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Abstract
Macrozoobenthos and submerged macrophytes interact closely. However, studies in China have focused on the middle and 
lower reaches of the Yangtze River, where shallow lakes are concentrated, rather than on temperate lakes. To clarify the 
responses of taxonomic and functional groups of macrozoobenthos in temperate lakes to changes in submerged macrophyte 
biomass  (BMac) on a large scale, 19 temperate lakes within Baiyangdian Lake were investigated in this study. The  BMac differed 
greatly across the 19 lakes, and Potamogeton crispus was the dominant species. According to the  BMac, the 19 lakes were 
divided into 4 groups. One-way analysis of variance and Pearson correlation analysis showed that the water environmental 
parameters were different among the 4 groups, and the  BMac was significant correlated with all the physical and chemical 
parameters of water bodies (except for water depth). Forty-one taxa of macrozoobenthos were identified in the 19 lakes, 
with oligochaetes, Hirudinea, gastropods, crustaceans, chironomid larvae, and aquatic insects (excluding chironomid larvae) 
represented by 9, 1, 4, 2, 19, and 6 species, respectively. Chironomid larvae and oligochaetes dominated by density, and 
gastropods and chironomid larvae dominated by biomass. Canonical correspondence analysis showed that the  BMac was the 
most important factor affecting the macrozoobenthos community structure in group 1 to group 4. Macrozoobenthos with 
low pollution tolerance values were mainly found in areas with high  BMac, while species with high pollution tolerance val-
ues were mainly distributed in areas with low  BMac and high nutrient contents. Different taxonomic and functional groups 
of macrozoobenthos responded differently to changes in  BMac. As  BMac increased, density and biomass of oligochaetes and 
chironomid larvae tended to decrease, while those of gastropods and aquatic insects tended to first decrease and then increase. 
Collectors had more species than any other functional group in group 1 to group 4. As  BMac increased, density and biomass of 
collectors gradually decreased, while density of predators, shredders, and scrapers tended to first decrease and then increase.

Keywords Macrozoobenthos · Submerged macrophytes · Taxonomic and functional group · Ecological restoration · Lake 
management · Cascade effect

Introduction

Shallow lakes have two stable states: a clear water state 
dominated by submerged macrophytes and a turbid water 
state dominated by algae (Scheffer and Jeppesen 2007; Hilt 
et al. 2017). In the context of human disturbances such as 
aquaculture, water eutrophication, and dam construction, an 
increasing number of shallow lakes around the world have 
experienced severe disruption of ecological functions and 
the gradual disappearance of submerged vegetation, so they 
have been gradually transformed from macrophytic lakes 
into algal lakes (Chambers et al. 2008; Zhang et al. 2017; 
Zhang et al. 2021). As an important component of lake eco-
systems, macrozoobenthos interact closely with submerged 
vegetation (Newman 1991; Underwood et al. 1992; Jones 
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and Sayer 2003; Wang et al. 2006; Tan et al. 2017). There-
fore, the extinction of submerged vegetation will inevitably 
change the community structure and species diversity of 
macrozoobenthos (Liang and Wang 1999; Tan et al. 2017). 
However, there are few studies on the responses of taxo-
nomic and functional groups of macrozoobenthos to changes 
in the biomass of submerged vegetation, and such studies 
have mainly focused on the subtropical regions where shal-
low lakes are concentrated (for example, the middle and 
lower reaches of the Yangtze River). Thus, the results of 
these studies do not provide a strong theoretical basis for the 
ecological management and restoration of temperate lakes.

Some studies on subtropical lakes have shown that sub-
merged macrophytes play an important role in shaping the 
macrozoobenthos community structure (Wang et al. 2006; 
Pan et al. 2011, 2012; Chen et al. 2015). A large number 
of epiphytic algae attached to submerged plants provide an 
important food source for small gastropods. Therefore, with 
an increase in submerged macrophyte biomass  (BMac), the 
standing crop of gastropods often increases (Liang and Wang 
1999; Gong et al. 2000; Wang et al. 2006), while the den-
sity or biomass of chironomid larvae and oligochaetes that 
take up nutrients from sediments often decreases (Liang and 
Wang 1999; Jiang et al. 2006; Wang 2007). However, these 
studies have also drawn some inconsistent conclusions. For 
example, Gong et al. (2000) found that submerged vegetation 
not only increases the heterogeneity of habitats and the avail-
ability of food but also reduces the predation pressure of fish 
on macrozoobenthos, so the macrozoobenthos species num-
ber, density, and biomass are higher in macrophytic lakes 
than in algal lakes. In addition, scrapers and collectors had 
the highest abundances among the functional feeding groups 
in macrophytic and algal lakes, respectively. Although Pan 
et al. (2012) reported results similar to those of Gong et al. 
(2000), they found that the density of macrozoobenthos was 
significantly higher in algal lakes than in macrophytic lakes. 
In contrast, Liang et al. (1995) found that although there 
were fewer species of macrozoobenthos in algal lakes than 
in macrophytic lakes, the density and biomass of macrozoo-
benthos showed no obvious trend. Liang et al. (1995) also 
found that among different functional groups, the abundance 
of collectors was the highest in both macrophytic and algal 
lakes. On the one hand, the above differences may be mainly 
attributed to differences in research scale, and the results of 
studies on two or fewer lakes are often not representative. On 
the other hand, the above differences may be closely related 
to the physicochemical characteristics of water, species com-
position of submerged macrophytes, and the community 
structure of fish in different lakes. Some studies have shown 
that different gastropods differ notably in their preference for 
submerged macrophytes (Wang et al. 2006; Li et al. 2009; 
Hansen et al. 2011), and fish feeding on macrozoobenthos is 
also an important factor influencing their preference (Jones 

