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• Quantify the importance of consumers
on Phragmites in a salt marsh across
temporal variation in abiotic stress.

• In the spring wetter year, Phragmites
biomass were 75% higher in Crab Exclu-
sion relative to Ambient Crab plots.

• In the spring drought year, Phragmites
biomass fell to 16% of levels of the spring
wetter year in Ambient Crab plots.

• The magnitude of top-down control of
Phragmites may be amplified with
spring drought in salt marsh of the YRD.
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Consumers are often overlooked as key drivers of vegetation structure and ecosystem functioning in coastal wet-
lands. This oversight is particularly apparent in Asia, wheremuch of the variation in coastal wetland plant growth
and composition is attributed to physical stress gradients. To address this knowledge gap and quantify the rela-
tive importance of consumers in Asian coastal wetlands across temporal variation in environmental stress, we
conducted a two-year experiment spanning relatively spring wet (2018) and spring dry (2019) years in which
we manipulated the presence of the numerically dominant herbivorous crab, Helice tientsinensis, and evaluated
its effects on Phragmites australis growth and structure in a Yellow River Delta salt marsh. In spring wetter
2018, Phragmites biomass and stem density were 75% and 34% higher in Crab Exclusion relative to Ambient
Crab plots. In 2019 which experienced spring drought and elevated soil salinity, Phragmites biomass and stem
density remained similarly high relative to 2018 in Crab Exclusion plots, but fell further, to only 16% and 39%
of levels of 2018 observed in Ambient Crab plots. Phragmites' inflorescences density was also significantly re-
duced in Ambient Crab than Crab Exclusion plots in 2019. Together, these results highlight the significant role
that crab herbivores can play in regulating Phragmites in Yellow River Delta salt marshes and suggest that the
magnitude of their top-down control may be amplified, although in a non-additive manner, with spring drought
stress in the region.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

The concepts of bottom-up effect and top-down control of ecosys-
tem structure and function have evolved and expanded over decades
of ecological research. The bottom-up effect refers to the effects of abi-
otic factors, such as physical stress or resource supply (i.e. light, nutri-
ent, salinity, flood, drought) on the fitness and distribution of plants.
The effect of consumer feeding or behavior on the growth, reproduction
and distribution of plants, in contrast, is referred to as the top-down ef-
fect (Bertness, 2007). The early discussion of “why theworld is green” is
indeed the debate of the relative importance of the bottom-up effect
and top-down effect on the vegetation (Hairston et al., 1960;
Murdoch, 1966; Oksanen, 1988).

Evidence from terrestrial, marine and coastal wetland ecosystems
have revealed that top-down effects can be very important in regulating
ecological processes (Poore et al., 2012; He and Silliman, 2016; Jia et al.,
2018). Herbivory is themechanism bywhich energy is transferred from
primary producers to higher trophic levels, and is a keymechanism reg-
ulating the survival, growth, reproduction, population dynamics and
community composition of the plants (Poore et al., 2012; He and
Silliman, 2016; Jia et al., 2018; Mortensen et al., 2018; Chalifour et al.,
2019). For terrestrial ecosystems, studies have found that herbivores re-
duced the survival, reproductive rate, biomass and abundance of terres-
trial plants (Jia et al., 2018). In a review of over 613 top-down effect
studies in marine ecosystems, Poore et al. (2012) discovered that
while top-down effects were generally strong in intertidal and coral
reef systems, they were not significant in salt marshes. However, He
and Silliman (2016) argued that the sample size for salt marsh ecosys-
tems used for the analyses by Poore et al. (2012) was too small for the
study's results to be reliable. They therefore carried out a follow-up
meta-analysis to assess global variation in the strength of top-down ef-
fects in the coastal wetlands and found that consumers had a significant
inhibitory effect on the survival, growth and reproduction of salt marsh
plants (He and Silliman, 2016). Furthermore, the herbivory of both
large-sized herbivores (e.g., cattle and sheep) and small-sized herbi-
vores (e.g., insects) played an important role in plant population dy-
namics and community composition (Allan and Crawley, 2011; La
Pierre et al., 2015; Katz, 2016; Borgstrom et al., 2017). Therefore, in
the study of salt marsh and,more generally, plant ecology, top-down ef-
fects cannot be ignored.

Coastal areas cover only 4% of theworld's land area, but they are home
to a third of the world's population (UNEP, 2006). Coastal wetlands pro-
vide amultitude of ecosystem services for human beings, including coast-
line stabilization and storm protection, seafood, and tourism resources
(Barbier et al., 2011). However, global change caused by human activities
is driving the loss and degradation of coastal wetlands (Lotze et al., 2006).
The studies considering both bottom-up and top-down effects on coastal
wetland vegetation can provide vital reference information for how these
imperiled ecosystems may be best protected and restored, and may con-
tinue to respond to climate change. However, studies on the top-downef-
fect of coastal wetlands mainly focused on salt marshes in the American
Continent (Silliman et al., 2005; Jefferies et al., 2006; Holdredge et al.,
2009; Alberti et al., 2010; Daleo et al., 2011; Schultz et al., 2016), and
only five studies from the entire Asian Continent were included in He
and Silliman's (2016) meta-analysis of a total of 178 studies.

Furthermore, coastal wetlands are also experiencing a range of shifts
in physical and chemical conditions due to human activities including
nutrient enrichment, climate warming, and the spatial or temporal re-
distribution of precipitation, etc. (Deegan et al., 2012; Angelini et al.,
2016). Herbivory may interact with these environmental changes with
cascading impacts on both the vegetation biomass and structure (e.g.
stem density, height, diameter). For example, hot, dry spells associated
with drought can intensify snail grazingpressure in southeasternUS salt
marshes, causing the collapse of the dominant marsh cordgrass,
Spartina alterniflora, in this region (Silliman et al., 2005). However,
there are still few investigations on the impact of herbivory on the
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vegetation across seasons and years that vary in key environmental con-
ditions, such as rainfall, in coastal wetlands (Angelini et al., 2018; Daleo
et al., 2015).

