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Abstract: Variations in the hydrological regime are among the anthropogenic pressures affecting
biological assemblage structure in shallow freshwater lakes. We estimated the effects of the water
level fluctuation range on the temporal dissimilarity of the macroinvertebrate community by sam-
pling benthic macroinvertebrate assemblages monthly in 2017 and bimonthly in 2018. Then, we
applied a boosted regression trees (BRT) model to quantitatively analyzing the relationship between
macroinvertebrate abundance and microhabitat factors in different seasons. To distinguish differences
in water level fluctuations at the sample site scale, we proposed a variable, namely, the percentage
of water level fluctuation range (PWLFR). The results were as follows. (1) An increased water level
fluctuation range would lead to more temporally heterogeneous macroinvertebrate communities.
Temporal dissimilarity of macroinvertebrates increased linearly in response to increasing water level
fluctuation range. (2) Species abundance presented seasonal characteristics, and the dominant factors
affecting species abundance varied with the seasons. PWLFR was the dominant variable explaining
macroinvertebrate abundance in summer. Macroinvertebrate abundance showed positive effects
with increasing PWLFR. (3) The interaction between chlorophyll a and PWLFR in summer promoted
an increase in macroinvertebrate abundance. These findings may provide a basis for the formulation
of effective ecological water replenishment management decisions aimed at maintaining the stability
of shallow lake ecosystems in arid and semi-arid regions.

Keywords: community dissimilarity; macroinvertebrate abundance; water level fluctuations; seasonality;
freshwater lake

1. Introduction

The regulation of water levels for flood control, water consumption, and irrigation
is a major form of anthropogenic disturbance in shallow freshwater ecosystems, leading
to declines in biodiversity and ecosystem services [1,2]. Implementing ecological water
replenishment projects in shallow lakes with degraded ecological structure and function
is currently an effective means to restore the health of their ecosystems [3]. However,
variations in hydrological conditions will have a direct impact on variations in community
structure in freshwater assemblages, such as spatial distributions of rheophilic and lentic
taxa, and indirect effects, such as variations in food resource availability and substrate
composition [4]. As a foundation of the stability of lake ecosystems, macroinvertebrates
play an important role in nutrient circulation and energy flow in the freshwater food
web [5]. Responses of the community structure and abundance of macroinvertebrates
to variations in the hydrological regime are often used to evaluate the impact of human
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pressure on ecosystems [6–9]. Therefore, understanding the response of macroinvertebrate
communities to variations in hydrological regimes in shallow lakes has become critical in
the restoration and management of degraded shallow lake ecosystems.

Water level fluctuations are the main component of the variations in the hydrological
regime [10]. Water level fluctuations can affect the species composition of macroinvertebrate
communities at different temporal scales and spatial ranges [11,12]. At present, one of the
main research directions on the ecological effects of water level fluctuation changes is to
focus on the impacts of water level fluctuations on the spatial distribution and diversity
of macroinvertebrate species [13–15], but little comprehensive consideration has been
given to variations in dissimilarity in macroinvertebrate community structure caused
by water level fluctuations across a variety of temporal scales. Many environmental
factors (such as temperature, water chemistry, hydrology, and habitat availability) often
exhibit seasonal oscillations [16], leading to seasonal pulses of resources [17]. Organisms
have evolved corresponding life-history strategies to exploit seasonally generated niches,
which will therefore affect macroinvertebrate community structure [16,18]. Considering
the significant differences existing in the community structure of macroinvertebrates for
different seasons, it is not sufficient to reveal the impacts of water level fluctuations on
the community structure of macroinvertebrates based on the analysis at a certain time
point or taking the entire study period as a whole. Because community variations usually
involve a continuous time process, a temporal dissimilarity variation analysis in community
structure is advantageous to understanding the succession of community structure over
time compared with β-diversity across spatial contexts. If there are differences in the
ability of species to adapt to changes in water level fluctuations, then this would cause
temporal variation in community composition. Therefore, explicit studies on the temporal
dissimilarity of community composition are needed to examine the effects of water level
fluctuations on the temporal macroinvertebrate community process.