and Sayer 2003). Because temperate lakes are significantly 
different from subtropical lakes in their climatic conditions 
and dominant species of submerged macrophytes, it can be 
speculated that the response pattern of macrozoobenthos in 
temperate lakes to changes in  BMac may be different from 
that of macrozoobenthos in subtropical lakes.

Baiyangdian Lake is the largest shallow lake in the North 
China Plain and plays an important role in maintaining bio-
diversity and regional ecological security. In recent dec-
ades, due to the dual effects of human activities and climate 
change, the surface area of Baiyangdian Lake has drastically 
shrunk, and it is divided by thousands of ditches into more 
than 100 relatively independent sublakes of different sizes 
(Xu et al. 1998). Due to their different utilization models, the 
ecological environment of these lakes varies greatly. Some 
lakes are severely eutrophic due to degradation or extinction 
of submerged macrophytes, while some lakes are at high risk 
of turning into marshes due to the overgrowth of submerged 
macrophytes (Diao et al. 2013; Zhang et al. 2021). However, 
this provides good conditions for this study analysing the 
relationship between macrozoobenthos and submerged mac-
rophytes in temperate lakes. In this study, the macrozooben-
thos, submerged macrophytes, and physicochemical factors 
in 19 temperate lakes within Baiyangdian Lake were system-
atically investigated to answer the following two questions: 
(1) are submerged macrophytes the most important environ-
mental factor that determines the community structure of 
macrozoobenthos in temperate lakes in China? (2) How do 
the taxonomic and functional groups of macrozoobenthos 
in temperate lakes respond to changes in  BMac? Considering 
the submerged macrophytes cannot only directly affect the 
macrozoobenthos community, but also indirectly by chang-
ing the physicochemical properties of water, we hypothesize 
that it should be the key factor. This study is the first to 
investigate the relationship between macrozoobenthos and 
submerged macrophytes in temperate lakes in China on a 
large scale. Its results will be valuable for the ecological 
management and restoration of temperate lakes.

Materials and methods

Overview of the study area

Baiyangdian Lake is located in Baoding City, Hebei Prov-
ince. It has a warm temperate continental monsoon climate 
with a mean annual temperature of 12.1°C and a mean 
annual rainfall of 524.9 mm. It is mainly recharged by sur-
face runoff and rainfall. The historical water level of Bai-
yangdian Lake during the flooding season can reach 11.73 
m, with a corresponding lake area of 366  km2, mean depth 
of 2.84 m, and water storage of 10.38 ×  108  m3 (Wang and 
Dou, 1998). Since the 1960s, the serious decline in the 
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surface area of Baiyangdian Lake has necessitated ecologi-
cal water supplementation to maintain its water level. Nota-
bly, the surface area of Baiyangdian Lake was 177  km2 in 
1995, 53  km2 in 2005 and 78.5  km2 in 2015 (Wang et al. 
2020). At present, many mudflats in the lake area have been 
reclaimed as farmland and residential areas, and the entire 
lake is divided by thousands of ditches into more than 100 

relatively independent sublakes of different sizes (Fig. 1). 
Among them, macrophytic lakes comprise less than 20% 
of the surface area of Baiyangdian Lake, and macrophytic 
algal transitional lakes comprise approximately 50% (Diao 
et al. 2013). In terms of the composition of aquatic plants, 
the main dominant species of emergent plants is Phragmites 
australis, and the main dominant species of submerged 

Fig. 1  Distribution of the 19 temperate lakes within Baiyangdian 
Lake. (Three sampling sites were randomly set up at each lake. The 
codes of the 19 lakes are as follows: 1, Shaoche Lake; 2, Hele Lake; 
3, Siwang Lake; 4, Guang Lake; 5, Longwang Lake; 6, Laowang 

Lake; 7, Xiaomai Lake; 8, Damai Lake; 9, Pingyang Lake; 10, Chiyu 
Lake; 11, Shihou Lake; 12, Houtang Lake; 13, Qiantang Lake; 14, 
Fanyu Lake; 15, Wanlou Lake; 16, Julong Lake; 17, Sanjiao Lake; 
18, Baiyang Lake; 19, Yangjiao Lake)
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macrophytes include Potamogeton crispus, Stuckenia pecti-
natus, and Myriophyllum spicatum (Yang et al. 2020; Zhang 
et al. 2021).