The Yellow River Delta (YRD), formed by the intersection of the
Yellow and Bohai Rivers, supports expansive intertidal wetlands in the
warm temperate zone of eastern China. This dynamic ecosystem func-
tions as a vital migration station in the East Asia-Australia water-bird
migration route and as a key wintering habitat for birds. The YRD also
supports a diversity of other ecosystem functions and services, includ-
ing carbon sequestration, nutrient cycling, and nursery habitat provi-
sion for commercially and recreationally harvested fish and
invertebrates, much like many other coastal wetlands around the
world. The plant species' composition within YRD salt marshes is rela-
tively simple, with regular zonation of largely mono-dominant plants.
Phragmites australis (hereafter, Phragmites for brevity) is one of these
dominant plants, covering approximately 5.39% of the YRD salt marsh
area (317 km2) (Fan et al., 2020). Both marsh plant composition and
growth (including Phragmites growth) are known to be highly sensitive
to the changes in climate that are occurring in this region, which is par-
ticularly manifested by a decrease in annual precipitation, with consid-
erably less precipitation occurring in the Spring but more rainfall in the
Summer than was historically recorded (Chu et al., 2018; Han et al.,
2018; Chuet al., 2019). Associatedwith intensifying springdroughts, sa-
linization causedby less rainfall and higher evaporation is also occurring
in these salt marshes (Guan et al., 2013).

Phragmites is one of the most important plant species structuring
coastal wetlands of the YRD. Due to its spatial dominance and high pro-
visioning of ecosystem functions and services, conserving Phragmites is a
conservation priority in the region (Tang et al., 2006; Zhang et al.,
2018a). Phragmites, a perennial grass and clonal plant, reproduces sexu-
ally by seed in Spring, and asexually by via vegetative expansion from
Spring to Autumn. Each winter, this grass sheds its leaves. Most studies
conducted thus far on Phragmites have focused on its responsiveness to
gradients in salinity and the water table, factors that have been shown
to influence its morphological and eco-physiological character, popula-
tion dynamics and spatial distribution (Cui et al., 2006; Han et al.,
2011; Guan et al., 2014; Chen et al., 2020). However, little is known
about the role of consumers in controlling Phragmites in the salt marsh
of the YRD. The herbivorous crab Helice tientsinensis is common and
abundant in the salt marsh of YRD, and is known to consume multiple
plant species such as Suaeda salsa, Salicornia europaea and Phragmites
(He et al., 2015; Lan et al., 2020).

We therefore conducted a field experiment in the salt marsh of the
YRD inwhichwemanipulated herbivorous crab access to Phragmites (in-
cluding the Ambient Crab, Procedural Cage Control and Crab Exclusion
treatment).We ran the experiment over two years that spanned periods
of significant variation of environmental stress: with relatively low envi-
ronmental stress occurring in 2018which experiencedmoderate rainfall
and flooding frequency in Spring and lower soil porewater salinity but
high environmental stress in 2019 which experienced reduced rainfall
and flooding frequency in Spring, and higher salinity. This time-scale en-
abled us to investigate the effects of crab herbivory and environmental
changes on multiple metrics of Phragmites' performance. We aimed to
address the following scientific question: does the top-down effect of
crabs amplify during drought years when plants may be additionally
stressed by high salinity and reduced access to freshwater? This study
advances our understanding of the top-down effect of herbivorous
crabs on salt marsh vegetation structure, informing future efforts to con-
serve and restore Phragmites in the coastal wetland of the YRD.

2. Materials and methods

2.1. Study site

The study site was located in the salt marsh of the YRD in Shandong
Province (37°44′5″ N, 119°12′56″ E; Supporting information Fig. S1).
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The climate of this region is warm temperate with an annual average
temperature of 11.7–12.6 °C; annual average rainfall of 530–630 mm
with much of the rainfall occurring in July and August; annual average
evaporation of 1750–2430mm; and tidal flooding occurring through ir-
regular semilunar and semidiurnal tides. The total discharge in the
downstream of the Yellow River (measured in the Lijin County) were
5.54 × 108 m3 (specifically, 17th May–16th June: 6.30 × 107 m3) and
5.17 × 108 m3 (specifically, 17th May–16th June: 4.32 × 107) in 2018
and 2019 (Supporting information Fig. S2; data from the website of
Yellow River Conservancy Commission of the Ministry of Water Re-
sources, http://61.163.88.227:8006/hwsq.aspx). Within YRD salt
marshes, the dominant plants exhibit regular zonation with Spartina
alterniflora (an invasive species) being distributed along lower elevation
salt marsh margins, and both S. salsa and Phragmites occurring through
the intermediate and high marsh elevations. The Phragmites (Fig. S3
a) in the high marsh perform much worse than that from river sides
or non-tidal wetlands (Chen et al., 2020). Helice tientsinensis (Shell
length: 25.69 ± 0.40 mm; Shell breadth: 20.96 ± 0.37 mm; n = 28;
Supporting information Fig. S3 b) alone dominates the infaunal crab
community in the study site, and has been shown to regularly consume
Phragmites (Lan et al., 2020).

