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Body size is sensitive to environmental changes and one of the fundamental traits
linking ecological functions. Size structure has been suggested as a useful indicator
for environmental monitoring and assessment in aquatic ecosystems. However, the
organisms’ size structure and the relationship with environmental factors remain seldom
addressed in reservoir ecosystems. In this study, we investigated the size spectrum,
size diversity of the zooplankton and their relationships with environmental conditions
across nitrogen and phosphorus gradients in the Xiangxi Bay of Three Gorges Reservoir,
China. We further tested the hypotheses that how nutrient and water temperature
affect zooplankton size structure: nutrients indirectly affect zooplankton size spectrum
and size diversity via phytoplankton (H1); increasing water temperature will reduce
size diversity and result in a steeper size spectrum (H2); size diversity is a more
robust metric indicating environment changes than the size spectrum in high dynamic
ecosystems (H3). We found that both the size spectrum and size diversity showed
high spatiotemporal dynamics. The size spectrum ranged from −3.373 to −0.984.
The size diversity ranged from 0.631 to 3.291. Spatially, the lowest values of the size
spectrum and size diversity were observed in the upstream areas of Xiangxi Bay, where
nitrogen and phosphorus concentrations are high and low, respectively. And in temporal
dynamics, lower values of the size spectrum and size diversity were generally observed
in March and April. Further analyses based on the structural equation model (SEM)
found a clear pathway revealing that nutrient variables affect the zooplankton abundance
and size structure, supporting hypothesis H1. That is, dissolved inorganic nitrogen had
an indirect effect on the zooplankton abundance, size spectrum, and size diversity by
influencing the concentration of phytoplankton chlorophyll a. In addition, results of SEM
suggested that increased water temperature had a significant negative effect on the size
diversity but had non-significant effects on zooplankton abundance and size spectrum.
This finding suggests that size diversity is a reliable and useful index in measuring the
zooplankton size structure in reservoir ecosystems with high dynamics, which may have
a wide application in environmental monitoring and assessment, especially for complex
and dynamic aquatic ecosystems.
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INTRODUCTION

Zooplankton is an essential component in aquatic ecosystems
and plays a fundamental role in energy flow and material cycle
in the ecosystem. Zooplankton is the crucial linking of the
primary producer to high trophic organisms, which is recognized
as essential information in understanding pelagic food webs
dynamics (Fenchel, 1988; Eddy et al., 2021; Peng et al., 2021).
Because of their small size and short lifecycle, zooplankton is very
sensitive to environmental changes and has a wide distribution in
aquatic ecosystems (Whitman et al., 2004; García-Comas et al.,
2014; Hessen et al., 2019; Rizo et al., 2020). These characteristics
make zooplankton become a good indicator for water quality
monitoring and environmental change assessment in aquatic
ecosystems (García-Comas et al., 2014; Lee et al., 2021; Venello
et al., 2021).

Body size has long been considered as a fundamental
functional trait in determining community structure and
functions and indicating environmental changes (Daufresne
et al., 2009; Stouffer et al., 2011; Ye et al., 2013; Verberk
et al., 2021). Because of the importance of body size, there has
been a growing interest in investigating the size structure of
zooplankton community and its response to eutrophication and
global warming (Daufresne et al., 2009; Fuchs and Franks, 2010;
García-Comas et al., 2014; Gao et al., 2019; Toruan et al., 2021).
Global warming is expected to benefit the small size organisms
in aquatic ecosystems because of the elevated metabolic rate and
energy cost (Daufresne et al., 2009; Yvon-Durocher et al., 2011).
And the reduction of body size has even been suggested as a
third universal response to global warming (Daufresne et al.,
2009). Meanwhile, eutrophication is expected to favor larger
organisms in size-based food chains (Davis et al., 2010; Fuchs
and Franks, 2010; Toruan et al., 2021). For example, long-term
nitrogen and phosphorus enrichment experiments showed that
nutrient enrichment will increase the dominance of large body
size prey (Davis et al., 2010). Therefore, we hypothesized that
the size structure of zooplankton community is closely related to
eutrophication and water temperature.

