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Cyanobacteria are a widely distributed phytoplankton that can bloom and

produce algal toxins in the eutrophicated water bodies. Large cladocerans

are a group of zooplankton that presents higher grazing efficiency on

algae. Studying the quantitative relationship between cyanobacteria and

cladocera, especially in unmanipulated and unpredictable natural ecosystems

in the wild, provides the key to revealing the mechanism of cyanobacterial

blooms and finding effective control and prevention methods. This paper

proposes a research method to detect the threshold for cladocera to

control cyanobacteria by using the path of “edge scatter-segment regression.”

Based on the field survey data from 242 sample sites in shallow and slow-

flowing rivers in North China, the quantitative relationship between the main

groups of zooplankton and phytoplankton was analyzed, and the standard

deviation and coefficient of variation were used to test the threshold. This

paper finally compares the roles of body size and cladocera abundance

in cyanobacteria control. The results showed that in natural ecosystems,

cladocera were the best group for controlling the abundance of cyanobacteria

among zooplankton. The control effect of cladocera on the abundance of

cyanobacteria is not linear but non-linear, and cladocera can only have

a stable control effect under certain conditions. The total phosphorus

concentrations and water temperatures did not interfere with the analysis

results in this paper. In wild ecosystems, the predation process of cladocera

on cyanobacteria basically follows the “size-efficiency” hypothesis, but when

cladocera successfully control cyanobacterial abundances, it is often due to

“win by quantity” rather than “win by size.” The phenomenon of non-linear

variation in the cladocera density-cyanobacteria density relationship fits well

with the description of the transition from a stable to chaotic state in chaos

theory. This paper reveals the complex quantitative relationships of plankton

food chains in wild aquatic ecosystems. The ecological threshold detection

of the cladocera-cyanobacterial abundances provides a quantitative basis for
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early warning, control and prevention of cyanobacteria blooms. The non-

linear variations in cladocera density-cyanobacteria density revealed in this

paper provide insight and evidence for understanding the complex changes

in aquatic ecosystems.

KEYWORDS

cladocera, cyanobacteria blooms, eutrophication control, ecological threshold, wild
ecosystem, aquatic ecosystems

Introduction

Eutrophication is one of the major water environmental
problems facing the world (Pick, 2016; Hayes and Vanni, 2018).
Severe eutrophication and its accompanying cyanobacteria
blooms can be devastating to healthy aquatic ecosystems
(Postel and Carpenter, 1997; Huisman et al., 2018). The
massive growth of algae and production of algal toxins
also seriously threaten water security for humans (Shen
et al., 2003; Jing et al., 2017; Czyewska et al., 2020). How
to control the abundance of cyanobacteria and inhibit the
growth of cyanobacteria has become an important topic in
water research (Paerl et al., 2011; Huertas and Mallén-Ponce,
2021).

Biomanipulation based on the predation of zooplankton
on phytoplankton is an important approach for eutrophication
governance and cyanobacterial bloom control (Shapiro et al.,
1975; Peretyatko et al., 2012). Biomanipulation theory affirms
the status and role of cladocera in zooplankton and attempts to
restore the abundance of cladocera as a major goal (Bernardi
et al., 1987). In addition, biomanipulation theory suggests that
it follows the “size-efficiency” hypothesis when zooplankton
graze on phytoplankton; that is, the higher the number of
large zooplankton is, the greater the reduction in phytoplankton
abundance (Hall et al., 1976; Gliwicz, 1990). Thus, in specific
cases of biological manipulation, higher proportions of large
cladocera such as Daphnia are commonly pursued.

However, a large number of eutrophication governance
practices show that cyanobacterial abundances are not easily
controlled (Michalak et al., 2013). Moreover, some studies based
on field monitoring data show that cyanobacterial abundances
are difficult to predict (Cha et al., 2017). The stable, two-
dimensional, quantitative relationships of cyanobacteria-total
phosphorus (TP), cyanobacteria-N/P, cyanobacteria-residence
time, and cyanobacteria-temperature obtained in laboratory
experiments often fail in natural ecosystems in the wild. Some
lakes or rivers are at high risk of cyanobacteria blooms even
under conditions (e.g., very low TP concentrations and lower
temperatures) that laboratory studies consider unlikely to occur
(Liang et al., 2020; Zhu et al., 2020). The experiences of
failure that were gained from controlled experiments in practice

prompts us to turn to natural ecosystems to find more real and
general laws. This is important for successful lake management.

Although zooplankton predation is generally understood
to be the main top-down effect on cyanobacteria, few studies
have used zooplankton to predict and warn of changes
in cyanobacterial abundances. In the context that some
environmental factors cannot accurately predict and control
cyanobacterial abundances (Cha et al., 2017), it is important
to find other effective factors. At present, the research
on the quantitative relationships between zooplankton and
cyanobacteria is not deep enough, especially the quantitative
relationship between the two in unmanipulated wild ecosystems.
In addition, the roles of the abundances and body sizes
of cladocera in the process of controlling cyanobacterial
abundances are still unclear. In biomanipulation practice, we
need to understand whether abundance or body size should be
the focus when restoring cladocera communities.

