chang et al., 2008; Wang
et al.,, 2022). Thus, it seems less susceptible to inundation stress and
little attention has been paid to its response to inundation. Instead,
researches focused on the effect of soil moisture, salinity, sediment
thickness and temperature on S. salsa seed germination (Li et al.,
2005; Xie et al., 2017). However, when it sucks up the water and
settled down, it would probably suffer the stress from inundation.
Our experiment used sand to cover them to prevent them from
floating, and verified the stress of varied inundation characteristics
on S. salsa seed emergence. Specifically, we detected the
independent and cumulative effect of inundation frequency,
duration and depth on seed emergence, and recognized the trade-
off among the multi-stress from different aspects of inundation.

S. salsa seed emergence speed was very fast (Figure 2). As long
as the conditions were suitable, the seeds could emerge
immediately. All the active seeds could emerge completely within
one month (Figure 2). This strategy of rapid germination under
suitable conditions is very conducive to the colonization of S. salsa
in the intertidal zone, which makes it the most widely distributed
species (He, 2012). In the severe and changeable environment of the
intertidal zone, S. salsa can seize the window of opportunity (Balke
et al., 2014) for rapid germination and realize the first step of self-
colonization. S. salsa seeds can germinate when these key factors
(moisture, salinity, sediment thickness, etc.) just fall into its
threshold (Li et al., 2005; Xie et al., 2017). The important is that,
while waiting for the ‘window’, the seeds should remain active.
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However, during this waiting for a ‘window’ period, tidal
inundation makes the biggest risk for S. salsa seeds to remain
active. And this risk of inactivation from inundation has not been
systematically studied.

For S. salsa seeds, it had a high germination rate on a wet surface
without inundation (Xie et al., 2017). The pre-germination experiment
of the seeds showed that under laboratory conditions, the germination
rate of the seeds on the surface of wet filter paper was more than 80%.
Similarly, the watering control treatment also demonstrated S. salsa
seeds had suffer different levels of stress from inundation. As
demonstrated by other physiological studies, seeds of most plants
are very sensitive to inundation (Abdelbagi et al., 2012). In riparian
systems, seed viability and nutrient are significantly decreasing with
the increasing of flooding duration (Ma et al., 2018). When starved of
oxygen, the seeds of Zostera marina completely lose their ability to
germinate (Hootsmans et al., 1987). The decreasing of seed
germination rate under inundation stress is mainly caused by
hypoxia (Abdelbagi et al., 2012; Suo et al., 2023).

Our experiment verified the significant stress of inundation on
S. salsa seed emergence, and the effects varied when inundation
events had different characteristics. Generally, stress increases with
the increasing frequency, duration and depth of inundation events.
This means that the tidal inundation regime with a combination of
high frequency, long duration and deep depth is extremely stressful
for S. salsa seeds, which will decrease the emergence rate in the field
and lead to early degradation of the S. salsa community. Specifically,
the impacts of different inundation factors varied. Frequency had a
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dominant effect on seed emergence, followed by duration and water
depth. This means that, in most situations, frequency is a robust
indicator of inundation intensity. However, when incorporating the
duration and depth characteristics into inundation, the impact is
modified on a smaller scale. When the frequency is fixed, a shorter
duration and/or shallower depth will reduce the stress compared to
longer durations and/or deeper depths. Specifically, there is a trade-
off between frequency, duration, and depth to some extent, and the
effects of higher frequency, longer duration, and deeper depth might
be equal to the effects of lower frequency, shorter duration, and
shallower depth. Thus, the total stress can be regarded as a
combination of frequency, duration and depth, and the increasing
stress caused by one factor can be relieved by the decrease in the
other one or two factors. However, the contribution of each
inundation factor must be studied further. Importantly, this
trade-off among different factors of inundation events should be
considered when considering the impact of inundation on
seed emergence.

