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While nutrient enrichment and herbivory have been well recognized as the main
driving factors of seagrass meadow fragmentation and degradation, there is limited
understanding of how their relative importance shifts across large spatial scales where
environmental factors such as turbidity can vary. In this study, a field control experiment
was conducted in two Zostera japonica meadows distributed on the two banks of
the Yellow River Estuary with different turbidity, to investigate the combined effects of
nutrient enrichment and herbivory on seagrass and macroalgae. Our results showed that
turbidity had the mediating force of shifting the relative importance of nutrient enrichment
and herbivory to seagrass and macroalgae. While herbivory played a vital role in
maintaining the balance between the two primary producers in a turbid environment,
nutrient enrichment tended to offset herbivory-induced biomass loss by promoting
seagrass growth in a less turbid system. Additionally, two potential mechanisms that
might regulate the responses of seagrasses and macroalgae to nutrient enrichment
and herbivory under different turbidity are proposed. On the one hand, turbidity might
mediate the feeding preference of herbivores. On the other hand, nutrient enrichment
favors the growth of opportunistic macroalgae over seagrass in turbid systems. Our
study emphasizes the mediating force of turbidity on seagrass ecosystems, and
provides references for the protection and restoration of seagrass meadows under
multiple environmental stressors, and prompts further studies on the feedback between
sediment dynamics and seagrass meadows in the context of ecogeomorphology.
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INTRODUCTION

Seagrass meadows are among the most widely distributed coastal ecosystems in the world, and
play a crucial role in the transitional zone between land and sea (Du et al., 2020; Orth et al.,
2020). Seagrass ecosystems are recognized as the most productive ecosystems with an annual
carbon sequestration potential as high as 43.9± 12.1 MtC yr−1 (Bertram et al., 2021), and provide
US$100 million per year to the world’s blue economy (Stockbridge et al., 2020). However, in recent
years, the structure and function of seagrass ecosystems have been threatened by multiple global
stressors caused by human activities and climate change, resulting in pervasive and continuous
degradation of seagrass meadows across the world (Waycott et al., 2009). Environmental changes
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such as warming (Repolho et al., 2017), eutrophication (Ontoria
et al., 2019), sea-level rise (Albert et al., 2017) pose critical threats
to the species composition, distribution, and productivity of
seagrass ecosystems. Subject to the short or long-term effects
of multiple environmental stressors, the response patterns of
seagrass ecosystems need further studies.

Nutrient enrichment and herbivory have been recognized
as the main global stressors that cause fragmentation and
degradation of seagrass meadows (Leoni et al., 2008). It was
found that eutrophication overrides warming as a dominant
stressor for temperate seagrass meadows (Mvungi and Pillay,
2019). Many studies have explored the negative effects of
nutrient enrichment on the structure and function of the seagrass
ecosystem (Schmidt et al., 2012; Wang et al., 2020). For example,
nutrient enrichment could cause epiphytic algae or macroalgae
bloom (Leston et al., 2008; Archer et al., 2018), which leads to
nutrient competition, algal shading, or direct toxicity of sulfide
accumulation on seagrass (Darnell and Dunton, 2017; Viana
et al., 2020). In parallel, it is also established that herbivory
acts as a natural disturbance with a relatively high impact
on seagrass. To some extent, herbivory significantly decreases
seagrass biomass and structural complexity of canopy (Moran
and Bjorndal, 2005; Fourqurean et al., 2010; Scott et al., 2021),
and has long-term impacts on nitrogen and organic matter
reserves of tissues (Moran and Bjorndal, 2007). Meanwhile, the
selective grazing behavior of herbivores regulates the competition
between seagrass and algae, and further affects the dynamics of
the food web (Ebrahim et al., 2014; Fourqurean et al., 2019).