The size spectrum and size diversity are the two widely used
metrics representing community size structure (Yvon-Durocher
et al., 2011; Ye et al., 2013; Sprules and Barth, 2016; Edwards
et al., 2017). Specifically, the slope of the size spectrum represents
the relative distribution of individual sizes; a steeper slope
indicates a higher contribution of small organisms to the total
biomass of a community (García-Comas et al., 2014). Over
the past decades, several methods have been developed to fit
size spectra and the maximum likelihood estimation method
has been suggested as the most reliable method in fitting
size spectra (Edwards et al., 2017). Size diversity is a recent
emerging metric adapted from the Shannon diversity expression
in describing the shape of size distributions (Quintana et al.,
2008; Ye et al., 2013; García-Comas et al., 2014). Comparing
to the size spectrum, size diversity doesn’t require statistical
fitting, which makes this index is more flexible in estimating
the size structure (García-Comas et al., 2014). Several studies
have reported that zooplankton size spectrum and size diversity
are sensitive to environmental changes in marine and lake

ecosystems (García-Comas et al., 2014; Toruan et al., 2021).
However, how zooplankton size spectrum and size diversity
respond to environmental factors remains seldom addressed in
reservoir ecosystems.

Different from many other natural water bodies, reservoir
ecosystems are unique ecosystems between river ecosystems and
lake ecosystems and generally have a high spatial heterogeneity
of physicochemical and biological conditions (Ye and Cai,
2011; Shen et al., 2014; Xu et al., 2021). According to the
hydrodynamic characteristics, the flooded area of reservoirs
can be divided into a riverine zone, transition zone, and
lacustrine zone from the backwater area to the dam (Straškraba
and Tundisi, 1999), which makes reservoir ecosystems a high
spatial heterogeneity (Ye and Cai, 2011; Shen et al., 2014). Ye
and Cai (2011) report that the concentration of nitrogen and
phosphorus had clear inverse patterns in the Xiangxi Bay of Three
Gorges Reservoir (TGR). Specifically, the concentration of nitrate
decreased from the downstream to the upstream of the bay.
The concentration of soluble reactive phosphorus had a reverse
pattern, with the concentration increased from the downstream
to the upstream of the bay. Obviously, this kind of nutrient
gradients provides a natural experiment site to investigate how
zooplankton size structure responds to nutrient enrichment in
reservoir ecosystems.

For the above reasons, we investigated the size structure of
zooplankton communities in the Xiangxi Bay of Three Gorges
Reservoir (Figure 1), which has a clear nutrient gradient to test
the theory on how nutrient enrichment influences variations
of zooplankton size structure. We are mainly interested in the
zooplankton size structure in the Xiangxi Bay and testing the
effects of nutrient enrichment and water temperature on the
size structure (size spectrum and size diversity). Specifically, the
corresponding hypotheses are (H1) nutrient indirectly affects
zooplankton size structure via phytoplankton according to the
fundamental law of the planktonic food chain; (H2) water
temperature increase will reduce size diversity and make a
steeper size spectrum because warming will benefit small body
size organisms in aquatic ecosystems; (H3) size diversity is a
more robust metric indicating environment changes than the
size spectrum in high dynamic reservoir ecosystems because the
estimation of the size spectrum is affected by the statistical fitting.