2.2. Field experiment

In 16thMay 2018, 15 plots (the plot size is 0.5 × 0.5m) spaced ~3m
apart were established in the Phragmites zone and randomly assigned
one of three treatments: Ambient Crab, Procedural Cage Control and
Crab Exclusion (Fig. S3 c–f; n=5 replicates per treatment). Crab Exclu-
sion and Procedural Cage Control frameswere rectangularwith a length
of 50 cm, width of 50 cm and height of 150 cm. A PVC frame without
nylon fishing net attached was placed at each Ambient Crab treatment.
For Crab Exclusion treatments, a nylon fishing net (with 1 cm meshes)
was attached to the cage frame, and which was buried 40 cm under-
ground to prevent crabs from entering. We also sprayed Permethrin
pesticide (Qingdao Runsheng agrochemical Co. Ltd., China) one time
to kill all crabs in the Crab Exclusion cages in May 2018 and 2019, be-
cause there were some small crabs (juvenile crabs, <1 cm in carapace
width) that had entered the cages in the spring. We only sprayed
them on the soil surface, and avoided spraying them on the leaves of
the plants. In addition, there was very little insect herbivory in the
plots in May (personal observation), we anticipate it has limited effect
on the result of our experiment. No crabs were in Crab Exclusion cages
after the removal of crabs. The Procedural Cage Control treatment was
identical to the Crab Exclusion Cage except that a 10 cm tall window
was cut out of the mesh at the ground surface to enable crabs to freely
enter and exit the cage.

Monthly, the salinity of the soil (at the depth of 10 cm and 20 cm)
was measured in situ by the electronic conductivity meter (ECTestr 11,
Spectrum Technologies, Inc., USA) in each plot during June–September
2018,May–September 2019. The occurrence and theflooding frequency
and duration, air/water temperature were also auto-recorded by water
level recording sensor (CRS456, Campbell Scientific, USA) which logged
a water depth each hour starting on April 16th 2018. The precipitation
was recorded by a meteorological sensor (TE525 tipping bucket gauge,
Texas Electronics, USA) on a half-hourly basis.

During the growing seasons (mid-May to mid-September) of 2018
and 2019, plant traits of Phragmites including the stem base diameter,
stemheight (recorded as the height of the tallest leaf), number of leaves
per stem, leaf length and leaf breadth were measured for each stem in
each plot every month. The proportion of the leaves of each stem
exhibiting crab grazing damage were also recorded every month (ex-
cept May and June 2018, the first months of the experiment). The inflo-
rescencesweremeasured inmid-September by counting the number of
stems with inflorescences in the plots.

To prevent the disturbance of plants in the treatments, the biomass
of Phragmites in each plot were estimated by regression equations
3

(i.e., to predict the biomass of stem by using its height) at the end of
the growing season (September) each year. First, stems for inclusion
in our biomass regressions were collected outside the experimental
plots, with 30 stems being collected for height-biomass measurements
in each of the following three crab consumption categories: no crab her-
bivory, slight crab herbivory (the proportion of number of leaves per
stemconsumedwas fewer than 2/3) and heavy crab herbivory (the pro-
portion of number of leaves per stem consumed was more than 2/3).
Then we dried the biomass in the oven with 65 °C for 72 h. Finally, the
regressionmodel of the biomass and the heightwere calculated. The re-
gression equations were obtained as follows, Biomass =
0.160 × Height− 8.383 (R2 = 0.80) for stems without crab herbivory;
Biomass = 0.171 × Height − 7.007 (R2 = 0.94) for stems with slight
crab herbivory; while Biomass = 0.097 × Height − 3.537 (R2 = 0.66)
for stems with heavy crab herbivory. The predicted biomass of plots
from the regression models have strongly positive correlation with the
measured biomass of plots in this field site (R2 = 0.98; n = 21 plots).

2.3. Data analysis

To minimize biases introduced by comparing different time periods
in the analysis, we excluded the electronic conductivity in May 2019
and the proportion of leaves per stem consumed by crabs in May and
June 2019 from the dataset.

Linearmixed-effectmodelswere employed by lmer() function to re-
veal the impacts of crab treatment, month and year on the plant perfor-
mances or salinity, because the mixed effect models can deal with the
repeated measurement data. Mixed models explicitly account for the
correlations between repeated measurements within each plots. Crab
treatment, month and year were set as the fixed factors, and the plot
was set as the random factor. Then, we calculated an index which indi-
cated the direction of the interaction of crab treatment and year. The
index formula was: the plant trait in “2019 Ambient Crab” treat-
ment− “2018 Ambient Crab” treatment− “2019 Crab Exclusion” treat-
ment + “2018 Crab Exclusion” treatment (Knol and VanderWeele,
2012). Positive index values are indicative of ‘additive’ interactions,
meaning the two factors influenced a dependent variable, the effect
was more than the sum of two factors' influence alone. Negative index
values indicate sub-additive interactions, meaning the effect was less
than the sum of two factors' influence alone.

Multiple comparisons were also conducted using the ls.means()
function to compare means of different treatments, and P-value was
corrected with the Benjamini and Hochberg (1995) (“BH”) correction
method by the function p.adjust(). All data were showed as mean ±
SE in the text. We performed statistical analyses and drew the figures
using packages “lmerTest” and “ggplot2” respectively in R i386 3.4.2.