Most current research attempts to establish a relationship between water level fluc-
tuations of the entire lake and variations in the overall macroinvertebrate community
structure [19–21]. However, we have found a lack of studies that analyze this relationship
at a microhabitat level. Elucidating the ecological impacts of water level fluctuations
on shallow lakes is frequently hindered by heterogeneous distributions of organisms, a
consequence of variability in microhabitat characteristics such as water chemistry, mor-
phology, and habitat structure [16,22]. Macroinvertebrate community composition and
total abundance show variations in the different microhabitats of Baiyangdian Lake [23].
Given the spatially heterogeneous nature within lakes, water level fluctuations analysis in
microhabitats is of significance for detecting ecological impacts of water level regulations
in shallow lakes.

Taking Baiyangdian Lake, a shallow lake in North China, as an example, we examined
benthic communities characterized by water level fluctuations resulting from hydrological
regime variations due to the implementation of a series of ecological water replenishment
projects. The aim of this study was to provide an in-depth investigation on how and
to what extent the water level fluctuation range affected the community structure of
macroinvertebrates in a shallow lake. We tested the following hypotheses: (1) variety
of temporal dissimilarity between macroinvertebrate community structure may reflect
differences in the water level fluctuations of shallow lakes; (2) the range of water level
fluctuations can be used to explain variations in macroinvertebrate total abundance at the
microhabitat scale; and (3) taking into account the seasonal oscillations of microhabitat
conditions (such as water chemistry, hydrology, and habitat availability), the explanatory
power of the range of water level fluctuations in explaining variations in macroinvertebrate
species abundance would vary seasonally. The results will contribute to evaluating the
spatiotemporal ecological effects of variations in water level and formulating regulation
rules for ecological water replenishment.
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2. Materials and Methods
2.1. Study Area

A shallow lake, Baiyangdian Lake in northern China (Figure 1), was selected to
investigate the responses of macroinvertebrate community dissimilarity and abundance to
water level fluctuations. The slope of Baiyangdian Lake is relatively gentle, with a natural
slope of 1/200–1/2000. The area of Baiyangdian Lake is approximately 306.73 km2, and
the average water depth is 2–3 m. Known as the kidney of North China, Baiyangdian Lake
plays an important role in maintaining the ecological balance of the Beijing–Tianjin–Hebei
region. Affected by climate change and human activities, the inflow of Baiyangdian Lake
has decreased, which has led directly to the degradation of the living environment of
organisms and ecological problems such as the decrease in macroinvertebrate biomass and
biodiversity [24]. In order to maintain a stable water level, the outlet of Baiyangdian Lake
is often closed. In response to the ecological degradation of Baiyangdian Lake due to water
resource shortages, ecological water replenishment has been implemented several times in
recent years [15].
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Figure 1. Study area and map of sampling site locations in Baiyangdian Lake (this figure was
produced from a Landsat 8 image at the high-water level in 2015).

2.2. Field Sampling

A total of 12 monitoring sites (Figure 1) in Baiyangdian Lake were selected to capture
water depth gradient variations. We conducted 11 sampling events, sampling once a
month from May to November 2017 and every other month from April to October 2018.
At each sampling site, we collected a suite of environmental variables to characterize
the microhabitat condition of each site. Microhabitat variables in the water body were
measured in situ prior to macroinvertebrate sampling to avoid disturbing the water body
when collecting sediments. Transparency (TR) in water was measured by a Secchi disk
submerged below the surface, and the water temperature (WT), dissolved oxygen (DO), pH,
total dissolved solids (TDS), and electrical conductivity of the sample sites were measured
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in situ with the multiparametric sonde YSI-6600 (YSI, Yellow Springs, OH, USA) at the
same time. Then, the water depth (WD) was measured using a steel ruler. In addition,
1 L water samples were collected in plastic volumetric bottles from each sample site and
brought back to the laboratory for water quality analyses. The analysis of total nitrogen
(TN), total phosphorus (TP), chlorophyll a (Chl a) concentrations, and chemical oxygen
demand (CODmn) in water was performed according to Chinese standards HJ 636—2012,
GB 11893—1989, SL 88—2012, and GB 11892—1989, respectively (http://www.mee.gov.cn/
accessed on 28 November 2016).