MATERIALS AND METHODS

Study Area and Field Sampling
The field study was carried out in the Xiangxi Bay of Three
Gorges Reservoir (TGR) (Figure 1), which is the largest
strategic freshwater resource reservoir in China, with a storage
capacity of 39.3 × 109 m3 (Ye et al., 2016). The Xiangxi
Bay, located about 32 km upstream of Three Gorges Dam, is
the former Xiangxi River before the impoundment of Three
Gorges Reservoir. After the TGR had been filled into the
altitude of 175 m above sea level in October 2010, about
28 km downstream of the Xiangxi River was flooded and
formed the bay zone. Previous research showed that this bay
is facing severe eutrophication problems (Ye et al., 2014) with
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FIGURE 1 | Spatial distribution of the sampling sites in the Xiangxi Bay of Three Gorges Reservoir. Arrows in the figure represent the direction of water flow. This map
was created by QGIS (Ver. 3.20.3, https://qgis.org/en/site/).

clear nitrogen and phosphorus gradients (Ye and Cai, 2011). This
distinct environmental condition provided a good research area
to test our hypothesis that zooplankton size structure will change
along the nutrient gradients.

The field sampling was carried out monthly in the spring
and summer (March to August) in the year 2014 because the
abundance of zooplankton in these months is high enough to
calculate a reliable size spectrum (Chen et al., 2020). A total
of nine sites reflecting different trophic gradients for dissolved

inorganic nitrogen, soluble reactive phosphorus, and dissolved
silicate were distributed from the mouth (downstream) of
Xiangxi Bay to its upstream (Figure 1). Due to the water level
dropping in the summer (June to August), sites XX10 and XX12
became running water and were neglected in the field sampling in
the summertime. The detailed information for each sampling site
could be found in the checkerboard plot in the supplementary
material (Supplementary Figure 1). Zooplankton samples were
collected by filtering 20-L water sample with a plankton net

Frontiers in Ecology and Evolution | www.frontiersin.org 3 February 2022 | Volume 10 | Article 800025

https://qgis.org/en/site/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-800025 February 4, 2022 Time: 15:25 # 4

Li et al. Zooplankton Size Structure in Xiangxi-Bay

(mesh size 60 µm) at each sampling site. Water samples were
collected from the surface layer (0.5 m) of each site using a 5-L
Van Dorn sampler. All filtered zooplankton samples were fixed
and preserved in the formalin solution with a final concentration
of 4% immediately.

The FlowCAM integrated system was used to obtain the
community and size information of each zooplankton individual
in all samples (Wong et al., 2017). In simple terms, the FlowCAM
will automatically photograph the particles (zooplankton and
non-zooplankton in the samples) that flow through the system
and the size attributes (e.g., equivalent spherical diameter,
ESD) can be extracted automatically. Based on the captured
images, all particles in the sample were calculated and
classified into different groups of rotifer, protozoan, cladoceran,
copepod, zooplankton egg, and non-zooplankton particle by the
taxonomic expert manually for the research. Finally, a total of
74,773 zooplankton individuals (images) were captured by the
FlowCAM system in our study. Moreover, the abundance and
biovolume for each zooplankton individual were calculated by a
standard method provided by the FlowCAM. Details information
could be found in the step-by-step procedure for FlowCAM
based zooplankton samples processing in the supplementary
information (Supplementary Figure 2).

At the same time, the water temperature, dissolved inorganic
nitrogen, soluble reactive phosphorus, dissolved silicate, and
chlorophyll a for each sample site were measured to analyze the
potential environmental driving the zooplankton size structure
in the Xiangxi Bay. Specifically, the water temperature (WT) was
measured in situ by the multi-parameter water quality sonde
(YSI 6600, United States). About 300 mL water sample in the
surface layer (0.5 m in depth) of each site was collected for water
chemistry analyses, including dissolved inorganic nitrogen (DIN,
the sum of the ammonia nitrogen, nitrite nitrogen, and nitrate
nitrogen), soluble reactive phosphorus (SRP), and dissolved
silicate (DSi). The analyses for the above chemical variables were
strictly referencing to the user manual of Skalar by the segmented
flow analyzer (Skalar SAN++, Netherlands).