3. Results

3.1. Changes of environmental stress from 2018 to 2019

The salinity of the marsh soil, at both 10 cm and 20 cm depths, sam-
pled during 4 months (June–September) in 2018 and 5 month in 2019
(May–September). The salinity at 10 cm (7.85 ± 0.02 mS/cm vs.
6.42 ± 0.02 mS/cm; t-value = −11.32, P-value < 0.001) and 20 cm
(8.47 ± 0.02 vs. 6.85 ± 0.02 mS/cm; t-value = −8.63, P-
value < 0.001) were 22% and 23% higher in 2019 than 2018
(Tables S1–S2, Fig. 1 and Fig. S4, and the multiple comparisons of all
the models in this paper were shown in the Supplementary Interactive
Plot Data). The temperature between mid-April and mid-May of 2019
(17.8 ± 0.2 °C) and between mid-July and mid-August (29.1 ± 0.2 °C)
were both lower than the corresponding time periods in 2018 (mid-
April through mid-May: 18.6 ± 0.2 °C, P-value = 0.01; and mid-July
through mid-August: 30.7 ± 0.2 °C, P-value < 0.001; Fig. S5).

The temporal distribution of precipitation in 2019 was different
from 2018 (Fig. 2). While the cumulative rainfall from March to May

http://61.163.88.227:8006/hwsq.aspx


Fig. 1. The electronic conductivity of soil 10 cm (mS/cm). The red color box is the Ambient Crab treatment (n=5), the green box is the Procedural Cage Control treatment (n=5), and the
blue one is the Crab Exclusion treatment (n = 5). The red, green and blue dotted lines denote the temporal trend of electronic conductivity in the Ambient Crab, the Procedural Cage
Control, and the Crab Exclusion treatment respectively.
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(Spring) in 2018 (136.5mm)was nearly four-times higher than that re-
corded in 2019 (32.7 mm), the opposite trend occurred mid-June to
August (Summer) such that cumulative rainfall in 2018 (276 mm)
was only a little more than half that which fell in 2019 (502 mm). The
flooding frequency and total flood duration recorded at our field site
during early growth season (5.17–6.16) in 2019 (5 times; 28 h) was
fewer than 2018 (flood frequency: 8 times; flood duration: 93.5 h)
(Fig. 3).
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3.2. Degree of crab consumption

The result showed that the Crab Exclusion treatment was signifi-
cantly reduced the proportion of number of leaves per stem consumed
by crabs (Fig. 4). While 62.1 ± 1.5% and 53.1 ± 1.2% of leaves per stem
exhibited some degree of crab damage in the Ambient Crab and Proce-
dural Cage Control plots, respectively, only 4.8 ± 0.4% of stems exhib-
ited any evidence of grazing in the Crab Exclusion plots. Thus, the Crab
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(a) Flood frequency

(b) Total flood duration

Fig. 3. The variation of (a) flood frequency and (b) total flood duration (hours) during different time intervals in 2018 and 2019. The red line denotes 2018 and the blue linemeans 2019.
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Exclusion treatment successfully reduced crab consumptive impacts on
Phragmites, although crabs outside the cage climbed up the nets to eat
some leaves from Phragmites inside the cage. In addition, the proportion
of number of leaves per stem consumed by crabs in the Ambient Crab
plots was significantly higher in Sep. 2019 than Sep. 2018 (2018:
56.3 ± 3.3% vs. 2019: 73.4 ± 5.7%; t-value =−3.05, P-value = 0.003).
3.3. The effect of crab treatment, month and year on plant performances

Given that we found no significant differences in any plant perfor-
mancemetric between Ambient Crab plots and Procedural Cage Control
5

plots, we hereafter reported only differences between Crab Exclusion
and Ambient Crab plots.

3.3.1. Biomass
Crab treatment (numDF = 2, denDF = 12, F = 12.49, P-value =

0.001), year (numDF = 1, denDF = 12, F = 46.10, P-value < 0.001),
and the interaction of crab treatment and year (numDF = 2, denDF =
12, F = 8.52, P-value = 0.005) significantly influenced the biomass
(unit: g) of Phragmites (Table 1). Phragmites' biomass was largely in-
creased by the Crab Exclusion treatment in both 2018 and 2019. There
was a sub-additive interaction between the crab herbivory and year
on Phragmites' biomass (Table 2). While Phragmites biomass was

Image of Fig. 3


Fig. 4. The proportion of leaves per stem consumed by crabs. The x-axis is the time of the measurement. The y-axis is the proportion of leaves per stem consumed by crabs. The red color
box is the Ambient Crab treatment, the green box is the Procedural Cage Control treatment, and the blue one is the Crab Exclusion treatment. The red, green and blue dotted lines denote
the temporal trend of electronic conductivity in the Ambient Crab, the Procedural Cage Control, and the Crab Exclusion treatment respectively.

Table 2
The directions of the interactive effect of crab treatment and year on the plant perfor-
mances of Phragmites australis.

Plant traits Year Crab treatment Direction of the
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similarly high in 2018 and 2019 for Crab Exclusion plots (164.50 ±
19.13 g vs. 153.44 ± 19.18 g, t-value= 0.67, P-value= 0.54), it was re-
duced by more than 40% in 2018 (93.83 ± 17.34 g) and by 90% in 2019
(14.91 ± 1.60 g) for Ambient Crab plots exposed to crab herbivory
(Fig. 5a, t-value = 4.77, P-value < 0.001).

3.3.2. Stem density
Crab treatment (numDF = 2, denDF = 12, F = 11.25, P-value =

0.002), month (numDF = 4, denDF = 108, F = 21.37, P-
value < 0.001), year (numDF = 1, denDF = 108, F = 21.48, P-
value < 0.001), the sub-additive interaction of crab treatment and
year (numDF = 2, denDF = 108, F = 72.81, P-value < 0.001; Table 2),
and the interaction of month and year (numDF = 4, denDF = 108;
F = 8.49, P-value < 0.001) significantly affected the number of
Phragmites stems (Table 3, Fig. 5b).