Macroinvertebrates were collected by using the improved Peterson mud extractor
(opening area of 1/16 m2). Two replicate samples were taken for macroinvertebrate
community analysis at each site. At the sampling sites, the bottom mud samples were
preliminarily sieved with 0.5 mm mesh, then large organic debris was removed and the
retained materials in the screen were preserved in plastic containers with 75% ethanol.
The samples were transported to the laboratory for subsequent sorting, counting, and
identification. The taxonomy was identified at the lowest operational taxonomic unit
(i.e., genus and species level) by the experimenters with experience in identifying species
categories (Table S1).

2.3. Water Level Fluctuation Variables

The water level fluctuation range (WLFR) refers to the difference between the maxi-
mum and minimum water levels over some time period before sampling. This indicator
can reflect the difference in the total volume of water bodies to a certain extent. The impact
of water level fluctuation on macroinvertebrate species depends on the temporal scale
under consideration [12]. In this study, the difference between the maximum value and the
minimum value in one month before sampling was used to calculate the monthly water
level fluctuation range. For each sampling point at the same sampling time, the range of
the water level fluctuation was the same. To reflect the difference in water level fluctuations
on the sample point scale, we proposed a new variable, namely, the percentage of water
level fluctuation range (PWLFR), to quantify the difference in the degree of water level
fluctuation between samples sites in a sampling. The expression of PWLFR in a sample site
is as follows:

PWLFR = WLFR/D (1)

where WLFR is the monthly water level fluctuation range, and D is the water depth at the
single sample site when sampling.

2.4. Dissimilarity Index

We examined differences in the temporal dissimilarity of the macroinvertebrate com-
munity in terms of species abundances among sampling events. The macroinvertebrate
abundance datasets of each sampling event were prepared for the identification of the
community composition in a single time-point. The temporal dissimilarity of the macroin-
vertebrate communities in two consecutive sampling events in this study was calculated
using the meandist function in vegan package [25]. The meandist function is based on a
dissimilarities matrix to find the mean within and between block dissimilarities. There
are many indexes for estimating community dissimilarity, such as the Jaccard, Euclidean,
and Bray–Curtis dissimilarity indexes. We used the Bray–Curtis distance, which was
advantageous in revealing ecological gradients based on species abundance data [26], to
calculate the Bray–Curtis dissimilarity matrix. To reduce the impact of rare species on the
macroinvertebrate community, species that appeared only once in 11 sampling events were
deleted (Table S1). The macroinvertebrate abundance data of all samples were transformed
by log10(x + 1) to eliminate the influence of extreme values.

2.5. Data Analysis

We first determined whether the changing pattern of the dissimilarity index of the
macroinvertebrate community in two consecutive sampling events was presented along

http://www.mee.gov.cn/
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the gradient of water level fluctuation ranges by directly regressing the dissimilarity index
on the water level fluctuation range using the lm function. We used standardized residuals
and Cook’s distance to identify outliers and influential observations. The studentized
residual for the observation in August 2018 was −4.14 (larger than 3 in absolute value) and
the Cook’s distance measure was 3.67 (greater than 1). Therefore, based on the studentized
residuals and Cook’s distance measure, we classified the observation in August 2018 as an
outlier and influential observation. It was omitted in the regression analysis of WLFR and
dissimilarity index. Then, we explored the reasons for temporal dissimilarity changes of
each sample site, considering the turnover and nestedness components. Means of these
metrics for all sites indicate how much dissimilarity is due to replacements or losses of
species between two consecutive sampling events. We used the beta.temp function in the
betapart package [27] to separate dissimilarity into nestedness (βsne) and turnover (βsim)
components.

The Kruskal–Wallis nonparametric test was used to compare the differences in the sea-
sonal scales of the macroinvertebrate species abundance. Taking into account the significant
seasonal differences of macroinvertebrate species, the abundance dataset of macroinver-
tebrates during the study period was split into two groups according to the significance
of seasonal differences. The relationship between microhabitat factors and biocommunity
indicators is very complex, and direct and simple relationships are not easy to obtain, which
places high demands on statistical analysis methods. Some researchers have noted that the
interaction between microhabitat factors can significantly affect biological responses [28].
Boosted regression trees (BRT) have the ability to fit complex nonlinear relationships and
to identify the interaction between predictors without being affected by outliers [29,30].