Field survey

In May 2021, we conducted a field survey on the sub-
merged macrophytes, macrozoobenthos, and physical and 
chemical parameters of the water in the 19 lakes within 
Baiyangdian Lake. Since all the 19 lakes are part of the 
Baiyangdian Lake, and they are interconnected with each 
other, the hydrological regime is basically the same. Three 
sampling sites were set for each lake, totalling 57 sampling 
sites (Fig. 1). Macrozoobenthos were collected from each 
sampling site using a Petersen grab (1/16  m2). The col-
lected mud samples were sieved through a 100-mesh sieve 
and placed in white dissecting trays for sorting. The mac-
rozoobenthos samples were fixed with 10% formaldehyde 
and then identified, counted, and weighed in the laboratory. 
The measurement results were converted to density and bio-
mass per unit area. The submerged macrophytes were col-
lected using submerged macrophyte-harvesting clamps with 
an opening area of 0.25  m2. Submerged macrophytes were 
randomly collected from each sampling site three times. The 
collected submerged macrophytes were drained and weighed 
(wet weight), and the weights were converted to biomass per 
unit area. At the same time, mixed water samples were taken 
from each sampling site and brought back to the laboratory 
to determine their contents of total nitrogen (TN) and total 
phosphorus (TP). The conductivity (Cond), dissolved oxy-
gen (DO), water temperature (Temp), and pH of the water 
samples were measured with a portable water quality ana-
lyser (YSI ProPlus, YSI Inc., Ohio, USA). The Secchi depth 
 (ZSD) was measured with a Secchi disk to gauge the transpar-
ency of the water samples. The mean water depth  (ZM) at 
macrophytic and macrophyte-free sites was measured with 
a sounding lead and a portable sounder (SM-5, SpeedTech 
Instruments, Great Falls, VA, USA), respectively.

Data analysis

To improve the reliability and universality of the research 
results, this study analysed the relationship between macro-
zoobenthos and submerged macrophytes in different groups 
of lakes rather than at different sites. First, the 19 lakes were 
divided into 4 groups (group 1 to group 4) based on the 
range of mean  BMac, namely, < 500, 500–2000, 2000–4000, 
and >4000 g/m2, which correspond to  BMac levels of 
extremely low, low, moderate, and high, respectively. The 
differences in the physical and chemical parameters of the 
four lake groups were tested using one-way analysis of vari-
ance (ANOVA). To ensure the normality and homogeneity 
of variance of the data, the data were log transformed before 

analysis. If there was a significant difference in the vari-
ables that met the homogeneity of variance, Tukey’s hon-
estly significant difference test was used to find differences 
between the groups; otherwise, Tamhane’s T2 method was 
used (Zhang et al. 2021). Pearson correlation was used to 
analyse the correlations between the  BMac and the physico-
chemical factors of the water of the 19 lakes.

According to the species composition, the macrozooben-
thos in this study were mainly divided into six taxonomic 
groups, namely, oligochaetes, Hirudinea, gastropods, crus-
taceans, chironomid larvae, and aquatic insects (chironomid 
larvae were not included in this taxonomic group). According 
to their feeding habits, macrozoobenthos are mainly divided 
into four functional groups, namely, collectors (including 
collector filters and collector gatherers), predators, scrapers, 
and shredders (Liang and Wang 1999; Mandaville 2002). 
According to the sensitivity of the different species to water 
pollution, their tolerance values were assigned as 1–10 (Man-
daville 2002; Ministry of Ecology and Environment of China 
2020). The dominance (Y) of macrozoobenthos was mainly 
calculated from the frequency of occurrence of different spe-
cies (fi) and the ratio of the number of individuals of one 
species (Ni) to the total number of individuals (N). The cal-
culation formula is Y = (Ni/N) * fi (Liu et al. 2016). When Y 
is ≥ 1%, the species is a dominant species. The diversity and 
equitability of macrozoobenthos at different sites was evalu-
ated with the Shannon diversity index (H') and Pielou’s equi-
tability index (E), respectively, which was calculated as H' = 
-Σ(Pi)(log Pi) and E = H' / H' max, where Pi is the proportion 
of an individual species i among the whole community. The 
differences in the mean species number, H', E, density, and 
biomass of macrozoobenthos among group 1 to group 4 were 
analysed with the nonparametric Kruskal–Wallis test. One-
way ANOVA was used to examine the differences of density 
and biomass of different taxonomic and functional groups 
among the 4 groups. Before analysis, the data were log (x 
+ 1) transformed to meet the assumptions of normality and 
homogeneity. If a significant difference was detected, post 
hoc pairwise comparisons were done using Student–New-
man–Keuls method. All the above analyses were performed 
in SPSS 13.0 software.