In addition to their separate effects, nutrient enrichment and
herbivory interact in a variety of ways in seagrass communities
(York et al., 2012; Whalen et al., 2013; Carr and Boyer,
2014). Numerous manipulative experiments have explored the
combined effects of nutrient enrichment and herbivory as
bottom-up and top-down controls on seagrass ecosystem.
However, these experiments were mostly conducted in distinct
natural habitats with wide-ranging varieties in latitude, trophic
level, etc., occasionally leading to contrasting findings (Hughes
et al., 2004; Duffy et al., 2015). For example, some studies showed
that nutrient enrichment overrides top-down control on the
shift of the dominant species from seagrass to algae (Hughes
et al., 2004; Östman et al., 2016), while other studies revealed
insignificant nutrient effects but strong top-down control on
seagrass growth (Heck et al., 2000; Campbell et al., 2018). It
is increasingly recognized that the separate or combined effects
of top-down and bottom-up controls are context-dependent
and vary across environmental gradients, thus emphasizing the
mediating forces of other environmental factors of the habitat
(Burkepile and Hay, 2006; Baden et al., 2010; Listiawati and
Kurihara, 2021).

Regarding the environmental mediation of top-down and
bottom-up controls on seagrass ecosystems, previous studies have
revealed the importance of temperature as a mediating factor.
For instance, Duffy et al. (2015) reported that similar to species
richness, the effect of grazers controlling algae increased with
temperature. Temperature-induced changes in the herbivore
functional composition were further found to alter the relative
importance of nutrients (Campbell et al., 2018). In addition to

temperature, turbidity has been found to be one of the key
factors driving the changes in the spatiotemporal distribution of
seagrass (Garrido et al., 2013; Yamamoto et al., 2019). A short-
term increase in turbidity would lead to long-term effects on
the survival of seagrass (Li et al., 2021). Elevated turbidity is
associated with a lower nutrient removal capacity of seagrass
by reducing the intensity of light and photosynthesis (Bulmer
et al., 2018). High turbidity is also related to high suspended
sediment concentration which may carry extra nutrients available
for algae growth in source-limited systems, and potentially
enhance interspecific competition between primary producers
(Schallenberg and Burns, 2004; Vieira et al., 2020). Furthermore,
herbivory was found to be increased in turbid waters due to
the reduced efficiency of predators (Savic et al., 2018). However,
whether turbidity could play explicit mediating roles on bottom-
up and top-down controls such as nutrient enrichment and
herbivory needs to be examined.

Yellow River is one of the sandiest rivers in the world, with an
annual sediment load of approximately 1.6 billion tons, creating
a highly turbid Yellow River Estuary (YRE) (Wang et al., 2015;
Yu et al., 2017). In this study, a field control experiment was
conducted at the north and south banks of the YRE to investigate
the combined effects of nutrient enrichment and herbivory on
seagrass ecosystems under different turbidity. We hypothesized
that turbidity had the mediating effect on shifting the relative
importance of nutrient enrichment and herbivory on seagrass.
In testing the hypothesis we aim to explore: (1) the effects of
nutrient enrichment, herbivory and their interactions on the
growth of two primary producers, i.e., seagrass and macroalgae;
(2) the relative importance of nutrient enrichment and herbivory
to the growth of seagrass under different turbidity; (3) potential
mechanisms of turbidity that might regulate the responses of
seagrasses and macroalgae to nutrient enrichment and herbivory.
Our study emphasizes the mediating force of turbidity on seagrass
ecosystems, and provides references for the protection and
restoration of seagrass meadows under multiple environmental
stressors, and prompts further studies on the feedback between
sediment dynamics and seagrass meadows in the context of
ecogeomorphology.