Among the types of aquatic systems that are prone to
cyanobacteria blooms, the shallow and slow-flowing reaches
that are formed by gentle terrain and dams are important
systems that cannot be ignored. The river network in North
China is dense, with many dams but less water flow, which
forms a large number of shallow and slow-flowing waters.
These rivers provide the water source for more than 100
million people. Severe eutrophication and cyanobacteria blooms
have occurred in these rivers in recent years, and these
problems have seriously threatened the water security of North
China (Shan et al., 2012; Zhang et al., 2015). These shallow,
slow-flowing reaches are widely distributed, with different
nutritional statuses and aquatic habitat conditions and are
present in mountain rivers in their natural state, urban rivers
and agricultural irrigation rivers that are disturbed by high-
intensity human activities. Accordingly, we conducted in situ
surveys of the aquatic organisms and environmental conditions
in these shallow and slow-flowing reaches during summer to
understand the quantitative relationships between zooplankton
and phytoplankton in these waters to try to confirm the useful
control effect of cladocera on cyanobacteria in wild ecosystems
and to reveal the roles of cladocera abundances and body
sizes. Based on the observations of field ecosystems, this paper
analyzes the quantitative relationships between cladocera and
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cyanobacteria, provides a scientific basis for the early warning
and prevention of cyanobacterial blooms in rivers, and provides
preliminary insights and evidence for revealing the non-linear
changes of complex systems.

Methods

Sampling method

We surveyed 242 sample sites on rivers in North China from
2018 to 2020. The river network in North China is dense, and
there are many dams on the rivers. This survey is mainly aimed
at the high-risk areas for cyanobacteria blooms in North China.
All sampling sites are located in the shallow and slow-flowing
waters of rivers and reservoirs to ensure that the surveyed waters
have long residence times. These sample sites cover not only the
reaches that cross central cities (e.g., Beijing, Tianjin, and Jinan)
that are strongly disturbed by humans but also the upper reaches
that are rarely affected by human activities. The environments
in which the sample points are located have large gradients.
The sampling time in each reach is in the peak season of
cyanobacteria blooms (e.g., June to September), and the spatial
distribution of the sampling sites is shown in Figure 1.

The water temperatures at 0.2 m below the water surface
were directly measured on site. The water samples were
collected in 500-mL polyethylene plastic bottles and stored in
an incubator filled with ice packs. After the sampling for each
day was completed, the samples were sent back to the laboratory
for analysis and determinations. The total phosphorus (TP)
concentrations in the water samples were determined with the
ammonium molybdate spectrophotometric method.

Water samples with volumes of 1,000 mL were taken from
the middle depths of the reaches and were placed in polyethylene
plastic bottles, shaken well, and 10–15 mL of Lugol’s iodine
was added to fix the organisms. The water samples were left
to settle for more than 48 h, the organisms that settled to
the bottoms of the bottles were collected, and the volumes
was adjusted to 50 mL. For the identification and counting of
phytoplankton cells, 0.1 mL from a constant-volume sample was
injected into a 0.1 mL chamber and counted with an optical
microscope (CX21FS1, Olympus, Hatagaya, Tokyo, Japan) at
400× resolution. The Protozoa and rotifers were identified and
counted at 100–400 × resolution. The Protozoa were counted
using a 0.1-mL chamber, and the rotifers and nauplii were
counted using a 1-mL chamber. Each sample was counted twice,
and the average was taken.

The identification and counting of cladocera and copepods
were performed under a low-resolution microscope. Water
sample with volumes of 10 L were collected and poured into a
No. 25 plankton net for filtration, the concentrates were placed
into 20-mL glass bottles, and 4% formalin was added to fix
the organisms. The collected water samples were precipitated

for 24 h, and the volumes were then adjusted to 30 mL. The
identification and counting of copepods and cladocera were
performed using a 5-mL chamber (Wang, 2011).

Analytical method

Piecewise regression
Piecewise regression is a regression estimation method

that is applicable when two variables obey different linear
relationships within different independent variable ranges
(Toms and Lesperance, 2003; Toms and Villard, 2015). If the two
variables (e.g., independent variable X and dependent variable
Y) obey a simple linear relationship, the model is shown in
Formula (1):

Y = β0+β1X (1)

When X < X1, Y and X obey the simple linear relationship
shown in Equation 1 and when X > X1, Y and X obey another
linear relationship, its intercept and slope are significantly
different from before, but Y is continuous at X1. Therefore,
a dummy variable D is used to conform to the conditions of
Formula (2):

D =

{
0, (X < X1)

1, (X ≥ X1)
(2)

The piecewise regression model between Y and X is shown
in Formula (3):

Y = β0+β1X + β2 (X − X1)D (3)

According to Equation 3, when X is in different ranges, the
expected values of Y are:

when
X < X1,E(Y) = β0 + β1X;

when

X ≥ X1,E(Y) = (β0 − β2X1)+ (β1 + β 2)X.