The relationship between the macrozoobenthos com-
munity structure and environmental factors was analysed 
in Canoco 4.5 software. First, the density data from the 57 
sampling sites were used to conduct detrended correspond-
ence analysis (DCA), based on the length of the first axis of 
DCA ordination (redundancy analysis is used if the length 
is less than 3, canonical correspondence analysis (CCA) is 
used if the length is more than 4, and both redundancy analy-
sis and CCA can be used if the length is 3–4). CCA was 
used to analyse the relationships between species and the 
environmental factors. The following environmental factors 
were included in the analysis:  BMac,  ZM,  ZSD,  ZSD/ZM, DO, 
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pH, Cond, TN, TP, and Temp. Before data analysis, species 
with a frequency of occurrence less than 5% were excluded 
(Zhang et al. 2018). The Monte Carlo permutation test (P < 
0.01) and forward selection were used to determine the main 
environmental factors.

Results

Characteristics of submerged macrophytes 
and water bodies

A total of six submerged macrophytes were found in the 19 
lakes: Potamogeton crispus, Myriophyllum spicatum, Chara sp., 
Stuckenia pectinatus, Ceratophyllum demersum, and Utricularia 
vulgaris. P. crispus was the most dominant species, comprising 
61.94% of the total  BMac, followed by M. spicatum, Chara sp., 
and S. pectinatus, comprising 21.07%, 8.61%, and 7.38% of the 
total  BMac, respectively. The other two submerged macrophytes 
each comprised less than 1% of the total  BMac. The mean  BMac 
in the 19 lakes ranged from 0 to 9653 g/m2 (Fig. 2). Based on 
the difference in the mean  BMac, the 19 lakes were divided into 
group 1 to group 4, which included five, six, four, and four lakes, 
respectively (Fig. 2). The mean biomasses of group 1 to group 4 
were 152, 1362, 2517, and 8165 g/m2, respectively.

As the  BMac increased, the  ZSD,  ZSD/ZM, and DO of group 
1 to group 4 gradually increased, while Cond, TN, and TP 
gradually decreased (Fig. 3).  ZM was similar across group 1 
to group 4, and there was no obvious pattern of changes in 
Temp. Group 4 had a significantly higher pH than the other 
three groups (Fig. 3).ANOVA indicated that group 1 to group 4 
did not show significant differences in  ZM but did show signifi-
cant differences in the other eight indicators (Figure 3). Pearson 
correlation analysis showed that  BMac was positively correlated 
with  ZSD,  ZSD/ZM, pH, and DO; negatively correlated with  ZM, 
Cond, TN, and TP; and weakly correlated with Temp (Table 1).

Characteristics of macrozoobenthos communities

A total of 41 taxa of macrozoobenthos were identified in 
the 19 lakes, including 9 oligochaetes, 1 Hirudinea, 4 gas-
tropods, 2 crustaceans, 19 chironomid larvae, and 6 other 
aquatic insects (Appendix Table 4). According to density, 
chironomid larvae and oligochaetes dominated, comprising 
82.0% and 13.1% of the total density, respectively (Fig. 4). 
According to biomass, gastropods and chironomid larvae 
dominated, comprising 57.3% and 38.0%, respectively 
(Fig. 4). According to the tolerance values, most macro-
zoobenthic species were pollution-tolerant, including Lim-
nodrilus hoffmeisteri, Limnodrilus claparedianus, and Chi-
ronomus sp.; only a few species were pollution-intolerant, 
including Eukiefferiella sp., Ecnomus sp., and Caenis sp. 
(Appendix Table 4).

The number of macrozoobenthos species at the 57 sam-
pling sites varied from 1 to 9, with a mean of 4.2. With 
an increase in  BMac, the Shannon diversity index and 
Pielou’s equitability index of macrozoobenthos in group 
1 to group 4 increased, density gradually decreased, and 
biomass first decreased and then increased (Table 2). The 
chi-squared test showed no significant differences in the 
above five parameters (species number, Shannon diversity 
index, Pielou’s equitability index, density, and biomass of 
macrozoobenthos) between groups (Table 2). There were 
clear differences in the dominant species across group 1 to 
group 4. Chironomus sp. was the main dominant species in 
group 1 to group 3, with dominances of 35.61, 78.86, and 
69.76, respectively. The dominance of Chironomus sp. in 
group 4 (8.44) was significantly weaker than its dominance 
in group 1 to group 3 (Table 3). Three of the four dominant 
species in group 1 were collectors, and all of them were 
pollution-tolerant. The proportion of collectors in group 3 
and group 4 was significantly lower than that in group 1, 
and Parachironomus sp. (a predator) and Cricotopus sp. (a 
shredder) were common dominant species in group 3 and 
group 4 (Table 3).
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Fig. 2  Distribution of submerged macrophyte biomass in the 19 tem-
perate lakes
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Influencing factors