MATERIALS AND METHODS

Study Sites
The Yellow River Estuary is located on the southern bank of
the Bohai Sea and the western part of the Laizhou Bay in
Dongying City, Shandong Province, China (Figure 1). The tide
is irregular semidiurnal, with spring and neap tidal ranges of
1.06–1.78 m and 0.46–0.78 m, respectively. Seagrass meadows
in the YRE are dominated by the temperate seagrass Zostera
japonica, which are distributed along the intertidal zones on
the north and south banks of the estuary, and adjacent to
the saltmarsh habitat of Spartina alterniflora. Zostera japonica
and green macroalgae Ulva intestinalis (hereafter referred to
as “seagrass” and “macroalgae,” respectively) are the dominant
primary producers of the seagrass meadows, which provide
habitat for herbivores and predators. The dominant herbivores
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FIGURE 1 | Schematic diagram of the Zostera japonica meadows in the Yellow River Estuary: (A) location of the two study sites; (B) a illustrating photograph of the
seagrass meadow in the north bank of the Yellow River Estuary (NYR); (C) a illustrating photograph of the seagrass meadow in the south bank of the Yellow River
Estuary (SYR).

in the seagrass meadows are mainly intermediate consumers
such as fishes and macrobenthic invertebrate, including small-
sized herbivores such as small shrimps, Mollusca and Polychaetes
(1∼3 cm in size), median-sized herbivores such as herbivorous
crabs (3∼10 cm in size) and large-sized herbivores such as
herbivorous fishes (> 10 cm).

Two study sites were selected on the north and south banks
(NYR, SYR) of the river mouth which were both nutrient-
limited systems with different water turbidity. Due to the
prevailing estuarine circulation, a large amount of sediment
is transported to the south bank of the estuary, especially
during the Water-Sediment Regulation Scheme (WSRS) period,
i.e., a 1-month period during the flood season every summer
during which artificial flood pulses are created through dam
regulation to mitigate the siltation both in the Xiaolangdi
Reservoir and the lower reaches, and restore ecohydrological
conditions downstream (Wang et al., 2017). As a result,
significant differences in water turbidity are created between the
two banks. Therefore, the seagrass meadows in the south bank
are exposed to more turbidity than those in the north bank.
Meanwhile, all meadows in the YRE are distributed in nutrient-
limited areas with low nitrogen and phosphorus content in the
water column, rendering them ideal for testing the interactive
effects of nutrient enrichment and herbivory under different
turbidity. NYR was located at 37◦50

′

56.4
′ ′

N, 119◦05
′

49.20
′ ′

E,
where the water turbidity ranged from 11.7 to 25.4 NTU; SYR
was located at 37◦44

′

20.40
′ ′

N, 119◦15
′

10.79
′ ′

E, where the water
turbidity ranged from 50.80 to 90.36 NTU. The experiment

was run for 120 days, from May to September in 2018, during
which the salinity of the seawater ranged from 25.8 to 26.6 PPT,
the temperature of the seawater ranged from 14.6 to 32.9◦C,
and the pH ranged from 8.04 to 8.25. Salinity was measured
by a portable salinity meter (AZ8371, Shanghai Shuangxun
Electronic, China), and temperature, pH and turbidity were
measured by a multiparameter water quality probe (YSI Pro1020,
RAE Systems, United States). No significant differences were
found between the two sites during the experimental period
except for the turbidity.

Experimental Design
Experiments of the same design were replicated in the two sites.
We conducted a fully crossed 2 × 4 factorial design with two
treatments of nutrients (nutrient enrichment or control) and four
treatments of herbivory (seagrass only, crab inclusion, small and
median-sized herbivores inclusion or all herbivores inclusion) to
obtain different levels of herbivory intensity. The 8 treatments
(n = 4 for each treatment) were randomly distributed across 32
plots at each site, totaling 64 experimental plots for the two sites.
Experiment plots (1 m× 1 m× 1 m) were set up in areas without
crab burrowing holes to eliminate the interference of crab, and
were separated by a minimum distance of 10 m to prevent any
nutrient transfer between each other (Campbell et al., 2018; Yan
et al., 2020). Each plot was made of four metal reinforcing rods to
fix the position.