Segmented regression is a statistical method that is suitable
for detecting breakpoints in “broken stick” models. Breakpoint
detection was performed by using the Segmented package
in R4.0.2. The working principle of Segmented package is
described in the literature (Muggeo, 2008). The Segmented
package can automatically provide the Akaike information
criterion (AIC) values for evaluating the effect of segmented
regression analysis, which is a standard used to measure the
goodness of model fitting (Akaike, 1974). For the case of
the same number of samples, the lower the AIC value is,
the better the model fitting effect. In addition, to compare
the reliability of the breakpoints that are determined by the
segmented regression analysis, this paper uses the standard error
(SE) and SE/Est. (the ratio of the standard error to the abscissa
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FIGURE 1

Spatial distribution of sampling sites.

value of the breakpoint), which are automatically calculated by
the Segmented package in R4.0.2 (R Development Core Team,
Auckland, New Zealand). The lower the SE and SE/Est. values,
the more reliable the breakpoint evaluation. If both the AIC
value and the SE/Est. value are relatively low at the same time,
it can indicate that the reliability of the threshold detection is
relatively high.

Ecological threshold analysis path of “finding
edge scattered points-piecewise regression”

An “L”-shaped scatter is a common type of bivariate scatter
observed in the quantitative relationship analyses of aquatic
ecosystems (Cade and Schroeder, 1999; Wang et al., 2007), as
shown in Figure 2A. The distribution of this type of scatter
has obvious change characteristics, that is, it is similar to the
“broken stick” threshold type, but it cannot be determined by
piecewise regression.

For this type of scatter, the boundary of the scatter is
often determined, and then the abrupt point of the scatter
distribution is estimated according to the breakpoint of the
boundary (Brenden et al., 2008). The mainstream method that
is used to determine the boundaries of scatter points is the
quantile method, that is, using an appropriate cutting quantile to
separate the edge scatter points that can describe the variations
in the scatter distribution so that these scatter points can be fit
for piecewise regression (Brenden et al., 2008; Qiu et al., 2021).
However, for an “L” shaped scatter, as shown in Figure 2A, the
right branch of the scatter plot is close to the horizontal axis,

and the edge scatter cannot be obtained through the quantile
cut as for the left.

In this paper, the maximum value is used as the upper
boundary, that is, the horizontal axis is divided into several
segments at equal intervals, and the scatter point with the largest
ordinate value in each segment is taken as the edge scatter
point (Figure 2B). These edge scatter points effectively reflect
the change characteristics of the scatter point distribution and
can indicate the changes in the maximum value of the ordinate
when the abscissa moves from left to right or from right to left.
The Segmented package is used to perform piecewise regression
fitting on these selected edge scatter points to determine the
threshold position of the “L” shaped scatter points.

Threshold validation
Polynomial regression fitting analysis was used to investigate

the change trends of the averages, standard deviations and
coefficients of variation and to verify the validity of the threshold
detection method. The average and standard deviation describe
the concentrated characteristics of the scatter points. The
smaller the standard deviation is, the more concentrated the
scatter points are. In contrast, the larger the standard deviation
is, the more scattered the scatter points are, which indicate a
greater degree of scatter fluctuation. The coefficient of variation
is the ratio of the standard deviation to the average, which
offsets the influence of different average values and can more
objectively reflect the degree of dispersion of the scatter points.

Frontiers in Ecology and Evolution 04 frontiersin.org

https://doi.org/10.3389/fevo.2022.915787
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-915787 July 9, 2022 Time: 18:14 # 5

Li et al. 10.3389/fevo.2022.915787

FIGURE 2

Segmented analysis results of “L” shaped simulated scattered points after selecting the edge scatter. Panel (A) shows simulation of “L” shaped
scattered points, panel (B) shows the selection of the edge scatter points and the segmented analysis results of edge scatter points.

The larger the coefficient of variation is, the greater the degree
of fluctuation of the scatter points.

For the convenience of observation, we examined whether
the amplitudes of the fluctuations in the cyanobacteria densities
changed when the cladocera densities were close to the threshold
and less than the threshold as the cladocera density changed
from the maximum value to minimum value. The calculation
process for the average, standard deviation, and coefficient of
variation are as follows: starting from the first sample on the far
right, calculate the average, standard deviation, and coefficient
of variation for all samples on the right side of the abscissa as
each integer bit, and record them at the corresponding abscissa
as the integer bit. If there are no samples from n to n+k on the
abscissa, no calculation is performed between them.