Results of the forward selection in the CCA and Monte 
Carlo permutation tests indicated that the major environ-
mental factors influencing the macrozoobenthos com-
munity structure in group 1 to group 4 included  BMac, 
TP,  ZSD/ZM, and DO (Figure 5). The eigenvalues of the 
first and second axes of ordination were 0.513 and 0.378, 
respectively. The Monte Carlo permutation test showed 
that both ordination axes were significant at P < 0.01. 
The first and second axes explained 30.3% and 20.5% 
of the species–environment relationship, respectively. 
Among the four major environmental factors,  BMac was 
the most important influencing factor, followed by TP. 
The ordination diagram of the sampling sites showed that 
the sampling sites of group 4 were mainly in areas with 
high  BMac and low nutrient contents (Fig. 5A). From the 
species ordination diagram, it can be seen that species 

Fig. 3  Comparison of physical and chemical parameters of water 
bodies in group 1 to group 4. (Note:  ZM, mean water depth;  ZSD, Sec-
chi depth;  ZSD/ZM, ratio of Secchi depth to water depth; Temp, water 

temperature; Cond, conductivity; TN, total nitrogen; TP, total phos-
phorus. Different superscript letters in the figure indicate significant 
differences.)

Table 1  Pearson correlations between submerged macrophyte bio-
mass and nine environmental factors

ZM, mean water depth; ZSD, Secchi depth; ZSD/ZM, ratio of Secchi 
depth to water depth; Temp, water temperature; Cond, conductivity; 
TN, total nitrogen; TP, total phosphorus

Variable Submerged macrophyte biomass (g/m2)

N R P

ZM N −0.347 0.008
ZSD 57 0.543 < 0.001
ZSD/ZM 57 0.678 < 0.001
TP 57 −0.403 0.002
TN 57 −0.512 < 0.001
Temp 57 −0.022 0.87
pH 57 0.452 < 0.001
DO 57 0.574 < 0.001
Cond 57 −0.486 < 0.001
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with low tolerance values, such as Eukiefferiella sp., 
Synorthocladius sp., Glyptotendipes sp., and Gammarus 
sp., were mainly found in the areas with high  BMac, while 
pollution-tolerant species, such as L. hoffmeisteri, Limn-
odrilus sp., Chironomus sp., and Tanypus sp., were mainly 
found in the areas with low  BMac and high nutrient con-
tents (Fig. 5B).

Responses of macrozoobenthos to submerged 
macrophytes

Different taxonomic and functional groups responded differ-
ently to changes in  BMac. As the  BMac increased, the density 
and biomass of oligochaetes and chironomids all showed 
decreasing trends, and the density and biomass of gastropods 

Fig. 4  Proportions of macrozo-
obenthos in different taxonomic 
groups according to density and 
biomass (where aquatic insects 
do not include chironomid 
larvae)
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Table 2  Comparison of the 
species number, Shannon 
diversity index, Pielou’s 
equitability index, density, and 
biomass of macrozoobenthos 
in the four lake groups (mean 
± SE)

Variable G1 G2 G3 G4 χ2 P

Number of lakes 5 6 4 4 - -
Species number 4.1 ± 0.6 3.8 ± 0.5 4.7 ± 0.8 4.5 ± 0.6 0.971 0.808
Shannon index 0.32 ± 0.06 0.31 ± 0.06 0.37 ± 0.08 0.44 ± 0.06 2.600 0.457
Pielou’s equitability index 0.22 ± 0.03 0.21 ± 0.03 0.24 ± 0.04 0.29 ± 0.03 3.722 0.293
Density (ind./m2) 680.5 ± 174.3 483.6 ± 88.3 443.6 ± 95.6 410.7 ± 89.3 1.011 0.799
Biomass (g/m2) 8.81 ± 5.38 6.15 ± 2.71 2.01 ± 0.56 3.97 ± 2.82 6.834 0.077

Table 3  Comparison of the dominance (frequency of occurrence) of the dominant species of macrozoobenthos in the four lake groups

Dominance greater than 1% is used as the basis for the classification of a dominant species. The bold numbers indicate the dominant species in 
each group

Dominant species Functional group G1 G2 G3 G4

Oligochaeta
    Limnodrilus sp. Collector 3.89 (20.0%) 0.20 (11.1%) 0.07 (8.3%) 0.00 (0.0%)
    Limnodrilus hoffmeisteri Collector 0.69 (13.3%) 0.41 (11.1%) 1.06 (25.0%) 0.16 (8.3%)