We utilized BRT to examine the effect of the percentage of water level fluctuations and
other habitat variables on macroinvertebrate community size (total species abundance at
each site) in different seasonal groups. We also performed a log10(x + 1) transformation
of the total species abundance data. When constructing the BRT model, three parameters
(the bagging fraction, learning rate, and tree complexity) need to be optimized, and the
details are as follows. (1) The bagging fraction that controls randomness is the proportion
of randomly selected observation data used for modeling in the entire dataset; usually, the
empirical value is 0.50–0.75 [30]. Due to the relatively small number of samples in this
study, the bagging score was chosen to be 0.75. (2) The learning rate (lr) is used to reduce
the contribution of each tree to the construction of the total model. The smaller the lr value,
the more trees are needed. (3) Tree complexity (tc) is the number of nodes in a single tree.
In fact, this value controls the maximum level of interaction between environmental factors
that can be fitted in modeling. When the bagging score is determined, the values of lr and
tc have a greater impact on the results of the model. In this study, we set the lr values
as 0.05, 0.01, 0.005, 0.001, and 0.0005 and the tc values as 3, 4, and 5 and combined these
two variables to fit the model. The optimal lr and tc values were determined based on the
principle of reducing overfitting and minimizing the CV value. In addition, to ensure the
reliability of the model, the constructed model should guarantee at least 1000 trees. The
dismo package was used to implement the gbm.step function [31], and all calculations
were conducted in R [32].

3. Results
3.1. Relationships between Macroinvertebrate Community Dissimilarity and Monthly Water Level
Fluctuation Range

To verify hypothesis (1), stated in the Introduction section, we analyzed the response
relationship between the macroinvertebrate community dissimilarity index and WLFR,
as shown in Figure 2. The range of monthly water level fluctuation was 0.02–0.38 m. In
2017, the overall variation trend of the water level fluctuation range was relatively gentle,
and extreme values of 0.29 m appeared in the spring. In the summer of 2018, the peak
value of the water level fluctuation range was 0.38 m, while the water level fluctuation
range of other months was smaller, with an average range value of 0.04 m. During the
study period, the range of the community dissimilarity index between two consecutive
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sampling events, which illustrated the difference in the macroinvertebrate assemblages,
was 0.43–0.66. Figure 2 shows a significant linear increasing trend for the community
dissimilarity indexes of adjacent months in response to the range of water level fluctuations
(p = 0.04, deviance explained = 47%). This trend indicated decreased homogenization
of community composition with increasing monthly water level fluctuations. Further
analysis results showed that as the gradient of the water level fluctuation range increases,
species turnover accounts for a relatively high proportion of the community dissimilarity
changes. This trend is more obvious in summer. When the water level fluctuation range
exceeds 0.13 m, species turnover account is relatively high (beta.sim average value, 0.40 vs.
beta.sne average value, 0.12); when the water level fluctuation range is less than 0.13 m,
species nestedness accounts for a relatively high proportion (beta.sim average value, 0.07 vs.
beta.sne average value, 0.36).
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3.2. Driving Factors of Variations in Community Abundance

A total of 33 species were collected during the study period (Table S1). Among
them, Propsilocerus kamusi and Bithynia fuchsiana were the dominant emerging species
in Baiyangdian Lake, and they appeared in each sampling. The average abundance of
each sample site was 293 ± 378 ind/m2. The Kruskal–Wallis nonparametric test showed
significant seasonal differences in species abundance and richness, among which summer
was obviously different from the other two seasons (Figure 3). The species abundance
and richness of macroinvertebrates presented a seasonal trend, being high in spring and
autumn and low in summer (Figure 3). During the study period, there were no significant
differences in species abundance between spring and autumn (Figure 3). Therefore, this
study combined spring data and autumn data to explore the relationship between variations
in macroinvertebrate species abundance and percentages of water level fluctuation ranges.