Quantitative relationship analysis of
zooplankton and phytoplankton

Before performing the threshold analysis, a preliminary
observation was made of the distribution characteristics of each
group of scatterplots. If the scatter distribution has a typical
“L” shape, the analysis path of “finding edge scattered points-
piecewise regression” can be used for threshold detection. If
the scatter distribution do not have the characteristics of an
“L” shape, threshold detections were not performed for these
groups. To confirm whether cladocera is the key group for
cyanobacterial control in zooplankton, the analysis was carried
out using the screening idea of “whole to part.”

The effect of cladocera size on cyanobacteria
control

All sites are grouped according to the cladocera density
and cyanobacterial density. The averages of the density and
dominance among groups were compared by using one-way
ANOVA followed by an LSD post hoc test. The assumptions of
ANOVA were met because the homogeneity and normality were
confirmed by Levene’s test and by the Kolmogorov–Smirnov test

or Shapiro–Wilk test, respectively. The statistical analyses were
performed using the Statistical Product and Service Solution
(SPSS) 20 statistical package (International Business Machines
Corporation, New York City, NY, United States).

Results

Quantitative relationship between
zooplankton and phytoplankton

According to the observations of the scattered points, (a),
(b), (c), (d), (e), (f), and (g) in Figure 3 conform to this
feature; therefore, threshold detection is performed on these
seven groups of scatter points. However, the scatter plots in
(h) and (i) do not have the characteristics of an “L” shape, so
threshold detections were not performed for these two groups.

Figures 3A–C demonstrate the relationships between the
densities of three dominant groups of phytoplankton (e.g.,
chlorophyta, diatoms, and cyanobacteria) and the overall
density of zooplankton. From the AIC values, the piecewise
regression fitting effect for (a) and (b) is slightly better than that
for (c) and from the SE/Est. values, the breakpoint estimation
effects of (b) and (c) are better. Judging from the fit between
the fitting results of piecewise regressions and the scatter
distribution characteristics, (b) and (c) have a high degree of fit,
while (a) has a low degree of fit. In addition, the densities of the
three phytoplankton groups indicate that cyanobacteria have the
highest density and predominate among the phytoplankton. The
relationship between zooplankton density and diatom density
seems to have a relatively clear non-linear relationship, but
the advantage that is occupied by diatoms in phytoplankton is
limited, so cyanobacteria are mainly considered next.

Figures 3D–G show the quantitative relationships between
the cyanobacteria densities and the four groups of zooplankton
(e.g., protozoa, rotifer, copepoda, and cladocera). From the
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FIGURE 3

Quantitative relationships between the densities of the groups of zooplankton and phytoplankton. In panels (A–G), the horizontal axis intervals
used in the selection of the edge scatter points are 5 ind/L, 5 ind/L, 5 ind/L, 1 ind/L, 2 ind/L, 2 ind/L, and 1 ind/L, respectively. In panel (D), a
singular point with extremely high protozoan density is excluded. This sample point is located in Xinglin Reservoir, Jinan. At this site, the density
of protozoa reached 888 ind/L, and the density of cyanobacteria was 723.8·104 cell/L. Panels (H–I) cannot select edge scatter points.

AIC values, the piecewise regression fitting effects of (d) and
(g) are the best, while (d) and (g) have the relative lower
SE/Est. values, which indicate that the breakpoint estimation
effects are also the best. Judging from the fit between the
fitting results of piecewise regression and the scatter distribution
characteristics, the fits in (d), (e), (f), and (g) are all good,
which indicate that the cyanobacteria densities have a clear non-
linear relationship with the densities of the four zooplankton
groups. Among them, (d) and (g) have the best fits. It can
be seen from (d) that when the protozoan density is low,
the values of the cyanobacteria density fluctuate greatly, and
the scatter points with high cyanobacterial densities are all
distributed in this range. The highest possible cyanobacterial
density decreases rapidly as the protozoan density increases.
However, as the density of protozoa continued to increase,
the density of cyanobacteria began to increase significantly.
From (e) and (f), it can be seen that the scatter points with
higher cyanobacterial densities are located in the lower densities

of rotifers and copepods. When the densities of rotifers and
copepods were high, the maximum cyanobacterial densities
decreased steadily but still maintained high levels. According
to (g), the amplitudes of the cyanobacteria density fluctuations
change when the cladocera density is approximately 7.5 ind/L.
When the cladocera densities were lower than 7.5 ind/L, the
amplitudes of the fluctuations in the cyanobacteria densities
were very large, and the maximum value that the cyanobacteria
density could reach dropped sharply from a very high level to a
low level. When the cladocera density was greater than 7.5 ind/L,
the cyanobacteria density decreased slowly with increasing
cladocera density, and the amplitudes of the fluctuations in
the cyanobacterial densities were small. The above results show
that cladocera may be the most effective zooplankton group for
controlling the abundance of cyanobacteria.