Chironomidae
    Chironomus sp. Collector 35.61 (80.0%) 78.86 (100.0%) 69.76 (100.0%) 8.44 (50.0%)
    Polypedilum sp. Shredder 1.19 (20.0%) 0.16 (22.2%) 0.09 (16.7%) 0.97 (33.3%)
    Parachironomus sp. Predator 0.38 (20.0%) 0.37 (22.2%) 2.92 (33.3%) 12.88 (58.3%)
    Cricotopus sp. Shredder 0.82 (20.0%) 0.65 (22.2%) 1.06 (33.3%) 14.12 (75.0%)
    Propsilocerus sp. Collector 1.32 (40.0%) 0.04 (11.1%) 0.09 (16.7%) 0.00 (0.0%)
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and aquatic insects all showed a trend of first decreasing and 
then increasing (Fig. 6). However, ANOVA analyses indi-
cated that only biomass of chironomids among the 4 groups 
had significant difference (F = 5.155, P = 0.003). There 

were more species of collectors than any other functional 
group in all 4 groups, comprising 50.0%, 54.5%, 63.6%, and 
42.9% of the total species number, respectively. As the  BMac 
increased, the density and biomass of collectors gradually 
decreased, while the density and biomass of predators, shred-
ders, and scrapers all showed a trend of first decreasing and 
then increasing (Fig. 7). ANOVA analyses showed that both 
the density and biomass of collectors among the 4 groups 
were significantly different (density, F = 3.310, P = 0.027; 
biomass, F = 5.269, P = 0.003), while only the density of 
shredders among the 4 groups was significantly different (F 
= 4.194, P = 0.010).

Discussion

Submerged macrophytes and water 
physicochemical parameters

As shown by the changes in the species composition and 
 BMac in the 19 studied temperate lakes, the water envi-
ronments of these lakes differed greatly. Among the six 
submerged macrophytes surveyed in 19 lakes, pollution-
tolerant species, pollution-intolerant species, and pioneer 
species were found. Among them, highly pollution-toler-
ant P. crispus, M. spicatum, S. pectinatus, and C. demer-
sum are widespread, while U. vulgaris is only distributed 
in water bodies with low nutrient contents (Koller-Per-
outka et al. 2015). In this study, U. vulgaris was observed 
only in Shaoche Lake, which had a high  BMac and clear 
water. This finding indirectly indicates that the water envi-
ronment of Shaoche Lake was better than that of the other 
lakes. Because Chara sp. can grow under low-light con-
ditions, it is generally a pioneer species in the restoration 
of submerged macrophytes in temperate lakes (Blindow 
1992; Van den Berg et al. 1999). The biomass of Chara sp. 
was high in some lakes in Baiyangdian Lake, indicating 
that the submerged macrophytes in these lakes may be in 
the early stage of recovery. In terms of biomass, during 
the survey in spring, P. crispus had the highest biomass, 
which may be mainly related to its unique life history. P. 
crispus generally germinates in autumn, grows rapidly in 
spring, and dies at high temperatures in summer (Wang 
et al. 2016), while other submerged macrophytes gener-
ally germinate in spring and reach their maximum biomass 
in summer (Ni 1999). In addition, the lower water tem-
peratures in temperate regions than in subtropical regions 
may also be more conducive to the growth and develop-
ment of P. crispus and may prolong its dominant period. 
Therefore, P. crispus generally became the main dominant 
species of submerged macrophyte in these temperate lakes 
in spring. In some subtropical lakes in the middle and 
lower reaches of the Yangtze River, perennial submerged 

Fig. 5  CCA ordination diagrams based on sampling site–environment 
A and species–environment relationships B. (The value in parenthe-
ses following each species in B represents the tolerance value of the 
species. Abbreviations: Synort, Synorthocladius sp.; Eukief, Eukief-
feriella sp.; Parata, Paratanytarsus sp.; Parafo, Parafossarulus stria-
tulus; Glypto, Glyptotendipes sp.; Endoch, Endochironomus sp.; 
Polype, Polypedilum sp.; Gammar, Gammarus sp.; Cricot, Cricoto-
pus sp.; Parach, Parachironomus sp.; Chaobo, Chaoboridae sp.; Chi-
ron, Chironomus sp.; Radix, Radix sp.; Ilyodr, Ilyodrilus sp.; Procla, 
Procladius sp.; Microc, Microchironomus sp.; Limhof, Limnodrilus 
hoffmeisteri; Tanypus, Tanypus sp.; Limnod, Limnodrilus sp.; Bra-
sow, Branchiura sowerbyi; Propsi, Propsilocerus sp.; Einfel, Einfel-
dia sp.; Cerato, Ceratopogonidae sp.)
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macrophytes, such as Potamogeton maackianus, Vallisne-
ria natans, and M. spicatum, often become the dominant 
species in spring (Li and Cheng 1999; Gong et al. 2000; 
Zhang et al. 2019), and the dominant position of P. crispus 
is not as obvious in subtropical lakes as in temperate lakes. 
It seems that climatic conditions are an important factor 
causing significant differences in the community structure 
of submerged macrophytes in the two regions.