Microhabitat factors influencing macroinvertebrate species abundance were different
in summer from those in spring and autumn (Figure 4). The BRT model indicated that
Chl a (45.2%) and PWLFR (18.1%) had the strongest influence on the species abundance
of macroinvertebrates in summer (Figure 4a). Water depth and total nitrogen also had an
obvious impact on species abundance in summer. The results of the BRT model indicated
that high species abundance was most likely found in areas where the concentration of
chlorophyll a was high, the range of water level fluctuations was large, and the water depth
was relatively shallow in Baiyangdian Lake (Figure 4a). In summer, the impact of PWLFR
on macroinvertebrate species abundance increased with an increase in PWLFR (Figure 4a).
When PWLFR reached 20%, the increasing trend of this influence stopped and remained
relatively stable. In contrast to the summer species abundance, in spring and autumn,
the four dominant factors affecting the species abundance of macroinvertebrates were
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WT (30.4%), TDS (20.0%), Chl a (15.7%), and DO (10.7%) (Figure 4b). However, PWLFR
did not show a powerful effect on species abundance in spring and autumn. The partial
dependence results from the spring and autumn fitted model indicated that high species
abundance occurred in the area with low WT and Chl a and high TDS and DO in the
shallow lake. Species abundance declined with the increase in WT in spring and autumn.
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(log10(x + 1) transformation) to the top four most important habitat variables in (a) summer and
(b) spring and autumn. The relative influences of each variable in percentage are shown on the x-axis.
The y-axes are on the log10(x + 1) scale and are centered on zero as the over the data distribution.
Chl a: Chlorophyll a; PWLFR: The percentage of water level fluctuation range; WD: Water depth;
TN: Total nitrogen; WT: Water temperature; TDS: Total dissolved solids; DO: Dissolved oxygen.

The results showed interactions between the habitat factors in each season (Figure 5).
The strongest interaction effects involved the PWLFR and Chl a in summer, and their
interaction can increase macroinvertebrate species abundance. When PWLFR was less than
15%, as PWLFR increased, Chl a had a greater impact on species abundance (Figure 5a).
When PWLFR exceeded 15%, the interaction between these two factors was not obvious.
Compared with summer, the strongest interaction effects in spring and autumn were WT
and TDS (Figure 5b). The species abundance in spring and autumn decreased rapidly
with increasing WT. When considering TDS, the higher TDS is, the greater the decrease in
species abundance with the increase in WT will be.
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4. Discussion
4.1. Water Level Fluctuation Range Affecting the Temporal Dissimilarity of Macroinvertebrate
Community Structure

Linear regression results of temporal dissimilarity and monthly water level fluctuation
range matched our hypotheses that differences in the water level fluctuations would lead
to temporal dissimilarity between macroinvertebrate community structures in shallow
lakes. The results showed that as the extent of water level fluctuations increased, the
community dissimilarity index showed an increasing trend. The effects of water level
fluctuations on temporal dissimilarity are probably due to several reasons. Firstly, we
explored the mechanism of temporal dissimilar change in terms of change in species
composition. We found that the temporal dissimilar change reflects the combined effects
of the species turnover and nestedness (βsim average value, 0.20 vs. βsne average value,
0.18) in Baiyangdian Lake during the study period. The size of WLFR may contribute
to change the form of dissimilar change (dominated by species replacement or species
nesting). Comparing the community structure changes in June each year with similar water
level and temperature conditions, it was found that the difference in the range of water
level fluctuations has changed the contribution of the turnover and nestedness of species
to temporal dissimilarity changes. Species turnover (beta.sim, 0.40 vs. beta.sne, 0.12) with
a large water level fluctuation range (0.29 m) had a great impact on temporal dissimilarity
changes in 2017, while species nestedness (beta.sim, 0.07 vs. beta.sne, 0.36) with a small
water level fluctuation range (0.06 m) played a leading role in 2018. This may indicate that
the chance of species nestedness occurring is small in a relatively stable environment.

We then explored the mechanism of temporal dissimilarity change in terms of the
changing trend of species abundance. Individual taxa responded differently to water
level fluctuation changes [19,33,34]. Variations in the response differences of certain taxa
abundance made the macroinvertebrate communities respond positively to water level
fluctuations [2,20]. In our study, only Branchiura sowerbyi and Bithynia fuchsiana species
abundance showed a decreasing trend with the increase of the water level fluctuation
range, and other species abundance did not show a regular trend along the water level fluc-
tuation range gradient. This indicates that, compared with other species, tolerant species
(Branchiura sowerbyi) [35] and large niche overlapping species (Bithynia fuchsiana) [22,36] can
adapt quickly to changes in habitat conditions caused by water level fluctuations. Trottier
et al. [2] found that as winter water level drawdown amplitude increases, macroinvertebrate
abundance decreases and community composition changes towards a higher-tolerance
species. Macroinvertebrate populations may closely relate to seasonally induced signals
that control the reproductive time of benthic species and the efficiency of resource assimila-



www.manaraa.com

Water 2021, 13, 3380 9 of 13

tion [18]. For example, the dominant taxon Propsilocerus kamusi in Baiyangdian Lake had a
significantly higher abundance in spring and autumn than in summer.