4.2 Inundation stress on S. salsa seedling
survival and growth

During the inundation, plant root soil ventilation is affected,
and the sediments may be in an anaerobic environment, thus
affecting plant root respiration and growth (Voesenek and Bailey-
Serres, 2015; Redelstein et al., 2018; Wei et al., 2021). According to
the two-month experiment, we found that the stress had a
cumulative effect, mainly because we did not design the extreme
long duration treatment, and did not detect the one-time fatal
inundation duration. This situation can occur when salt marshes
experience a storm tide (Leonardi et al., 2016; Lagomasino et al.,
2021), and the inundation duration may last for several days, which
leads to the death of many plants (Crooks et al., 2002; Kirwan and
Gedan, 2019). Our experiment shows the cumulative stress of
multiple inundation events, and the earliest death of S. salsa
occurred on the 20™ day, with a frequency of 1/1, depth of 40 cm
and duration of 6 h (Figures 4, 6). In general, fatal cumulative stress
occurs at a frequency of 1/1. With the decrease in depth and
duration, the days of death were delayed, but all the groups died
within 40 days. The survival rate increased significantly with
decreasing frequency. This indicates that, except for the extreme
fatal inundation event (such as storm tide), the cumulative stress
from the high-frequency inundation is also deadly, which cannot
sustain seedling survival to maturity. The death of juvenile S. salsa is
advantageous to S. salsa communities, which decreases the yield of
seeds and affects successive establishment (Crooks et al., 2002; Davy
et al,, 2011). The effects of shorter duration and shallower depth
only delayed the death day of S. salsa, but not their destiny. With
decreasing frequency, the situation of S. salsa becomes better, at
least not fatal.

The dominant effect of inundation is in frequency, followed by
duration and depth. Compared with seed emergence, seedling
survival revealed a stricter death threshold at high frequency (1/1)
and higher tolerance in other inundation situations. The differences
in seedling height between the inundation and watering treatments
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were further reduced. This indicates that, except for the fatal
inundation situation, the seedling stage is less susceptible to
inundation, which reflects another trait of the species that is
widely established. There is also a trade-off between the
frequency, duration, and depth of inundation events at the
seedling stage. However, the trade-off may lie only within a
specific range within the threshold. Compared with seed
emergence, seedlings showed a fatal effect at a high inundation
frequency of 1/1 and a stabilizing high survival rate when the
frequency was reduced to 1/15 (Figure 7B). In both inundation
treatments of frequency at 1/1 and frequency at 1/15 with shallower
depths (10-30 cm), the trade-off vanished. This was more obvious
in seedling height (Figure 7C). For plant height, the treatment
frequency of 1/5 and duration of 6 h reduced the growth speed
significantly, leading to a shorter plant height. At this frequency, a
shorter duration can relieve stress on growth (represented by
height). Since plant height is often positively related to biomass,
higher plant height means not only greater seed yield (Xie et al,
2017) but also higher primary productivity and more carbon
storage (Bouchard and Lefeuvre, 2000; Mcleod et al., 2011), which
is crucial to the function provided by salt marshes. In addition, itis a
key factor in accelerating sediment deposition and defending
storms (Leonardi et al., 2016). In this way, the various tidal
regimes with different frequencies, durations, and water depths
not only influence the survival of plants, but also the functions
associated with height (biomass).

4.3 Implications in explaining vegetation
patters and stress-relief solutions

The interaction of inundation factors may contribute to
explaining vegetation patterns in the field. Inundation is usually
represented by frequency to account for its effects on salt marsh
plants. Our results demonstrated the combined effects of different
characteristics during inundation events on the early life stages of
plants, which provides more details on how different durations,
depths, and frequencies influence seed emergence, seedling survival,
and growth. This finding also provides important implications for
plant establishment in relation to different inundation patterns. For
example, low elevation is dominant with low water levels but a high
frequency of inundation events (i.e., the nearby tidal creek area),
which is consistent with the high-frequency and low-depth
treatment in our experiment. This may induce different responses
in the plant seeds and seedlings. In these areas, plants may
germinate, but fail to survive. In contrast, high-water inundation
events submerge at higher elevations and induce deeper inundation
depths, but the frequency is relatively low. This may lead to low-
frequency but high-depth inundation events at higher elevations,
which are also stressful compared to high-frequency but low-depth
inundation events. In terms of duration, both long and short
durations may occur at low depths with high frequency and high
depth with low-frequency inundation events. It may depend not
only on the tide itself but also on the drainage conditions.

Moreover, the trade-off among the frequency, duration, and
depth of inundation events can provide important insight into
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stress-relief solutions for ecological restoration. The tidal inundation
regime is more complex and changeable when considering multiple
tidal events, rather than simply reducing the frequency along the
elevation gradient. It can be regulated to reduce inundation stress. For
example, in cases of higher frequency (not fatal), inundation stress can
be alleviated by reducing the inundation duration and depth. This can
be achieved by improving the drainage conditions or lifting elevations
toa certain extent. In other cases, reducing the frequency of high-water
inundation events may also relieve stress at high water depths or for
long durations.
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