Seagrass only plots (S) were set up by enclosing plots in cube-
shaped cages made of plastic extruded nets (1 cm mesh size) to
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prevent almost all the herbivory effects, and the nets were inserted
10 cm deep into the bottom sediment to prevent the entry of
burrowing crabs. Crab inclusion plots (S + CR) were of similar
construction to S plots, but the nets were parallel with the bottom
sediment surface to allow the entry of burrowing crabs. Small and
median-sized herbivore inclusion plots (S +MH) were enclosed
in plastic extruded nets (3 cm mesh size), and the nets were
raised 2 cm above the bottom surface to allow the entry of all the
dominant small and median-sized herbivores, but prevent large
herbivores. All herbivore inclusion plots (S+ LH) were of similar
construction, but had the two side panels parallel to the primary
flow direction removed to allow the entry of all herbivores.

Nutrient enrichment plots received 500 g of slow-release
Osmocote fertilizer (N:P = 14:14) enclosed in eight nylon mesh
bags. Four of the bags were buried 5 cm under the four corners of
the plot, and the other four bags were tethered in the middle of the
metal rod of the plot to simulate changing nutrient enrichment
under tidal fluctuations. Each bag was replaced every 4 weeks
to ensure consistent nutrient delivery (Mutchler and Hoffman,
2017; Archer et al., 2018).

Plot Sampling
After 120 days, all the macroalgae and seagrasses of each plot
were collected, washed on the spot, and brought back to the
laboratory. We selected five seagrass shoots of each plot to assess
seagrass morphological characteristics such as leaf length, leaf
width, rhizome length, and number of leaves. Each seagrass
shoot was subsequently divided into aboveground (leaf) and
belowground (rhizome and root) samples. The seagrass and
macroalgae samples were dried with an oven (60◦C, 48 h), and
weighed for dry mass per m2. The total biomass of seagrass was
the sum of the above- and below-ground biomass.

Herbivory Intensity
Seagrass only plots (S) were considered to have no herbivory,
and the herbivory intensities of other treatments were
calculated per plot by subtracting the seagrass biomass
of each treatment (S + CR, S + MH, S + LH) from the
biomass of seagrass only (S) treatment, all for nutrient control
treatment (natural conditions). Herbivory intensities were
divided into aboveground, belowground, and total herbivory
intensities as the biomass.

Statistical Analyses
A Principal Component Analysis (PCA) was performed for each
site to obtain a multi-metric index (MI) for seagrass growth
among treatments (Garcia-Marin et al., 2013; Bourque and
Fourqurean, 2014). The PCA was used to reduce data complexity
and reveal variables that explained maximum variability in the
seagrass growth characteristics. Six variables were included in the
PCA analysis, i.e., aboveground biomass, belowground biomass,
leaf length, leaf width, rhizome length and number of leaves.

Data were subject to normality (Shapiro-Wilk test) and
homogeneity of variance checks (Levene’s test) before analyses.
Firstly, three-way ANOVA was used to examine the interactive
effect of nutrient enrichment, herbivory and site (turbidity) on
the biomass of macroalgae, above/belowground biomass and

morphological characteristics of seagrass. Secondly, a two-way
Analysis of Variance (ANOVA) followed by Tukey HSD post-hoc
test was used to assess differences in the biomass of macroalgae,
above/belowground biomass, morphological characteristics and
multi-metric index of seagrass among nutrient enrichment and
herbivory treatments in the two sites. One-way ANOVA was also
used to compare the difference of herbivory intensity between the
various herbivory treatments, in the above-, belowground and
total parts, respectively. Data went through logarithm, square
root or sine/cosine transformations when necessary to meet
homogeneity of variance. The significance level was P < 0.05 (all
variables were expressed as mean± standard error). All statistical
analyses were conducted using SPSS 20.0.

RESULTS

Herbivory Intensity
Herbivory intensity is defined as the seagrass biomass difference
between the various herbivory treatments and the seagrass only
treatment without nutrient enrichment. Our results showed that
the belowground herbivory intensity was consistently higher
than aboveground throughout all herbivory treatments in the
NYR, whereas the opposite was found in the SYR, and the
total herbivory intensity was consistently higher throughout
all herbivory treatments in the NYR than SYR (Figure 2).
Herbivory intensity of S + CR treatment was significantly lower
in aboveground, belowground and total biomass than other
treatments in the NYR, while S +MH (small- and median-sized
herbivore inclusion) and S + LH treatments (additional large-
sized herbivore) showed no significant differences (P < 0.05),
which reflected the dominance of small- and median-sized
herbivores. There was no significant difference in the herbivory
intensity among the various herbivory treatments in the SYR,
except for the total biomass of the S+ CR treatment.