Meanwhile, the concentration of chlorophyll a (Chl-a) was
used to estimate the phytoplankton biomass. To measure
the concentration of Chl-a, 615 mL water sample collected
in each site was filtered through a micro-filter (∼1.2 µm,
GF/C Whatman) and stored in the dark at −20◦C until the
analysis. Before the analysis, filters were conducted in the
laboratory with acetone solution with a final concentration
of 90% for 24 h. The concentration of Chl-a was measured
with a spectrophotometer (Shimadzu UV-1800, Japan) with the
trichromatic method of APHA (1998).

Zooplankton Size Structure
The size spectrum and size diversity were used to quantify the
zooplankton size structure. With the size data for zooplankton
individuals (Supplementary Figure 2), the size spectrum of
zooplankton community was estimated by the maximum
likelihood estimation, which was reported as the most reliable
method in fitting size spectrum (Edwards et al., 2017). Detail
plots of the size spectrum estimations for all sites could be found
in the supplementary material (Supplementary Figure 3). Size

diversity was calculated by following García-Comas et al. (2014).
Theoretically, size diversity (µ) is adapted from the Shannon–
Wiener index that is commonly used for species diversity
(Quintana et al., 2008; Ye et al., 2013):

µ = −

S∑
i

pi log pi

Where, µ is the size diversity, and pi is the probability that
zooplankter belongs to a specific size class. Following García-
Comas et al. (2014), the width of each size class in calculating
size diversity was doubled with respect to the previous one
(geometric 2n series). Specifically, the biovolumes of zooplankton
in our study ranged from 0.00011 to 0.62287 mm3, which
was divided into 13 size classes for size diversity calculation
(Supplementary Table 1).

Statistical Analysis
Structural equation model (SEM) was used to investigate the
effects of environmental variables on zooplankton size structure
and the affecting paths. SEM is a statistical technique used
for analyzing structural relationships (DiLalla, 2000), and has
a wide application in ecological and environmental research
(Li et al., 2021). Based on the knowledge of the relationship
between zooplankton and environmental variables, we assumed
that water temperature and nutrient variables (DIN, SRP, and
DSi) would affect the zooplankton community (abundance, NBSS
slope, and size diversity) directly and indirectly by affecting
the phytoplankton. To fit the requirement of the SEM, the
zooplankton abundance and Chl-a were log2 transformed in
the SEM analyses (Kang et al., 2013). The satisfactory model
fit in SEMs was selected by the root of mean square error
of approximation (RMSEA,≤0.05), the comparative fit index
(CFI, ≥0.95), and the standardized root-mean-squared residual
(SRMR,≤0.08), in which the contents in parentheses represent
an acceptable range (Hu and Bentler, 1998, 1999). SEM analyses
were performed in R (4.0.4) software (R Core Team, 2021)
with the “lavaan” package (Rosseel, 2012). Meanwhile, the
Mann-Whitney U-test (McKnight and Najab, 2010) was used
to test the differences of zooplankton communities among
different months.

RESULTS

Environmental Factors
The Chl-a concentration ranged from 1.13 to 152.42 µg/L, with
a mean value of 39.39 µg/L (Table 1). Water temperature ranged
from 12.99 to 25.75◦C (Table 1), with a gradual rise process from
the early spring to later summer (Figure 2). The concentrations
of DIN, SRP, and DSi during the research period ranged from
0.19 to 2.07 mg/L, 0.02 to 0.48 mg/L, and 0.07 to 3.28 mg/L
(Table 1), respectively.

Boxplot showed that a clear spatial pattern of environmental
variables in the Xiangxi Bay (Figure 3). Specifically, a high
concentration of DIN was observed in the mouth of the bay,
and the concentration of DIN decreased from the mouth to the
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TABLE 1 | Descriptive statistics of environmental factors measured in the Xiangxi Bay of Three Gorges Reservoir.