4.2. Dominant Microhabitat Factors Affecting Macroinvertebrate Abundance across Different Seasons

The community structure of macroinvertebrates in lake ecosystems is closely related to
the habitat conditions in which they live [37,38]. Variations in abiotic conditions and inter-
correlations over time further increased the difficulty of studying the community–habitat
relationship [4]. Our findings indicated that macroinvertebrate abundance presented sig-
nificant seasonal variability, and the specific manifestation was that the species abundance
was high in spring and autumn and low in summer. This seasonal difference was evi-
dent in related research [39]. Seasonal variations in benthic community compositions and
abundance were related to the availability of suitable microhabitats and the suitability of
water physicochemical characteristics which result from water level fluctuations [4]. The
research of Mwaijengo et al. [16] indicated that the macroinvertebrates in the wet season
were mainly limited by chlorophyll a, dissolved oxygen, and phosphorus, while nitrogen
and turbidity became important in the dry season. The BRT model showed that micro-
habitat factors in different seasons had different effects on macroinvertebrate abundance.
The dominant local environmental factors that affected macroinvertebrate abundance in
summer included Chl a, PWLFR, WD, and TN, while WT, TDS, Chl a, and DO dominated
in spring and autumn. These results were in accordance with previous studies; that is, the
relative importance of environmental factors influencing macroinvertebrates varied with
the seasons [16]. The covariations and differences in many factors associated with water
level fluctuation were probably other drivers of seasonal variations in macroinvertebrate
abundance.

4.3. Ability of PWLFR to Explain Macroinvertebrate Abundance Varies across Different Seasons

Water level fluctuation disturbance can be considered the most important habitat
factor explaining the seasonal variation pattern of macroinvertebrate abundance [40,41].
This study found that PWLFR, a microhabitat factor, had an important explanatory effect
on benthic species in summer. However, macroinvertebrates in spring and autumn were
not sensitive to the variations in PWLFR at the sample site scale. The summer water
level of Baiyangdian Lake was generally low, but with the increase in precipitation, the
water level was in an unstable period from a downward trend to an upward trend [15].
During this period, water level fluctuations had a dominant influence on macroinvertebrate
abundance variations (Figure 4a). Due to the relatively stable hydrological fluctuation
trends in spring and autumn, nutrients became the main factors influencing macroinverte-
brate abundance. Factors such as the water level fluctuation range and water depth that
characterize hydrological conditions only affected the macroinvertebrate abundance in
summer, which was similar to previous findings [39]. Mesa [42] also reported that seasonal
hydrological regimes play an important role during periods of high water-level instability,
while biological interactions may play a dominant role during low-water periods.

4.4. Important Impact of PWLFR on Macroinvertebrate Abundance in Summer

The habitat conditions of shallow lakes are sensitive to short-term variations in hydrol-
ogy, but the degree of influence is mediated by topographical conditions [11,43]. PWLFR,
the variable proposed in this study, presented the difference of water level fluctuation range
at the sample site scale. Across all sites, the BRT showed that PWLFR was a significant
explanatory variable of macroinvertebrate abundance in summer (18.1%), which increased
consistently with increasing PWLFR. This was consistent with previous findings from lakes
in littoral areas. Research by Furey et al. [44] found that the macroinvertebrate density
and biomass of adjusted lakes undergoing seasonal drawdown were higher than those
of natural lakes with small seasonal water level variations. In a study of the relationship
between aquatic insects and water level fluctuations in ponds in arid areas, ponds with
fluctuating water levels had high species abundance [45]. These studies all emphasized
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that a certain degree of overall water level fluctuation was beneficial to the increase in the
abundance of macroinvertebrate species. Our research further found that the difference
in range of water level fluctuations among the sample sites also helped explain varia-
tions in macroinvertebrate species abundance. However, this contrasted with research by
Trottier [2], who found that as the water level declined in winter, its species abundance
decreased significantly. The difference between the two conclusions may be because the
range of water level fluctuations in winter (0.3 to 7.2 m) significantly exceeded the range of
water level fluctuations in summer in our study area (PWLF < 0.38). The range of water
level fluctuations may have a threshold effect on macroinvertebrate abundance [19].