Phragmites stem density more than doubled in Crab Exclusion plots
(22.2 ± 1.3 stems per plot) compared to Ambient Crab plots (9.6 ±
1.0 stems per plot, t-value = −4.49, P-value = 0.002). Across both
treatments, the number of stems was significantly greater in 2018
than 2019 (16.1 ± 0.9 vs. 13.2 ± 1.2, respectively; t-value = 4.63, P-
Table 1
Linearmixed-effectsmodel predicting influences of the crab treatment (Crab) and year on
the above-ground biomass of Phragmites australis.

Effects Sum square Mean square Num Df Den Df F-value P-value

Fixed effects
Crab 17,057 8528 2 12 12.49 0.001**
Year 31,470 31,470 1 12 46.10 <0.001***
Crab: year 11,630 5815 2 12 8.52 0.005**

Effects Npar LogLik AIC LRT Df P-value

Random effect
<None> 8 −124.36 264.72
(1|plot) 7 −126.39 266.77 4.04 1 0.044*

Note: Crab and year were considered fixed factors; plot was treated as random factors.
Npar: number of model parameters; LogLik: the log-likelihood for the model; AIC: the
AIC for themodel evaluated as−2 × (logLik− Npar), and smaller is better; LRT: the like-
lihood ratio test statistic. ‘***’ denotes P-value < 0.001; ‘**’means P-value < 0.01; ‘*’ indi-
cates P-value < 0.05.

6

value < 0.001). For Ambient Crab plots, the number of stems was also
more than 2-times higher in 2018 than 2019 (13.7 ± 1.5 vs. 5.4 ± 0.3;
t-value = 7.66, P-value < 0.001), while for Crab Exclusion plots, the
number of stems was fewer in 2018 than 2019 (18.3 ± 1.6 vs. 26.0 ±
1.6; t-value = −7.17, P-value < 0.001).

Furthermore, the crab treatment and year influenced the population
dynamics. There was no significant difference of the number of stems of
Ambient Crab plots inMay between 2018 and 2019 (7.6± 0.5 stems vs.
5.2 ± 0.7 stems; t-value = 0.99, P-value = 0.41), however, the stem
density of Ambient Crab plots in 2019 was fewer than 2018 since June
(11.8 ± 1.6 stems vs. 5.8 ± 0.2 stems; t-value = 2.48, P-value =
0.029). On the contrary, the stem numbers in Crab Exclusion plots in
May–July of 2019 was more than 2018 (May: t-value = −6.37,
P-value < 0.001; June: t-value = −4.38, P-value < 0.001; July:
interaction of crab
treatment and year

Crab exclusion Ambient crab

Biomass (g) 2018 164.5 93.83 −67.86 Sub-additive
2019 153.44 14.91

Density 2018 18.28 13.72 −16.04 Sub-additive
2019 26.04 5.44

Height (cm) 2018 72.14 67.12 −16.69 Sub-additive
2019 70.77 49.06

Diameter (mm) 2018 4.39 4.74 −0.14 Sub-additive
2019 4.05 4.26

Number of leaves 2018 8.01 6.33 −1.16 Sub-additive
2019 6.99 4.15

Leaf length (cm) 2018 17.02 16.13 −5.1 Sub-additive
2019 17.46 11.47

Leaf breadth (cm) 2018 1.88 1.98 −0.43 Sub-additive
2019 1.98 1.65

inflorescences (%) 2018 32.73 2.42 27.23 Additive
2019 3.08 0

Note: The calculation (direction of the interaction of crab treatment and year) was: “2018
Crab Exclusion”+ “2019Ambient Crab”− “2018Ambient Crab”− “2019 Crab Exclusion”.
If the value was positive, the direction was additive; and if the value was negative, the di-
rection was sub-additive.

Image of Fig. 4


(a) Above-ground biomass (b) Number of stems

(c) Height (d) Number of leaves

(e) Proportion of stems with inflorescences

Fig. 5. Plant traits of Phragmites australis responding to crab herbivory. (a) Biomass (g), (b) Number of stems, (c) Height (cm), (d) Number of living leaves per stem, and (e) Proportion of
stemswith inflorescences (%). The red color box is the Ambient Crab treatment, the green box is the Procedural Cage Control treatment, and the blue one is the Crab Exclusion treatment.
The letters in (a) and (e) indicate the multiple comparison results, the treatments with one same letter have no significant differences. The red, green and blue dotted lines denote the
temporal trend of electronic conductivity in the Ambient Crab, the Procedural Cage Control, and the Crab Exclusion treatment respectively.
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t-value = −3.14, P-value = 0.005), but the stem numbers of Crab Ex-
clusion plots in August and September 2019was not significantly differ-
ent from 2018 (August: t-value = −1.74, P-value = 0.13; September:
t-value = −0.41, P-value = 0.74). Thus, Ambient Crab plots kept in
low stem density but Crab Exclusion plots kept in high stem density
from May to September in 2019.
3.3.3. Height
Crab treatment (numDF = 2, denDF = 12, F = 4.46; P-value =

0.01), month (numDF = 4, denDF = 2153; F = 88.93; P-
value < 0.001), year (numDF = 1, denDF = 2159; F = 43.49; P-
value < 0.001), as well as the sub-additive interaction of crab treatment
and year (numDF= 2, denDF= 2158, F = 28.76; P-value < 0.001) sig-
nificantly affected the plant height (unit: cm) of Phragmites (Table 2 and
Table S3). The interaction of the crab treatment, month and year also
7

significantly impacted the plant height (numDF = 8, denDF = 2151;
F = 2.01; P-value = 0.04).