Figures 3H,I show the relationships between the cladocera
density and the densities of diatoms and chlorophyta. According
to (h) and (i), the scatter plots of diatom density-cladocera
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density and chlorophyta density-cladocera density did not
have obvious “L”-shaped characteristics, so threshold detection
was not performed.

Threshold test and reanalysis

The gray vertical solid line is the threshold position for
cladocera controlling cyanobacteria detected in Figure 3G.

According to Figure 4, all three parameters have a common
feature, namely, they all tend to increase as the cladocera density
increases from large to small. When the cladocera densities
reached different levels of low values, they all increased rapidly
as the cladocera densities continued to decrease. Among them,
the average growth rate began to increase significantly when the
cladocera density was less than 50 ind/L. The standard deviation
began to increase significantly when the cladocera density was
less than 25 ind/L, and the standard deviation remained at a low
level when the cladocera density was greater than 25 ind/L.

Figure 4D shows that there are many locations where the
coefficient of variation changes with changes in the cladocera
density, but the location of the rapidly increasing change point
when its value remains high is consistent with the location of the
threshold detection shown in Figure 3G.

The effect of cladocera body size

Figure 5 shows the body lengths of 37 cladocera that
appeared in all samples. According to the body length order
of all species, cladocera are classified as medium-large sized
and micro-small sized (Figure 5). According to the threshold
detection results shown in Figure 3G, all of the samples
were divided into three groups (Figure 6). The average
densities (Figure 6A) and average dominance (Figure 6B)
of the medium-large and micro-small cladocera in each
group were compared.

According to the comparison of the average cladocera
densities (Figure 6A), the results of the comparisons among
groups showed that the average density of the GC group (30.3
ind/L, 18.3 ind/L) was highest for both medium-large and
micro-small cladocera and was significantly (P < 0.01) greater
than that of the GB group (1.24 ind/L, 1.46 ind/L) and GA
group (1.16 ind/L, 1.04 ind/L). The difference between the GA
and GB group was not significant (P > 0.05). The results of the
comparisons of the inner groups showed that in the GA and
GC groups, the average density of medium-large cladocera was
greater than that of micro-small cladocera, but the difference
was not significant (P > 0.05).

According to the comparison of the average dominance of
cladocera (Figure 6B), the results of the comparisons among
groups showed that for the medium-large cladocera, the average
dominance in the GC group was largest (63.5%), which was

significantly (P < 0.05) greater than that of the GB group
(46.4%) and greater (51.5%) than that of the GA group but
was not significant (P > 0.05). For micro-small cladocera, the
average dominance of the GB group was largest (53.6%), which
was significantly (P < 0.05) greater than that of the GC group
(36.5%) and slightly greater than that of the GA (48.5%) group,
but this difference was not significant (P < 0.05). The results
of the comparisons of the inner groups showed that there were
no significant differences (P > 0.05) in the average dominance
of the medium-large and micro-small groups regardless of
whether it was the GA or GB group. The average dominance of
the medium-large cladocera in the GC group was significantly
(P < 0.01) greater than that of micro-small cladocera.

Interference effects of total
phosphorus and water temperature

In the threshold analysis, it is not enough to only consider
differences in abundance and dominance of cladocera. It needs
to be considered whether the lower cyanobacteria density in
GC group is due to lower temperature or TP concentration,
and whether the higher cyanobacteria density in GA group is
due to higher temperature or TP concentration. The differences
in water temperature and TP concentration among the three
groups were examined below (Figure 7).

According to the comparison of average TP concentrations
(Figure 7), the average TP concentration of GC group was the
largest (454 µg/L), and was significantly (P < 0.01) greater
than that of GA group (72 µg/L) and GB group (186 µg/L).
The average TP concentration in GA was less than that in GB
group but not significant (P > 0.05). This suggests that the
lower cyanobacteria density in the GC group was not caused by
the lower TP concentration, instead, the TP concentration was
greater in the GC group.

According to the comparison of average water temperature
(Figure 7), the average water temperature of GB group was
the lowest (23.4◦C), and was significantly (P < 0.05) lower
than that of GA group (26.5◦C) and GC group (26.0◦C). The
average water temperature of the GA group was very close to
that of the GC group (P > 0.05). This suggests that in the
GC group, the lower cyanobacteria density was not due to
temperature differences.