Seagrass Growth Index
In the NYR, PCA extracted two principal components that
together described 60.24% of the variation in the original data,
and PC1 explained 36.64% of the variation in the data set
(Supplementary Table 1). In the SYR, two principal components
together described 62.81% of the variation in the original data,
and PC1 explained 36.81% of the variation in the dataset
(Supplementary Table 2). MI of each plot was calculated by the
equations shown in Table 1. Nutrient enrichment significantly
affected MI (P < 0.01) in the NYR, while herbivory (P < 0.05)
and nutrient enrichment× herbivory interactions (P < 0.01) had
a significant effect on MI in the SYR (Supplementary Tables 4, 5).

Seagrass Response to Nutrient
Enrichment and Herbivory
Nutrient enrichment × Site (Turbidity) interactions were
detectable on seagrass biomass (above- and belowground)
and morphological characteristics (leaf width and rhizome
length), while Herbivory × Site (Turbidity) interactions
were only observed on number of leaves (P < 0.05;
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FIGURE 2 | Herbivory intensity of aboveground (S-above), belowground (S-below), and total parts (S-total) of seagrass among different herbivory treatments in the
NYR (A) and SYR (B) (mean ± SE, n = 4). Within each parts of seagrass, bars sharing a letter are not significantly different from one another (p > 0.05).

TABLE 1 | Equations for the multi-metric index (MI) values of each site obtained from the eigenvectors of Supplementary Tables 1, 2.

NYR SYR

PC1 0.590 * AG + 0.550 * BG–0.230 * length–0.380 * width–0.340 *
rhizome–0.190 * number

0.500 * AG + 0.520 * BG–0.170 * length + 0.220 * width + 0.390 *
rhizome + 0.500 * number

PC2 0.070 * AG–0.01 * BG + 0.570 * length + 0.400 * width–0.420 *
rhizome–0.570 * number

0.390 *AG + 0.340 * BG + 0.600 * length–0.540 * width–0.260 *
rhizome–0.120 * number

MI 0.608 *PC1 + 0.392 * PC2 0.586 *PC1 + 0.414 * PC2

AG is the aboveground biomass; BG is the belowground biomass; length is the length of leaf; width is the width of leaf; rhizome is the length of rhizome; number is the
number of leaves. All data has been standardized.

Supplementary Table 3), which suggested a rather strong
interplay between turbidity and nutrient enrichment. Nutrient
enrichment without herbivory decreased seagrass above- and
belowground biomass in both sites (S plots; Figures 3A,C).
When nutrient enrichment acted alongside herbivory treatment,
however, the response of seagrass contrasted in the two sites.
In the less turbid NYR, nutrient enrichment significantly
increased seagrass belowground biomass (P < 0.01; Figure 3C
and Supplementary Table 4). On the contrary, in the more
turbid SYR, the above- and belowground biomass of seagrass
did not show a significant response to nutrient enrichment
(P > 0.05; Figures 3B,D and Supplementary Table 5), and the
herbivory effect tended to dominate (P < 0.01; Supplementary
Table 5). Positive nutrient enrichment effect on seagrass biomass
manifested in the increase of rhizome length and number of
leaves in the NYR (P < 0.05; Figures 4B,C and Supplementary
Table 4), albeit a decline in leaf length (P < 0.05; Figure 4A
and Supplementary Table 4). Similar to biomass, morphological
characteristics in the SYR did not show a significant response to
nutrient enrichment (P > 0.05; Supplementary Table 5), except
for the reduction of rhizome length (P < 0.05; Figure 4D and
Supplementary Table 5).