The plant height of Ambient Crab and Crab Exclusion plots was sig-
nificantly different (62.0 ± 2.8 cm vs. 71.3 ± 2.1 cm, t-value = −3.60,
P-value = 0.003; Fig. 5c). The plant height in 2018 was higher than
2019 (70.5 ± 0.8 cm vs. 65.9 ± 0.7 cm; t-value = 6.59, P-
value < 0.001). For Ambient Crab plots, the plant height from May to
August but not September in 2018 was significantly higher than 2019.
For Crab Exclusion plots, the plant height from May to July in 2018
was significantly higher than 2019, however, the plant height in August
and September in 2018 was not significantly different from 2019.

3.3.4. Diameter
The crab treatment had no significant effect on the diameter (unit:

mm) of Phragmites (numDF = 2, denDF = 12.1, F = 0.43, P-value =
0.66), but month (numDF = 4, denDF = 2151, F = 17.46,

Image of Fig. 5


Table 3
Linear mixed-effects model predicting influences of the crab treatment (crab), growth stage and year on the stem numbers of Phragmites australis.

Effects Sum square Mean square Num Df Den Df F-value P-value

Fixed effects
Crab 329 164.5 2 12 11.25 0.002**
Growth stage 1249 312.2 4 108 21.37 <0.001***
Year 313 313.9 1 108 21.48 <0.001***
Crab: growth stage 116 14.6 8 108 1.00 0.440
Crab: year 2128 1064 2 108 72.81 <0.001***
Growth stage: year 496 124.1 4 108 8.49 <0.001***
Crab: growth stage: year 60 7.5 8 108 0.52 0.843

Effects Npar LogLik AIC LRT Df P-value

Random effect
<None> 32 −370.93 805.86
(1|plot) 31 −403.86 869.73 65.87 1 <0.001***

Note: crab, growth stage and year were considered fixed factors; plot was treated as random factors. Npar: number of model parameters; LogLik: the log-likelihood for themodel; AIC: the
AIC for the model evaluated as −2 × (logLik− Npar), and smaller is better; LRT: the likelihood ratio test statistic. ‘***’ denotes P-value < 0.001; ‘**’ means P-value < 0.01.
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P-value < 0.001), year (numDF = 1, denDF = 2152, F = 64.29, P-
value < 0.001), the interaction of crab treatment andmonth (numDF=
8, denDF=2151, F= 3.44, P-value < 0.001; Table S4), the sub-additive
interaction of crab treatment and year (numDF = 2, denDF = 2152,
F = 16.03, P-value < 0.001; Table 2), the interaction of month and
year (numDF = 4, denDF = 2151, F = 12.68, P-value < 0.001), and
the interaction of crab, month and year all had significant effects on
Phragmites' diameter (numDF = 8, denDF = 2151, F = 2.82, P-
value = 0.004; Fig. S6 a).

3.3.5. Leaves
Crab treatment (numDF = 2, denDF = 12.28, F = 19.48,

P-value < 0.001), month (numDF = 4, denDF = 1827, F = 185.44, P-
value < 0.001), year (numDF = 1, denDF = 1835, F = 39.09, P-
value < 0.001), the interaction of crab treatment andmonth (numDF=
8, denDF= 1827, F = 2.73, P-value= 0.005), the sub-additive interac-
tion of crab treatment and year (numDF=2, denDF=1834, F= 12.38,
P-value < 0.001; Table 2), the interaction of month and year (numDF=
2, denDF=1825, F=5.02, P-value< 0.001), and the interaction of crab,
month and year (numDF = 4, denDF = 1825, F = 2.26, P-value =
0.007) were significantly influenced the number of leaves per stem
(Table S5 and Fig. 5d). There were significant differences of the number
of leaves per stem between Ambient Crab and Crab Exclusion plots
(7.4 ± 0.1; t-value = −6.03, P-value < 0.001). The number of leaves
per stem was greater in 2018 than 2019 (7.2 ± 0.1 vs. 6.3 ± 0.1; t-
value = 6.25, P-value < 0.001). The numbers of leaves per stem of Am-
bient Crab plots in 2018 (6.3± 0.2) weremore than Ambient Crab plots
(4.2 ± 0.2) in 2019 (t-value = 5.22, P-value < 0.001). However, the
number of leaves per stem of Crab Exclusion in 2018 (8.0 ± 0.2) was
not significantly different from Crab Exclusion in 2019 (7.0 ± 0.1; t-
value = 0.08, P-value = 0.94).

All dependent variables except crab treatment were all significant
drivers of leaf length (unit: cm; Table S6 and Fig. S6 b), and the interac-
tion of the crab and year was sub-additive (Table 2). In addition, Year
(numDF = 1, denDF = 2152, F = 25.37, P-value < 0.001), the sub-
additive interaction of crab treatment and year (numDF = 2, denDF =
2152, F=14.02, P-value< 0.001; Table 2), the interaction ofmonth and
year (numDF = 4, denDF = 2150, F = 6.72, P-value < 0.001; Table S7
and Fig. S6 c) significantly affected the leaf breadth (unit: cm).

3.3.6. Inflorescences
Crab treatment (numDF = 2, denDF = 12, F = 6.19, P-value =

0.014), year (numDF = 1, denDF = 12, F = 30.60, P-value < 0.001),
the additive interaction of crab treatment and year (numDF = 2,
denDF=12, F=0.037, P-value=0.04; Table 2) had significant impacts
on the proportion of stems with inflorescences (Table S8 and Fig. 5e).
The proportion of stems with inflorescences in Ambient Crab (0.2 ±
0.1%) was less than Crab Exclusion (1.4 ± 0.1%; t-value = −3.50,
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P-value = 0.010). The percent of stems with inflorescences in 2018
(1.7 ± 0.1%) was greater than 2019 (0.1 ± 0.0%; t-value = 5.35, P-
value < 0.001). For Ambient Crab plots, the inflorescences in 2018
(0.3 ± 0.1%) were not significant different with 2019 (0; t-value =
0.95, P-value = 0.49), but for Crab Exclusion plot, the inflorescences
in 2018 (2.8 ± 0.2%) were significantly more than 2019 (0.1 ± 0.0%;
t-value=5.09, P-value=0.001). In 2018, the inflorescences in Crab Ex-
clusion plots were more than Ambient Crab (t-value = −4.56, P-
value < 0.001); however in 2019, the inflorescences in Crab Exclusion
plots were not significantly different from Ambient Crab (t-value =
−0.73, P-value = 0.60).