Discussion

Effectiveness of the methods

Detecting the abrupt changes in the quantitative
relationships between pressure-response variables in the
scatters of “L”-shaped distributions has always been a difficult
problem in aquatic ecosystems. In this paper, we propose a
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FIGURE 4

Panel (A) shows the scatter points of the Cladocera Density-Cyanobacteria Density. The trends of the dispersion degrees of the scatter points
with changes in cladocera density. Panels (B–D) all adopt the polynomial fitting method, while panel (B) uses a 5th degree polynomial, panel (C)
uses a 4th degree polynomial, and panel (D) uses a 6th degree polynomial. There is only one sample on the right side of the abscissa to 206
ind/L, and calculations of the average, standard deviation, and coefficient of variation are not performed.

threshold detection path of “finding edge scattered points-
piecewise regression” to explore the non-linear relationship
between zooplankton density and phytoplankton density.
We confirm the accuracy of our adopted threshold detection
method by observing the changes in the coefficient of variation.
The results show that the position of the breakpoint that is
obtained by the threshold detection analysis is consistent
with the position of the change in the coefficient of variation,
which demonstrates that the detection path of “finding edge
scattered points-piecewise regression” is reliable in this study.
In fact, in addition to the scatter of zooplankton-phytoplankton
densities, scatter plots showing this “L”-shaped distribution are
common in aquatic ecosystems (Cade and Schroeder, 1999;
Wang et al., 2007). This type of scatter plot clearly shows
a non-linear relationship between two variables. When the
number of samples is sufficient, the analysis path proposed in
this paper is an important threshold detection method that is
worth considering.

This paper mainly studies the control effect of zooplankton
on the phytoplankton abundance (especially cyanobacteria),
and other important factors that affect cyanobacterial
abundances need to be excluded during the analysis. Water
temperatures, TP concentrations, and residence times are

considered to be the main environmental factors that affect
cyanobacterial abundances (Cha et al., 2017). In this paper,
the sampling is limited to slow-flowing waters, so the effect of
residence time on cyanobacteria abundance is not considered.
We analyzed the interference effects of water temperatures and
TP concentrations on the cyanobacterial control of cladocera.
The results (Figure 7) showed that the average TP concentration
in the GC group, with a lower cyanobacterial abundance, was
significantly higher than that in the GA group with a high
cyanobacterial abundance, while the average water temperature
of the GC group was not significantly different from that of
the GA group. This indicated that the lower cyanobacteria
density in the GC group was not caused by water temperature
or TP, which ruled out the interference of temperature or
TP in this study. Some literatures indicate that bioavailability
of nitrogen and phosphorus have different effects on the
density of phytoplankton (Tarapchak and Moll, 1990). For
example, the density of phytoplankton was highly related to the
concentrations of nutrients of reactive nitrogen and phosphorus
(Crossetti et al., 2013). The concentrations of various forms of
nitrogen and phosphorus were not tested for this survey. The
effect of reactive nitrogen and phosphorus on phytoplankton
deserves consideration in subsequent studies.
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FIGURE 5

Length ranges and classification of various cladocera. The statistics for the body length range included both female and male individuals. The
data for the cladocera body lengths come from the China Animal Scientific Database (http://www.zoology.csdb.cn/), which was jointly
constructed by the Institute of Zoology, Chinese Academy of Sciences, Kunming Institute of Zoology, Chinese Academy of Sciences, Chengdu
Institute of Biology, Chinese Academy of Sciences, Shanghai Entomological Museum, Chinese Academy of Sciences, and Institute of
Hydrobiology, Chinese Academy of Sciences.

The quantitative relationship between cyanobacterial
abundance and cladocera density may not only be the result
of predation by cladocera, but the adaptation of cladocera
to cyanobacteria may also have an important impact on this
relationship. Some studies suggest that high abundance of
cyanobacteria and cyanobacterial toxins will threaten the
survival of cladocera (Jiang et al., 2013; Amorim and Moura,
2021), and the density of cladocera may be reduced. At the same
time, under the pressure of the harsh external environment, the
reproduction and growth strategies of cladocera have changed
significantly, and the cladocera will tend to be dominated by
small individuals (Li et al., 2017). These could be another
explanation for the inverse correlation of cyanobacterial
abundance in cladocera densities, as well as differences in
cladocera size among groups (i.e., GA, GB, GC groups).

Groups with the best cyanobacteria
control ability in zooplankton

Zooplankton is recognized as a key biological group for
algae control (Bernardi et al., 1987; Amorim and Moura,
2020), and it is very important for the ecological restoration

of eutrophic lakes to identify the most effective groups for
cyanobacteria control in zooplankton. In addition, since most
of the previous studies focused on the abundance or biomass
of zooplankton or phytoplankton as a whole, such binary
quantitative relationship analysis is often difficult to identify
non-linear characteristics in complex systems. Based on the
threshold detection and the screening of groups, the analysis
results in this paper support that in wild ecosystems, cladocera
may be the group with the strongest ability to control the
abundance of cyanobacteria in zooplankton.