Generally, herbivory without nutrient enrichment decreased
the above- and belowground biomass of seagrass with the
maximum biomass attained in the seagrass only plots (S) in
both sites (Figure 3). As herbivory intensity increased, seagrass
biomass declined further. Herbivory combined with nutrient
enrichment resulted in the maximum biomass attained in the
plots with crab inclusion (S + CR), and the minimum in the

seagrass only plots (S) where the competitor macroalgae appeared
to be dominant as a result of the nutrient enrichment (Figure 3).
This is especially prominent in the more turbid SYR site where
the seagrass almost died off under nutrient enrichment without
herbivory (Figures 3B,D). The negative effect of herbivory was
detectable on the leaf length (P < 0.05) and number of leaves
(P < 0.01) of seagrass in the NYR (Figure 4). Herbivorous crabs
had a significant contribution to the decline of leaf length and leaf
numbers as shown in the minimum leaf length and leaf numbers
for the crab inclusion (S+ CR) plots.

Macroalgae Response to Nutrient
Enrichment and Herbivory
Nutrient enrichment without herbivory increased 161.42
and 207.83% of the macroalgae biomass in the NYR and
SYR, respectively (S plots; Figure 5). Herbivory × Site
(Turbidity) and Nutrient enrichment × Herbivory × Site
(Turbidity) interactions were detectable on macroalgae biomass
(P < 0.001; Supplementary Table 3), which indicated the
regulation of turbidity on herbivory effect as well as Nutrient
enrichment×Herbivory interaction. Herbivory had a significant
negative effect on the biomass of macroalgae in both sites
regardless of nutrient treatments (P < 0.001; Supplementary
Tables 4, 5). However, the effect of inclusion of different
body-sized herbivores was only detectable under nutrient
enrichment in more turbid SYR, which was evidence for the
mediating effect of turbidity on herbivory combined with
nutrient enrichment.
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FIGURE 3 | Effects of nutrient enrichment and herbivory on seagrass biomass in the NYR and SYR (mean ± SE, n = 4). (A) Aboveground biomass of seagrass in the
NYR; (B) aboveground biomass of seagrass in the SYR; (C) belowground biomass of seagrass in the NYR; (D) belowground biomass of seagrass in the SYR. Within
nutrient treatments (enrichment or control), bars sharing a letter are not significantly different from one another (p > 0.05).

DISCUSSION

In coastal ecosystems, seagrass meadows are threatened
by multiple short or long-term environmental stressors.
While numerous studies have explored the effects of nutrient
enrichment and herbivory on seagrass ecosystem structure and
functioning, there is limited understanding of how their relative
importance shifts across large spatial scales where environmental
factors such as turbidity can vary significantly. Our study
showed that turbidity mediated the nutrient enrichment effect on
seagrass biomass and morphological characteristics, as well as the
herbivory effect on macroalgae as the main competitive primary
producer. In the less turbid site, nutrient enrichment alone
suppressed seagrass biomass but promoted macroalgae growth.
At the same time, herbivory without nutrient enrichment
had a significant negative effect on the biomass of seagrass
and macroalgae. When nutrient enrichment acted alongside
herbivory, it significantly promoted seagrass above- and
belowground biomass and resulted in the increase of rhizome
length and number of leaves. Yet, the effect of inclusion of
different body-sized herbivores on seagrass and macroalgae was
not obvious. In the more turbid site, nutrient enrichment or
herbivory alone induced similar effects as in the less turbid site.
Notably, under nutrient enrichment alone, excessive macroalgae

significantly suppressed seagrass growth and even led to seagrass
mortality. When nutrient enrichment acted alongside herbivory,
seagrass biomass as well as morphological characteristics
(except for rhizome length) did not exhibit significant change.
The herbivory effect tended to dominate where low intensity
herbivory could suppress macroalgae proliferation due to
the increased herbivory pressure and selective-grazing on
macroalgae. And the effect of inclusion of different body-sized
herbivores on seagrass and macroalgae was detectable.