4. Discussion

Our study provides compelling evidence that the herbivorous crab,
Helice, can reduce Phragmites' biomass by 40–90%, suppress its repro-
ductive capacity and transform its stand structure by damaging leaves
and thinning stems, in a salt marsh representative of those present
throughout the YRD. These findings complement and significantly ex-
pand upon prior studies, which have shown that crab herbivory could
negatively affect the plant traits (i.e., height, leaf length, leaf numbers)
of juvenile (i.e., early growth stage) Phragmites clones (Zhang et al.,
2018b). Helice can consume Phragmites leaves (Lan et al., 2020), as
well as regulate the growth and distribution of the dominant species
S. salsa and the rare species Salicornia europaea in YRD salt marshes
(He et al., 2015). Contrary to the above studies which were conducted
over relatively short time scales, our study ran for nearly two years
and significantly expands upon this body of research by revealing that
this crab herbivore is exerting significant top-down control of the
Phragmites, a spatially dominant species in this system, and that their
impacts are enhanced by Spring drought, an increasing manifestation
of climate change in eastern Asia. Thus, our study deepens fundamental
understanding of mechanisms controlling plant community structure
and function in this coastal wetland and this valuable systems' sensitiv-
ity to climate change.

Furthermore, our findings also support studies from coastal wet-
lands in other regions around the world that have similarly shown
that salt marshes are strongly regulated by consumers, such as fungal-
farming snails and herbivorous crabs, (Silliman et al., 2005; Holdredge
et al., 2009; Schultz et al., 2016). Herbivory by geese and crabs has
also been shown to affect plant growth, reproduction and distribution
in coastal wetlands in Canada and South America (Jefferies et al.,
2006; Alberti et al., 2008; Alberti et al., 2010; Alberti et al., 2011;
Daleo et al., 2011; Daleo et al., 2015). Thus, our study from the coastal
wetland of east Asia provided new evidence supporting previous asser-
tions that strong consumer control of salt marshes is globally pervasive
and must therefore be widely considered in efforts to manage and con-
serve these valuable coastal wetlands (He and Silliman, 2016).
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Our results revealed fairly pronounced differences in environmental
conditions in the YRD over the two years of this study. Across both
years, less precipitation occurred in Spring relative to the Summer, sea-
sonal precipitation differences that have been previously noted in other
recent salt marsh field studies (e.g. He et al. (2017), Han et al. (2018)
and Chu et al. (2019)). Moreover, the tidal inundation including the
flood frequency and flood duration was reduced in the Spring of 2019
than Spring of 2018, andwhichmade the Spring drought evenmore se-
vere, and the salinity of the soil considerably higher in 2019 than
in 2018.

Our results showed that the plant performances of Phragmiteswere
considerably reduced from 2018 to 2019. This result suggests that
spring drought, spring low temperatures and higher salinity in 2019
suppressed the fitness of Phragmites but only in plots where this
dominant plantwas also subjected to grazing pressure byHelice. The es-
tablishment of plants in the Spring is very important for controlling
end-of-growing season plant yields, and crabs appear to interact non-
additively with Spring drought to control early-season growth. Chu
et al. (2018) also found that less precipitation in the spring had a nega-
tive influence on the plant community (Phragmiteswas a dominant spe-
cies) above-ground biomass at the end of the growth season in the
seasonal rainfall waterlogged wetland of the YRD in 2012 and 2013.
He et al. (2017) reported that Spring drought inhabited the S. salsa seed-
ling establishment and led to the die-off of this common plant in salt
marshes of the YRD. Although only seasonal drought occurred in these
studies, it could have significantly negative effect on the vegetation,
which suggested vegetation in tidal wetland was susceptive to drought
even seasonal drought. Thus, freshwater availability is crucial for vege-
tation in the coastal wetland. Many tidal wetlands around the world
are also experiencing reductions in precipitation and well as in riverine
and groundwater inputs, enhancing coastal wetland plant vulnerability
to salinization and water limitation (Osland et al., 2014; Cherry and
Battaglia, 2019) and thus widely challenging efforts to conserve these
systems.

On the other hand, the interaction of crab herbivory and year on the
growth traits and clonal reproduction of Phragmites was sub-additive.
For Ambient Crab plots, most of the plant performances were signifi-
cantly inhibited from 2018 to 2019. However, for Crab Exclusion plots,
the plant performances, except the number of stems, were not signifi-
cantly different between 2018 and 2019, although the number of
stems was higher in 2019 than 2018 in these treatments where crab
grazing pressure was reduced. These results indicated that, without
crab herbivory, the intensification of Spring drought that occurred
from 2018 to 2019, did not correspond to significant reductions in
these metrics of Phragmites performance (except inflorescences).