Pearson correlation analysis showed that the  BMac 
was significantly correlated with all the environmental 
factors except for  ZM (Table 1). In addition, as the  BMac 
increased,  ZSD,  ZSD/ZM, and DO gradually increased, 
while Cond, TN, and TP gradually decreased. This may 
be closely related to the structuring roles of submerged 
macrophytes. As the main primary producers of lake 
ecosystems, submerged macrophytes cannot only release 
oxygen through photosynthesis but also absorb nutrients 
in water bodies, reduce sediment resuspension, and raise 
water transparency (Jeppesen et al. 1998). Similar results 
in other lakes have also been reported (Wang et al. 2005; 
Yang et al. 2020). These results also explain why  BMac 

was the most important environmental factor affecting the 
macrozoobenthos community structure in the 19 lakes in 
the CCA results (Fig. 5). Submerged macrophytes cannot 
only directly affect the food source of macrozoobenthos 
but also indirectly change the habitat conditions of 
macrozoobenthos by affecting the physicochemical 
properties of water bodies. Therefore, macrozoobenthos 
with low tolerance values (e.g. Eukief feriella sp., 
Synorthocladius sp., and Glyptotendipes sp.) are mostly 
distributed in lakes with high  BMac, while species with 
high tolerance values (e.g. L. hoffmeisteri, Chironomus 
sp., and Tanypus sp.) are mostly distributed in lakes with 
high nutrient contents.

Response of macrozoobenthos communities 
to changes in  BMac

In this study, a total of 41 taxa of macrozoobenthos were 
identified in the 19 lakes. Compared with recent histori-
cal data, the number of species identified in this study was 
significantly higher. For example, the survey results of 
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Baiyangdian Lake in 2006–2007, 2009, and 2018 showed 
that it had only 23, 21, and 24 taxa, respectively (Xie et al. 
2010; Qin et al. 2021). However, from the perspective of 
macrozoobenthic species composition, most of the species 
were pollution-tolerant, with a tolerance value generally 
above 6.0; only a few species were pollution-intolerant, 
including Eukiefferiella sp., Ecnomus sp., and Caenis sp. 
The above results indicate that despite the recently improved 
ecological environment and increased biodiversity in Bai-
yangdian Lake, water pollution is still one of the major prob-
lems in this lake.

With an increase in  BMac, the Shannon diversity index 
of the macrozoobenthos in group1 to group 4 showed 
an increasing trend, and the mean number of species in 
group 3 and group 4 was also obviously higher than that 
in group 1 and group 2 (Table 2), which was largely con-
sistent with the results from some lakes in the middle and 
lower reaches of the Yangtze River (Liang et al. 1995; 
Gong et al. 2000; Pan et al. 2012). However, the gradu-
ally decreasing trend of macrozoobenthos density and 
the first increasing and then decreasing trend of biomass 
in this study (Table 2) differ from the findings of Gong 

et al. (2000). The main reason for this difference is related 
to the changes in the density and biomass of dominant 
taxonomic groups. Because many species of chirono-
mid larvae and oligochaetes are pollution-tolerant, their 
density or biomass often decreases with increasing  BMac 
(Liang and Wang 1999; Jiang et al. 2006; Wang 2007). In 
this study, the densities of the two dominant taxonomic 
groups of chironomid larvae and oligochaetes (comprising 
95.1% of the total density) both decreased with increases 
in  BMac, which was consistent with the above trend and 
was the cause of the gradual decrease in macrozoobenthos 
density (Figure 6). The changes in the macrozoobenthos 
biomass in group 1 to group 4 were mainly due to the 
changes in the biomass of gastropods. In this study, gas-
tropods accounted for the largest proportion (53.7%) of 
the total biomass. More benthic gastropods appeared in 
group 1 and group 2 with lower  BMac, and more epiphytic 
gastropods appeared in group 4 with higher  BMac. There-
fore, the biomass of gastropods showed a trend of first 
decreasing and then increasing. The main cause of this 
phenomenon may be related to the life habits of different 
gastropods. Because adults of benthic gastropods (such as 
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Bellamya sp.) live at the bottom of water bodies and feed 
on algae that live on the lake bottom; they are not closely 
related to submerged macrophytes, whereas epiphytic gas-
tropods (such as Alocinma longicornis) are more affected 
by submerged macrophytes (Liang and Wang 1999; Wang 
et al. 2006).