Statistic value Environmental variables

Chlorophyll a (µg/L) WT (◦C) DIN (mg/L) SRP (mg/L) DSi (mg/L)

Max 152.42 25.75 2.07 0.48 3.28

Min 1.13 12.99 0.19 0.02 0.07

Mean 39.39 19.73 1.33 0.12 1.93

SD 37.40 3.38 0.52 0.08 0.88

FIGURE 2 | Boxplots showing the spatiotemporal variation of water
temperature in the Xiangxi Bay of Three Gorges Reservoir.

upstream of the bay (Figure 3A). The average concentration of
DIN in the mouth (XX00) and upstream (XX12) were 1.65 and
0.76 mg/L. On the contrary, the SRP had the reverse spatial
pattern comparing to the DIN. That is, a low concentration of
SRP was observed in the mouth of the bay, and the concentration
of SRP increased from the mouth to the upstream of the bay
(Figure 3B). The average concentration of SRP in the mouth
(XX00) and upstream (XX12) were 0.07 and 0.28 mg/L. The
DSi had a similar spatial pattern with DIN in the Xiangxi
Bay (Figure 3C).

Zooplankton Composition and Size
Structure
We found that rotifer is the predominant zooplankton group in
the Xiangxi bay in the whole research period (Figure 4). The
mean abundance of rotifer among all sites is 327.5 ind./L, which
is significantly higher than protozoan (mean abundance is 36.2
ind./L), cladoceran (7.3 ind./L), and copepod (22.0 ind./L) by
the Mann–Whitney U-tests (all the tests have met the result of
P < 0.001). The high abundance of rotifer was observed in March
and April, with the highest value of 2,862.8 ind./L observed in
XX05 in April. The high abundance of protozoan was generally
observed in the region from the mouth of Xiangxi Bay (XX00) to
the middle reach (XX05) in March and May (Figure 4). Copepod

had a high relative abundance in the summer (June, July, and
August), and cladoceran had a low abundance in the whole
research period.

The estimated size spectra by the maximum likelihood
estimation method ranged from −3.373 to −0.984 during the
research period (Figure 5A). In spatial variations, the lower
size spectra were generally observed in the upstream sites XX10
and XX12, with an average value of −2.462 and −2.761. The
average values of size spectra for the downstream sites XX00 and
XX02 were−1.474. The size diversity ranged from 0.631 to 3.291
(Figure 5B). The highest value of size diversity was observed in
XX07 in May (3.291), and the lowest value was observed in XX12
in April (0.631). The spatial pattern of size diversity was similar to
the size spectra (Figure 5B). That is, lower values of size diversity
were generally observed in upstream sites XX10 and XX12, with
an average value of 1.373 and 1.134. And the average values for
the downstream site XX00 and XX02 were 2.414 and 2.292. In
temporal dynamics, lower values of size spectra were generally
observed in March and April, with mean values of −1.805 and
−1.870 (Figure 5A); nevertheless, low values of size diversity
were generally observed in March and April, with mean values
of 1.963 and 2.015 (Figure 5B).

Factors Driving Zooplankton Abundance
and Size Structure
Our study showed that the SEM achieved an acceptable fit
for the spatiotemporal variations of zooplankton size structure
(Figure 6). The explanation power of SEM for the zooplankton
abundance, size spectrum, size diversity were 60, 66, and 57%.
SEMs found that DIN had an indirect effect on the zooplankton
abundance, size spectrum, and size diversity by affecting the
concentration of Chl-a. The coefficient between DIN and Chl-a
was−0.90 (P < 0.001). The coefficient of Chl-a with zooplankton
abundance, size spectrum, and size diversity was 0.22 (P = 0.083),
−0.38 (P = 0.001), and −0.45 (P = 0.001). We also found that
water temperature had a significant negative effect on the size
diversity but no significant effects on the zooplankton abundance
and size spectrum (Figure 6).