Nutrient enrichment could facilitate the growth of seagrass
as reported in many previous studies in the resource-limited
system (Heck et al., 2000; Yan et al., 2020). In the less turbid
NYR, nutrient enrichment increased rhizome length and thus
significantly increased belowground biomass, while aboveground
biomass did not increase as much as the belowground parts,
e.g., leaf width showed no response and leaf length even
decreased. This may be attributed to the fact that seagrass
preferred to absorb nitrogen and phosphorus by belowground
parts from sediment pore water (Archer et al., 2018; Ruocco
et al., 2018). Another factor was the higher macroalgae cover
on the aboveground parts which limited nutrient and other
resource availability to seagrass, thereby reducing the seagrass
aboveground biomass (Han and Liu, 2014; Han et al., 2016).
The similar effect of macroalgae was also observed on seagrass
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FIGURE 4 | Effects of nutrient enrichment and herbivory on the morphological characteristics of seagrass (mean ± SE, n = 4). (A) Leaf length in the NYR; (B)
rhizome length in the NYR; (C) number of leaves in the NYR; (D) rhizome length in the SYR. Within nutrient treatments (enrichment or control), bars sharing a letter
are not significantly different from one another (p > 0.05).

FIGURE 5 | Effects of nutrient enrichment and herbivory on the total biomass of macroalgae in the NYR (A) and SYR (B) (mean ± SE, n = 4). Within nutrient
treatments (enrichment or control), bars sharing a letter are not significantly different from one another (p > 0.05).
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FIGURE 6 | A schematic diagram summarizing the combined effect of nutrient enrichment and herbivory on seagrass and macroalgae in high and low turbidity
systems.

biomass in the SYR where both above- and belowground parts did
not exhibit significant increase under nutrient enrichment. In the
SYR, rhizome length also declined under nutrient enrichment,
again presumably due to the nutrient-enhanced macroalgae
competition (Wang et al., 2021). Previous studies have reported
the fast-growing capacity of opportunistic macroalgae under
nutrient enrichment (Glasby, 2012; Schmidt et al., 2012). Our
study suggested nutrient enrichment promoted the proliferation
of macroalgae to possess a competitive advantage against seagrass
in a more turbid system. Previous studies also highlighted the
negative effect of turbidity on seagrass nutrient uptake due to its
high sensitivity to light reduction (Bulmer et al., 2018).

Herbivory plays a vital role in maintaining the balance
between the two primary producers, especially in high turbidity
systems. Nutrient enrichment without herbivory led to a
dramatic decline or even death of seagrass, especially in the SYR
with high turbidity where macroalgae exhibited fast-growing
capacity. The presence of herbivores could counteract the
negative effect of nutrient enrichment on the competition
between seagrass and macroalgae. The herbivory effect on
macroalgae between crab inclusion treatment and other
treatments (additional small and median-sized herbivores or
large-sized herbivores inclusion) did not differ significantly in
the NYR, which showed that herbivorous crabs tended to be
the dominant grazer of macroalgae (Figure 5). While in the
SYR, other herbivores such as small-sized shrimps, Mollusca and
Polychaetas as well as large herbivorous fishes were also found
to preferentially feed on macroalgae under nutrient enrichment.
It might be due to the long-term training for herbivores in
high turbidity environments to form selective-grazing on
nutrient-enriched food, which has also been recognized in other
seagrass systems (Klumpp et al., 1993; Hays, 2005). Nutrient-
induced herbivory of macroalgae was also evidenced by the
overall reduced herbivory intensity on seagrass in the SYR than
NYR (Figure 1).

Overall, the relative importance of nutrient enrichment and
herbivory was shifted under the mediating effects of turbidity.
Herbivory played a vital role in maintaining the balance between
the two primary producers in high turbidity systems. While in
a less turbid system, nutrient enrichment tended to offset the
herbivory-induced biomass loss by promoting seagrass growth.