In the consumer stressmodel proposed by Silliman et al. (2013), it is
hypothesized that consumer stress can interact additively or synergisti-
cally with physical stress. However, in our study, the interactive effects
of consumer stress and physical stress on most metrics of Phragmites'
performances (expect inflorescences, additive) were non-additive,
meaning that the reduction in Phragmites' growth and clonal reproduc-
tion were less than one would expect from the sum of the independent
effects of crab herbivory and Spring drought. One possible reason was
that crab herbivory stress was the most limiting factor influencing the
growth and clonal reproduction of Phragmites at our field site, and,
thus, the impact of consumer stress generally overwhelmed the rela-
tively smaller, less impactful effect of Spring drought in controlling
Phragmites' performance.Where crab consumer pressurewasmitigated
in our exclusion cages, Phragmites recovered rapidly and sustained high
productivity despite increasing physical stress due to drought in year 2.
In contrast, inflouresences may be more sensitive to environmental
stress relative to the other plant traits, as crab herbivory and high envi-
ronmental stress additively inhibited the production of these reproduc-
tive structures. Thus, this metric alone did support the He and Silliman
consumer stress model. Thus, the agreement between our findings
and the consumer stress model varies with the plant performance
9

metrics considered. Looking ahead, we suggest that longer-term and
larger spatial-scale studies are needed to better resolve the impact of
potential fluctuations in both Helice population size and consumer im-
pacts, as well as in Spring drought intensity and other environmental
stressors on the fitness of Phragmites' and population dynamics.

Our experiment also revealed that Phragmites is highly vulnerable to
crab herbivory but that the level of sensitivity varied across measured
traits. Many plant functional traits, including the biomass, density,
height, number of leaves and inflorescences, were reduced by crab
herbivory. However, the diameter, leaf length and leaf breadth of
Phragmiteswere not affected by crab treatment. Although crabs directly
consumed the leaves, crab herbivory only had a negative effect on the
number of leaves. On the other hand, the diameter, leaf length, leaf
breadth and the inflorescences were reduced from 2018 to 2019, and
it suggested that these traits may be more sensitive to environmental
changes. Thus, not all plant traits of Phragmites were sensitive to the
crab herbivory or environmental changes, and a variety of plant traits
were suggested to be measured when investigating the impacts of the
top-down effect or environmental changes.

Phragmites reproduces both sexually and asexually, and the repro-
ductive traits included both the number of stems and inflorescences in
our study. Exclusion of crabs increased the number of stems dramati-
cally and the proportion of stemswith inflorescences in 2018. Therefore,
recruitment limitation due to crab herbivorymay be an important cause
of the degradation of the Phragmites vegetation in this coastal wetland.
We predicted that if the Phragmites vegetation released from the con-
sumer stress, they would potentially produce five- times more stems
in only two years. This may be an effective way (such as increasing
the avian predators) to recover the degraded the Phragmites vegetation
in this salt marsh. For example, given thatHelice is themain food source
of the Red-crowned Crane (Grus japonensis), Larus spp., Sterna spp.,
Ardea spp. etc. (Li et al., 2014; He and Cui, 2015), efforts to rejuvenate
these bird populations have the potential to mitigate crab herbivory of
Phragmites.

There may be some possible limitations in this study. One is that
water supply was not directly manipulated in the experiment, thus it
is possible that some other factor caused the difference in plant perfor-
mances between 2018 and 2019. However, it is very difficult to manip-
ulate freshwater supply/salinity at this site and in intertidal marshes
more generally (but see Angelini and Silliman (2012)), given the role
of both precipitation and tidal exchange in controlling this key environ-
mental driver. Water supply showed markedly different temporal dy-
namics in 2018 versus 2019, providing us an opportunity to
investigate in a correlative manner the effect of temporal variation of
water supply on the plant-crab relationship. A second limitation to our
study is that we continued the experimental manipulations first
established in 2018 through 2019 and, because of this, we cannot re-
solve the degree to which the response of the plots to the drought in
2019 was influenced by the plots' months of conditioning to the crab
treatments. To disentangle the relative importance of the drought con-
ditions versus carry-over, ‘legacy’ treatment effects (which in the case
of our study are manifested in Phragmites' increased growth in crab re-
moval plots), it would have been ideal to initiate a second paired exper-
iment beginning in 2019 with the same treatments. If treatment effect
sizes were similar between the longer-term and single-season study,
wewould be able to conclude that the carry-over crab treatment effects
were not important in mediating Phragmites' drought resilience. How-
ever, if we found that Phragmites was more, or less, resistant to the
drought in the two-season versus single-seasonwewould be able to re-
solvewhether chronic crab herbivory conditions Phragmites to bemore/
less resilient to drought events.

5. Conclusion

In summary, this study evaluated the importance of crab herbivory
on the vegetation under the background of temporal environmental
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change in the salt marsh of the Yellow River Delta. Our results showed
that crab exclusion increased the biomass, stem density, stem
height, leave density, and proportion of stems with inflorescences of
Phragmites. Moreover, the growth and reproduction of common reed
in Ambient Crab and Procedural Cage Control was significantly reduced
in 2019 comparing to 2018, which may be due to both crab herbivory
and environmental stress such as higher salinity, less precipitation,
flooding frequency and duration in the early growth season (April,
May and June). However, the biomass and stem density of common
reed in Crab Exclusion plots did not change at the end of the growing
season from 2018 to 2019. It suggested that, without crab herbivory,
Phragmites had the potential to better resist the negative effects of re-
duced rainfall and waterlog in the Spring, and the slight rise of salinity.
Therefore, crab herbivory along with environmental stress degraded
Phragmites vegetation in the salt marsh of the YRD at a two-year scale.
It may help us to better understand the mechanisms of vegetation deg-
radation in the coastalwetland and provide knowledge basis for the res-
toration of the vegetation in the coastal wetland under the background
of global change.
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