DISCUSSION

Zooplankton Groups and Size Structure
Our study shows that the small body size zooplankton rotifer
was the dominant group in the Xiangxi Bay of TGR (Figure 4).
This finding is widely observed in reservoirs because of the
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FIGURE 3 | Boxplots showing the spatiotemporal variation of DIN (A), SRP (B), and DSi (C) in the Xiangxi Bay of Three Gorges Reservoir. The sites were arranged
by the distance to the mouth of the bay (XX00).

high reproduction rate of rotifers and their adaptability to the
environment (Segers, 2008; Gu et al., 2021). However, because the
swimming ability of planktonic rotifers was significantly weaker
than that of copepods and cladocerans, the growth of rotifers will
be inhibited in an environment with fast water exchange rate or
high flow velocity (Holst et al., 1998). This may be the reason
explaining why the relative abundance of rotifer decreased in
the summertime (June, July, and August) because of the strong
hydrological disturbances. For flood control, the water level of
TGR needs to be reduced to 145 m above sea level in June (Zhao
et al., 2017). As a comprehensive effect of a large amount of
inflow water and water level control in the flood season, the
water exchange rate in the summertime is very high (Zhao et al.,
2017). Therefore, the relative abundance of rotifer decreased in
the summertime because of the strong hydrological disturbances.

For the size structure, the average size spectra in our study
is −1.619 and the size spectra of most sites in our study are
more explanate than the theoretical slope (−2.0) of the maximum
likelihood estimation value (Edwards et al., 2017). In terms of
the spatial distribution, the upstream sites have a steeper size
spectrum (Figure 5A), which is similarly to the spatial pattern
of zooplankton communities in the Pearl River estuary in the dry
season (Ke et al., 2018). The phenomenon is mainly because the
upstream areas are vulnerable to hydrological disturbances and
anthropogenic activities, which generally lead to a steeper size
spectrum (Dickerson et al., 2010; Ma et al., 2014). Comparing to

Brucet et al. (2010), we found that the zooplankton size diversity
in the Xiangxi Bay is slightly higher than in some European lakes.
This suggests that the zooplankton community in the Xiangxi Bay
has relatively high efficiency in grazing phytoplankton because
higher zooplankton size diversity is supposed to have a stronger
predation effect on phytoplankton (Ye et al., 2013).

How Nutrients Affecting Zooplankton
Community
The SEMs showed a clear pathway that how nutrient variables
affect the zooplankton size structure with acceptable explanation
powers. For the SEMs in our study, the explanation powers
for the abundance, size spectrum, and size diversity are
similar to the explanation power of the SEMs in explaining
the chlorophyll a concentration in reservoir bays (Li et al.,
2021). One interesting result of our study is that SEMs found
that DIN can affect the zooplankton abundance and size
structure by influencing the concentration of Chl-a (Figure 6).
This finding provided a mechanistic understanding of how
environmental factors affect the zooplankton community in
Xiangxi Bay of TGR. We found that DIN had a significant
negative correlation with the Chl-a concentration, suggesting
that the growth of phytoplankton will uptake the nitrogen
and therefore decreased the DIN concentration. Actually,
the consumption of nitrogen by phytoplankton was usually
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FIGURE 4 | Relative abundance of zooplankton groups in the Xiangxi Bay of Three Gorges Reservoir. Numbers under each pie represent the total abundance (ind./L)
for the site.

FIGURE 5 | Spatiotemporal variations of zooplankton size spectrum (A), and zooplankton size diversity (B) in the Xiangxi Bay of Three Gorges Reservoir.
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FIGURE 6 | Result of SEM for the direct and indirect effects of the selected environmental variables on zooplankton community (A) Abundance, (B) Size spectra,
(C) Size diversity. The red solid arrows indicate the negative effects, blue solid arrows indicate the positive effects, and the dashed gray arrows represent
non-significant effects. The width of arrows is weighted according to standardized path coefficients shown above the arrow.

TABLE 2 | The mean equivalent spherical diameter (ESD) of each zooplankton group and the results of linear regression analyses between different zooplankton groups
and phytoplankton biomass (chlorophyll a) in the Xiangxi Bay of Three Gorges Reservoir.