The combined effect of nutrient enrichment and herbivory on
seagrass and macroalgae in high and low turbidity systems are
summarized in the schematic diagram shown in Figure 6. The
responses of seagrasses and macroalgae to nutrient enrichment
and herbivory varying under different turbidity suggested two
potential mechanisms. Firstly, turbidity could mediate the
grazing pressure and preference of herbivores. In a high turbidity
environment, the majority of the different body-sized herbivores
preferred to utilize the fast-growing and nutrient-enriched plant
such as macroalgae, whereas herbivores tended to feed on
seagrass in less turbid environments. Our results showed that
herbivory had a significant effect on the multi-metric index of
seagrass (Supplementary Table 5). And the significant effects
of herbivory-site (turbidity) and herbivory-nutrient enrichment-
site (turbidity) interactions on macroalgae biomass could also be
evidence for this potential mechanism (Supplementary Table 3).
The positive effect of turbidity to promote selective-grazing on
macroalgae has been reported in previous studies conducted in
seagrass meadow or other aquatic systems such as rivers (Ruiz
and Romero, 2003; Savic et al., 2018). The positive effect of
turbidity on herbivory could be attributed to the cascading effect
of predators on herbivore, i.e., the reduced efficiency of predators
caused by suspended sediment in turbid rivers (Savic et al., 2018).
The selective-grazing of herbivores on algae in turbid waters
could arise from the fast-growing ability as well as the distribution
of algae covering the aboveground parts of seagrass (Ruiz and
Romero, 2003; Savic et al., 2018). Therefore, the presence of
herbivores is essential for the maintenance of ecosystem health
in high turbidity sites.

The other potential mechanism was that nutrient enrichment
favored the growth of opportunistic macroalgae over seagrass
in a high turbidity system. Under nutrient enrichment alone,
macroalgae suppressed seagrass and caused die off in the more
turbid SYR, and yet the biomass of seagrass did not show
a significant response to nutrient enrichment when combined
with herbivory. On the contrary, in the less turbidity NYR,
nutrients showed a significant effect on the biomass as well as
the multi-metric index of seagrass (Supplementary Table 4).
This potential mechanism was also evident in the effects of
nutrient enrichment-site (turbidity) interactions on seagrass
above- and belowground biomass (Supplementary Table 3).
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Previous studies found that turbidity had significant negative
effect on seagrass nutrient uptake due to its high sensitivity
to light reduction (Bulmer et al., 2018). Meanwhile, the
contribution of algae loads to light reduction on seagrass
was also found to be critical in turbid waters (Ow et al.,
2020). Thus, macroalgae has the superiority in competing
for nutrients against seagrass in turbid system. It suggested
that to some extent, nutrient enrichment had a positive
effect on seagrass meadows under natural herbivory conditions
in a less turbid environment, while in the more turbid
system, it mainly caused negative effect and needs to be
closely monitored.

This article provides field evidence for the mediating forces
of turbidity on the combined effect of nutrient enrichment
and herbivory. Herbivory played a vital role in maintaining
the balance between seagrass and macroalgae in high turbidity
systems. However, the importance of herbivores may have
been underestimated in the context of coastal eutrophication
management, especially in high turbidity systems where small
increases in nutrients could have tremendous effects on the
growth of seagrass. In a less turbid system, nutrient enrichment
had a positive effect on seagrass meadows under natural
herbivory conditions. Our study emphasizes the mediating force
of turbidity on seagrass ecosystems, and provides references
for the regulation of nutrient supply and herbivore exclusion
in systems with varying turbidity. Many estuarine seagrass
ecosystems face increasing hydrological alterations caused by
human activities and climate change, which further alters
sediment dynamics including sedimentation, resuspension,
etc., and induces water turbidity and bed level changes
(Palinkas and Koch, 2012; João et al., 2013). Feedback between
seagrass meadows and sediment dynamics has been recognized
as being vital to seagrass restoration (Suykerbuyk et al.,
2016; Zhu et al., 2021), further studies are thus needed
to investigate the influence of sediment dynamics on the
distribution pattern and ecogeomorphological processes of
seagrass meadows.
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