Collectors had the most species number among all 
functional groups in the 4 groups, which is consistent 
with the results of Liang et al. (1995). However, it does 
not support the conclusion that the macrophytic and algal 
lakes had the highest abundances of scrapers and col-
lectors, respectively (Gong et al. 2000; Pan et al. 2012). 
Among the 41 taxa of macrozoobenthos identified in 
this study, there were 19 species of chironomid larvae 
and nine species of oligochaetes but only four species of 
gastropods (scrapers). Compared with that in subtropical 
lakes (Pan et al. 2011, 2012), the proportion of scraper 
species in this study was significantly lower. This phe-
nomenon may be mainly the result of the dual effects of 
overfishing and submerged macrophyte species composi-
tion. Because of the high edible value of gastropods, local 
residents often catch them for food or selling. Therefore, 
some large individual gastropods that have been widely 
seen in historical surveys (such as Cipangopaludina 
chinensis and Cipangopaludina cathayensis) (Xie et al. 
2010) were not observed in this survey. The complex-
ity and life history of submerged macrophytes also affect 
the diversity of gastropods (Wang et al. 2006; Hansen 
et al. 2011). P. crispus is characterized by a simple mor-
phological structure and death in summer, which causes 
many gastropods to lose their habitats soon after they 
settle down. Therefore, many epiphytic gastropods have 
a low preference for P. crispus. As the  BMac increased, the 
density and biomass of collectors gradually decreased, 
supporting the conclusion of Pan et al. (2012). In this 
study, the density and biomass of both shredders and 
predators were extremely low, and this phenomenon is 
also common in some subtropical lakes (Liang and Wang 
1999). The density and biomass of the above two func-
tional groups showed a trend of first decreasing and then 
increasing, which may be mainly caused by the changes 
in the dominant species.

Suggestions for lake management

Macrozoobenthos and submerged macrophytes are the main 
components of lake ecosystems, and the study of the rela-
tionship between the two is of great significance for the eco-
logical management and restoration of shallow lakes (Tan 
et al. 2017). In this study, the responses of the taxonomic 
and functional groups of macrozoobenthos in 19 temper-
ate lakes to changes in  BMac were preliminarily analysed. 
Based on the current status of submerged macrophytes 

and macrozoobenthos, the following two suggestions are 
proposed:

1) Due to its unique life history, P. crispus has become 
the main dominant species in many temperate lakes in 
spring. However, in summer, when P. crispus may die, 
nutrients return to the water body, which is not con-
ducive to the maintenance of clear water in the lake. 
In addition, many epiphytic gastropods have a signifi-
cantly lower preference for P. crispus (Wang et al. 2006), 
resulting in a significantly lower diversity of gastropods 
in lakes. Therefore, how to appropriately reduce the 
dominance of P. crispus in temperate lakes (especially in 
some macrophytic lakes with P. crispus as the dominant 
species) in spring while increasing the dominance of 
other perennial submerged macrophytes is the top issue 
to consider. Because the underwater light level is the 
main factor that restricts the germination and growth 
of submerged macrophytes (Scheffer 1998; Ni 1999), 
appropriately increasing the lake level and reducing the 
underwater light level during the germination period of 
P. crispus can inhibit the germination and growth of P. 
crispus. In addition, the lake level should be appropri-
ately lowered during the germination period of other 
submerged macrophytes in spring to promote early 
establishment of a dominant position for submerged 
macrophytes with complex structures that gastropods 
prefer, such as M. spicatum and S. pectinatus.

2) The optimal coverage of submerged macrophytes in 
temperate lakes is approximately 50% (Zhang et al. 
2021). Therefore, keeping the  BMac in macrophytic 
lakes and algal lakes at an appropriate level is also 
important. Another study on temperate lakes showed 
that the feeding strength of macrozoobenthos on epi-
phytic algae on the leaf surface of submerged macro-
phytes is one of the main driving factors for the shift 
between macrophytic lakes and algal lakes (Jones and 
Sayer 2003). Because there is a significant trophic 
cascade effect between aquatic organisms of differ-
ent trophic levels in lake ecosystems, the recovery of 
submerged vegetation in lakes with severe degrada-
tion of submerged macrophytes should be promoted 
by removing fishes that feed on gastropods and releas-
ing small epiphytic gastropods, in addition to reducing 
the nutrient load of the water body and improving the 
water transparency. In contrast, the control of sub-
merged vegetation in lakes with overgrowth of sub-
merged macrophytes can be promoted by appropriately 
increasing the number of fishes that feed on gastro-
pods, in addition to removing submerged macrophytes 
and increasing the number of herbivorous fishes, to 
reduce the number of epiphytic gastropods and control 
the growth of submerged macrophytes.
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