Mean ESD (µm) Regression coefficient intercept R2 P-value

Cladoceran 301.0 −0.017 2.105 0.016 0.385

Copepod 207.2 −0.019 4.918 0.013 0.449

Protozoan 94.4 0.065 4.451 0.045 0.149

Rotifer 99.2 1.059 21.811 0.122 0.015

Egg 94.9 0.059 −0.552 0.177 0.003

observed in the Xiangxi Bay (Ye et al., 2007) and other
water bodies (Trommer et al., 2019). As the primary food
source for zooplankton, phytoplankton can support the
standing stock of zooplankton (Yuan and Pollard, 2018).
Therefore, we observed a significant positive relationship
between Chl-a concentration and zooplankton abundance in
the Xiangxi Bay.

In contrast, we found that the sites with higher concentrations
of Chl-a tended to have lower size diversity and steeper size
spectra (negative relationships in Figure 6). To explain this
opposite finding, we investigated the effects of increasing of
Chl-a on the abundance of different groups of zooplankton
(Table 2). Interestingly, we found that the increased Chl-a
only promotes the abundance of parts of small body-
size zooplankters. This suggests that high phytoplankton
abundance will promote zooplankton reproduction, further

improve the abundance of small body size zooplankters
and result in a steep size spectrum and low size diversity.
A previous study carried out in the East China Sea also
found a similar pattern that increasing food availability
increased zooplankton abundance, and more importantly,
this increase was due to small body size zooplankton
(García-Comas et al., 2014).

Meanwhile, SEMs showed that SRP and DSi had direct
correlations with zooplankton abundance and size spectrum
(Figure 6). Here, we suspected that the direct correlations
of the nutrient variables with zooplankton abundance
and size spectrum in our study were probably spurious
correlations because many research indicated that the effects
of nutrients on zooplankton are mainly through the indirect
effect of phytoplankton (Li et al., 2019; Lorenz et al., 2019;
Trommer et al., 2019).
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Size Diversity Is a Good Indicator for
Environmental Change
It is worth mentioning that our study found that size diversity
is more sensitive to temperature changes than the size spectrum
(Figure 6). Our study suggests that zooplankton size diversity
is a good indicator for environmental change related research
in high dynamic reservoir ecosystems. Despite the widespread
use of the size spectrum as the primary indicator of size
structure, we found that the size spectrum had a non-significant
relationship with the water temperature in the Xiangxi bay.
This non-significant relationship could be attributed to the size
distribution in some sites were nonlinear (García-Comas et al.,
2014), and the statistical fitting of the size spectrum may bring
some uncertainties. Thus, the application of the size spectrum
in quantifying the size structure of dynamic ecosystems should
be aware of the nonlinearity. On the contrary, size diversity
measures the continuous analog of size structure (Ye et al., 2013).
For this reason, whether the zooplankton community is stable
or not will not affect the accuracy in estimating size diversity.
Therefore, we suggested that size diversity is a robust index in
measuring the size structure.

CONCLUSION

In this study, we reported the zooplankton size structure and
its relationship with the environmental factors in the Xiangxi
Bay of TGR. We found that both the size spectra and size
diversity had a high spatiotemporal dynamic in the Xiangxi
Bay. We further investigated how environmental factors drive
the zooplankton size structure by using SEM. Specifically,
SEMs revealed a clear pathway that DIN had an indirect
effect on the zooplankton abundance, size spectrum, and size
diversity through affecting the Chl-a, supporting our hypothesis
that nutrient indirectly affects zooplankton size structure via
phytoplankton. Besides, SEM found that water temperature
has a significant relationship only with the size diversity, but
not zooplankton abundance or size spectrum. This finding
suggests that size diversity is a robust size structure metric
in dynamic aquatic ecosystems. Our study provided some
insights into zooplankton size structure and its relationship with
environmental factors in dynamic reservoir ecosystems, which

can guide the ecological monitoring and research in reservoirs
as well as other similar water bodies.
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