Although the reliability of threshold detection in protozoa-
cyanobacteria is good, the cyanobacteria density eventually
increases with the increase of protozoa density, which indicated
that the potential control effect of protozoa on cyanobacteria
was unstable. Both rotifer and copepod seem to have some
control effect on cyanobacteria density, but the larger AIC
and SE/Est. values suggest that the potential control effect is
not very significant. Cladocera seem to have the best control
ability on cyanobacteria abundance. When the cladocera density
was greater than 7.5 ind/L, the cyanobacteria density was
maintained at a very low level, and the maximum cyanobacteria
density decreased slowly with the increase of cladocera density.
When the cladocera density changes from large to small, and
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FIGURE 6

Comparisons of the average density (A) and average dominance (B) of the two sizes of cladocera in the three groups. Before grouping, the
samples with zero cladocera density in the original samples were eliminated. All samples are divided into three groups based on the threshold
value. GA: cladocera density < 7.5 ind/L (cladocera density corresponding to the breakpoint position of piecewise regression), and
cyanobacteria density > 843.54 104 cell/L (cyanobacteria density corresponding to the breakpoint position of piecewise regression). GB:
cladocera density < 7.5 ind/L and cyanobacteria density < 843.54 104 cell/L. GC: cladocera density > 7.5 ind/L. The capital letters A and B in the
circles represent the results of the LSD post hoc test for the comparison among the groups of medium-large cladocera, and the lowercase
letters a and b in the circles represent the LSD post hoc test results for the comparison among the groups of micro-small cladocera. The
overlapping of two circles indicates that a comparison of the inner groups was carried out, ** indicates that the result of the comparison of the
inner groups is extremely significant (P < 0.01), and those without ** indicate that the differences in the inner groups are not significant
(P > 0.05). The opaque circles represent the average values, and the transparent rings represent the standard deviations. The areas of the circles
and rings represent the averages and standard deviations, respectively.

FIGURE 7

Average comparison of TP and water temperature among the three groups. No intragroup comparisons were made in this comparison.

the density is close to or less than 7.5 ind/L, the fluctuation
amplitude of the cyanobacteria density begins to increase
rapidly. This shows that the control effect of cladocera on
cyanobacteria is non-linear as the cladocera abundance changes.

In fact, similar non-linear changes may exist in many forms
in aquatic ecosystems. Through the quantitative study of these
non-linear changes, it may be easier to reveal the mechanism of
complex change in the whole system.
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The role of body size and abundance in
the cyanobacterial control of
cladocera

Through the comparative analysis of grouped samples based
on thresholds, the results of this study show that in wild
ecosystems, the cladocera-cyanobacteria predation relationship
generally follows the “size-efficiency” hypothesis. However, the
role of cladocera body size in cyanobacteria control is not
very prominent. In the GC group (the samples in which
the cyanobacteria abundances were effectively controlled), the
average dominance of medium-large cladocera was significantly
greater than that of micro-small cladocera (P < 0.01). The
average dominance of medium-large cladocera in the GC group
was greater than that in the GA group (the samples in which
cyanobacteria abundance was uncontrolled), but the difference
was not significant (P> 0.05). In addition, the average density of
medium-large cladocera in the GC group was higher than that
of micro-small cladocera, and the difference was not significant
(P > 0.05). This result indicates that when cladocera control the
abundance of cyanobacteria, the role of medium-large cladocera
is indeed greater than that of micro-small cladocera, but this
gap is not overwhelming, and micro-small cladocera also play
an important role. This result suggests that the benefits of
ecological governance strategies by pursuing the proportion of
large cladocera among cladocera may be limited.

The overall abundances of cladocera in wild ecosystems
may have a greater impact than individual body sizes on the
control efficiency of cyanobacteria abundances. In fact, the
average densities of both medium-large cladocera and micro-
small cladocera were much larger in the GC group than in
the GA group (Figure 6A). This indicates that the higher
density of cladocera may be the overwhelming reason for the
effective control of cyanobacteria abundances in the GC group.
This means that in wild ecosystems, cladocera can effectively
control cyanobacteria abundances and depend on sufficient
densities, regardless of the proportions of large cladocera. That
is, the strategy that cladocera may adopt when controlling
cyanobacteria is “win by quantity” rather than “win by size.”

Significance of the non-linear
quantitative relationship between
cladocera and cyanobacteria

The above analysis suggests that increasing the abundances
of cladocera should be considered a priority when restoring
zooplankton communities to reduce the risk of cyanobacteria
blooms in temperate freshwater ecosystems. Increasing the
density of cladocera above 7.5 ind/L can be an important goal
of water environment management. In slow-flowing waters, the
greater the abundance of cyanobacteria is, the higher the risk