The BRT model captured the microhabitat factor interaction that affected macroinver-
tebrate abundance in the different seasons. Considering the interaction between habitat
factors would improve the explanatory power of the model for variations in the species
abundance. When studying the impact of environmental factors on the integrity of fresh-
water macroinvertebrates, Pilière et al. [28] noted that considering the interaction between
environmental factors would increase the simulation ability of the model by 10%. Hydrol-
ogy is often confounded by other microhabitat factors that influence macroinvertebrate
abundance [46]. This study found that the interaction between PWLFR and Chl a in sum-
mer had the greatest impact on macroinvertebrate abundance. The external input of Chl a
and the spatial distribution of Chl a in shallow lakes were closely related to water level
fluctuations [47], and the interaction of the two may cause variations in macroinvertebrate
abundance.

4.5. The Implications for Shallow Lake Management

Exploring variations in species abundance and their impacts on ecosystem structure
and function under the influence of water level fluctuations is an imperative task in
the management of shallow lake ecosystems. The current implementation of ecological
water replenishment projects has increased the range of water level fluctuations, which
may therefore have unanticipated effects on the whole aquatic ecosystem. This study
provides empirical evidence that the response of the macroinvertebrate community in
shallow lakes illustrates the potential of water level manipulation as a tool for managing
the ecological integrity of shallow lakes. When we want to increase the abundance of
macroinvertebrates while minimizing the impact of community turnovers in summer, we
can do so by controlling the range of water level fluctuations. For example, when the
PWLFR at the sample point scale is between 10% and 15% (Figure 4A), that is, when the
WLFR is between 0.20 and 0.29 m, although the macroinvertebrate community is increasing
temporal dissimilarly, the macroinvertebrate abundance shows an increasing trend. This
will ensure that the stability of the entire macroinvertebrate community will not decrease
due to species turnover or nestedness changes. Therefore, we may increase the minimum
water level in summer by increasing the amount of ecological water replenishment supply
in the early summer or reduce the water supply in autumn to regulate the maximum water
level in spring and autumn to achieve the purpose of Baiyangdian water level management.
From a management point of view, we suggest that the water level fluctuation range should
be considered in ecological water replenishment to maintain ecological integrity in shallow
lakes for future lake management.

5. Conclusions

To increase the understanding of the response of macroinvertebrate community struc-
ture to water level fluctuations, this study analyzed the impact of water level fluctuation
range on the degree of variations in dissimilarity in the overall community structure at
two consecutive sampling events, and then used the BRT model to quantitatively analyze
the response of macroinvertebrate species abundance to PWLFR and other important
microhabitat factors in different seasons at the microhabitat level.

Our study showed that there was a linear relationship between monthly WLFR and
dissimilarity. This indicated that an increase in monthly WLFR may, to a certain extent, lead
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to a more heterogeneous macroinvertebrate community. Our data showed that the relative
importance of microhabitat factors that affected macroinvertebrate abundance may differ
among seasons. While in spring and autumn we did not find that PWLFR was the dominant
variable, we reported that in summer, PWLFR could explain 18.1% of macroinvertebrate
abundance changes. We also showed that when PWLFR was lower than 0.15, there was
a clear positive interaction between Chl a and PWLFR that increased macroinvertebrate
abundance at the sample site scale in summer. Shallow lake ecosystems management
should consider the effects of water level fluctuations on macroinvertebrate community
structure especially when the implementation of ecological water replenishment projects
had a great impact on the hydrological regime.

This study focused on exploring the impacts of differences in water level fluctuations
on macroinvertebrate abundance and did not involve the direct response mechanism of
a single macroinvertebrate species. Future research will explore the driving mechanism
of the influence of hydrological regime variations on the abundance or growth of a single
population to further expand the current findings.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13233380/s1, Table S1: Macroinvertebrates species identified in Baiyangdian Lake during
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