of cyanobacteria blooms. According to the results of analyzing
242 sampling points in North China (Figure 3G), when the
cladocera density is greater than 7.5 ind/L, cladocera can
effectively control the cyanobacteria abundance to a low level,
which significantly reduces the risk of cyanobacteria blooms.
When the cladocera densities fell below this threshold, the
likelihood of cyanobacteria blooms rose rapidly. Therefore,
cladocera densities that are close to or below the threshold can be
used as an important signal for early warnings of cyanobacterial
blooms. It should be noted that lower cladocera densities do
not necessarily mean that cyanobacteria will grow rapidly or
that blooms will occur. Even with very low cladocera densities,
the cyanobacteria densities may be very low (Figure 3G). This
means that although the cladocera densities may be able to
predict the changing trends of the fluctuations in cyanobacteria
abundance, they cannot predict the specific cyanobacteria
abundance values in wild ecosystems. In addition, the predation
of cladocera on cyanobacteria and the species/morphotypes
response strategies of cladocera to cyanobacterial differ in
different climate regions (Jeppesen et al., 2020; Amorim et al.,
2020). Therefore, studies on the quantitative relationship
between cladocera and cyanobacteria in different climatic
regions may yield significantly different conclusions.

The unique non-linear relationship between the cladocera
density and cyanobacteria density can be well explained by
chaos theory. Chaos theory holds that when the external
pressure crosses a certain threshold, the system state bifurcates,
and the system enters a chaotic state from a stable state
(May, 1976; Scheffer, 2009). After entering a chaotic state,
even small differences in the initial conditions will eventually
cause very large differences in the system state over time. For
the case analyzed in this paper, the sites had similar water
temperatures in both the GA and GC groups and even higher
nutrient levels in the GC group, and in fact, these sites had
the potential for cyanobacterial blooms. However, in the GC
group, due to the high cladocera densities, these cladocera
maintained a strong predation ability on cyanobacteria, the
potential for cyanobacteria to grow rapidly was suppressed,
and the amplitudes of the fluctuations in cyanobacteria
densities remained within a very small range. When the
cladocera density was below the threshold value, the predation
effect of cladocera on cyanobacteria was not sufficient to
offset the effects of other environmental conditions on the
cyanobacteria density. As the cladocera density decreased, the
effects of the differences in initial environmental conditions
(such as TP, and water temperature) on the cyanobacteria
density increased almost exponentially. The amplitudes of the
fluctuations in cyanobacteria density increase sharply, which is
a phenomenon that indicates that the cladocera density cannot
be used to constrain and predict cyanobacteria abundances.
The cyanobacteria control threshold of cladocera may be the
critical point at which the cladocera-cyanobacteria predation
relationship changes from a stable state to a chaotic state.
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According to the above description, we cannot predict the
specific values of cyanobacteria densities based on cladocera
when the cladocera densities are very low. However, even in the
“chaotic” state, we can still see that the maximum cyanobacterial
density can reach a clear boundary, that is, the amplitudes of
the fluctuations in the cyanobacteria densities can be predicted.
This means that although precise predation dynamics cannot
be predicted, the ranges of these predation behaviors can be
described and can be predicted to remain constant as long
as external conditions do not change (Scheffer, 2009). In fact,
there are many non-linear relationships that are similar to
the cladocera-cyanobacteria relationship, and more non-linear
studies should be conducted in the future to reveal the complex
mechanisms in natural aquatic ecosystems and improve the
human ability to understand and respond to complex changes.

Ecological thresholds need to be verified by a large number
of data and cases in order to achieve successful management
applications. Although this paper investigates a large number of
sample sites, this conclusion is limited to specific regions and
climatic conditions. In the future, the quantitative non-linear
relationship between cladocera and cyanobacteria should be
verified under more climate types to obtain more general rules.

Conclusion

The purpose of this paper is to obtain a quantitative
relationship between cladocera and cyanobacteria in wild
ecosystems. According to the verification results of the
coefficient of variation, the threshold detection path of “finding
edge scattered points-piecewise regression” proposed by us is
an effective method for detecting the tipping points in “L”-
shaped scatters. The results of the screening analysis of groups
showed that cladocera comprised the group with the best ability
to control cyanobacterial abundances among zooplankton.
The threshold detection results showed that the changes in
cyanobacterial density with changes in cladocera density had
obvious non-linear characteristics. There is a specific cladocera
density (7.5 ind/L); when the cladocera density is less than this
critical point, the amplitudes of the fluctuation in cyanobacteria
densities will increase sharply. The analysis of TP and water
temperature showed that these two important environmental
conditions did not have significant disturbing effects in the
analysis in this paper. The results of the analysis of the
effect of body size shows that the body sizes of cladocera do
play a role in controlling the cyanobacteria density, but the
most critical factor for the success of cyanobacterial control
is the greater density, rather than the dominance of large
cladocera. Our study provides some evidence for understanding
the complex changes in aquatic ecosystems, especially the
occurrences and control mechanisms of cyanobacterial blooms.
The threshold for cladocera being able to control cyanobacteria
proposed by us may have important application value in

water environment management. This threshold also provides
a quantitative standard for early warnings of cyanobacteria
blooms in temperate, shallow, and slow-flowing rivers.
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