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The effectiveness of controlling nitrogen (N) to manage eutrophication of aquatic ecosystems
remains debated. To understand the mechanisms behind phytoplankton growth in shallow
lakes (resource and grazing effects) under contrasting N loading scenarios, we conducted a 70-
daysmesocosmexperiment in summer. Themesocosmscontain natural plankton communities
deriving froma10-cm layer of lake sediment and450 Lof lakewater.We also added two juvenile
crucian carp (Carassius carassius) in each mesocosm to simulate presence of the prevailing
omni-benthivorous fish in subtropical lakes. Our results showed that N addition increased not
only water N levels but also total phosphorus (TP) concentrations, which together elevated the
phytoplankton biomass and caused strong dominance of cyanobacteria. Addition of N
significantly lowered the herbivorous zooplankton to phytoplankton biomass ratio and
promoted the phytoplankton yield per nutrient (Chl-a: TP or Chl-a: TN ratio), indicating that
summer N addition likely also favored phytoplankton growth through reduced grazing by
zooplankton. Accordingly, our study indicates that summer N loadingmay boost eutrophication
via both changes in resource and grazing control in shallow lakes. Thus, alleviation of
eutrophication in shallow eutrophic lakes requires a strategic approach to control both
nutrients (N and P) appropriately.
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INTRODUCTION

Nitrogen (N) and phosphorus (P) are key limiting factors determining autotroph growth in both terrestrial
and aquatic ecosystems (Elser et al., 2007; Conley et al., 2009). The N:P ratio of reactive N and P
anthropogenic inputs to the biosphere has dramatically increased during the past half century, inducing
significant alterations in the organisms and ecosystems of Earth (Peñulas et al., 2012; Peñulas et al., 2013;
Tong et al., 2020).

In shallow eutrophic lakes, in-lake TN:TP ratios are often low in summer due to the high
denitrification and strong P release at high temperatures (Xu et al., 2010; Xu et al., 2021; Søndergaard
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et al., 2013; Søndergaard et al., 2017; Shatwell and Köhler, 2019).
From a resource availability perspective, excess N loading could
directly increase the summer phytoplankton biomass via
alleviation of temporal N deficiency, and this has been
confirmed by numerous bioassays and mesocosm experiments
(Xu et al., 2010; He et al., 2015; Kolzau et al., 2018). Nitrogen
loading may also influence the internal P loading via feedback
mechanisms between phytoplankton blooms and sediment P
release (Xie et al., 2003; Gao et al., 2014; Chen et al., 2018).
That is, a higher phytoplankton biomass due to summer N
enrichment augments the P release from P-rich sediments via
various mechanisms including increasing diffusion, bacteria
activity, pH, and likely also degradation of settled algae (Xie
et al., 2003; Gao et al., 2014; Chen et al., 2018; Ma et al., 2018; Ma
et al., 2021). This released P, in turn, hinders a change of the
system towards P limitation at persistent external N loading and,
therefore, it creates a positive feedback loop benefitting
phytoplankton growth (Figure 1). Nonetheless, high doses of
nitrate, may also prevent P release by improving oxidation of the
sediment in shallow lakes (Andersen, 1982; Boström and
Pettersson, 1982). For instance, a long-term investigation of 22
Danish shallow lakes revealed absence of P release if in-lake
nitrate concentrations exceeded about 0.5 mg L−1 (Andersen,
1982). However, this pattern was not supported in studies of

four Danish shallow eutrophic lakes where summer nitrate
additions increased the P release from the sediment (Jensen
and Andersen, 1992). Thus, the dual effect of oxidized
nitrogen on sediment P release makes prediction of the effects
of summer N loading in shallow lakes uncertain.

Excess N loading may also favor phytoplankton growth via
reducing the fitness and biomass of herbivorous zooplankton
(Trommer et al., 2017; Lorenz et al., 2019). For instance,
mesocosm experiments found that N addition caused
stoichiometric shifts in the biomass of primary producers
towards higher N:P and C:P ratios, which lowered cladoceran
and total zooplankton biomasses but favored the dominance of
rotifers (Lorenz et al., 2019). In shallow lakes, although P has
traditionally been considered the primary nutrient causing harmful
cyanobacterial blooms, recent findings from laboratory studies and
lakes throughout the world demonstrate that N can be important in
controlling the timing, density, and toxicity of some non-
diazotrophic cyanobacterial blooms (reviewed by Gobler et al.,
2016). Beaulieu et al. (2013) assessed cyanobacteria blooms in 1,147
lakes and reservoirs with differing trophic status across theU.S. and
found that the best predictors of these events were TN and water
temperature. Multi-year observations from western Lake Erie in
United States demonstrate that microcystin concentrations peak in
parallel with inorganicN concentrations and are significantly lower

FIGURE 1 | Conceptual model of two feedback loops showing how nitrogen (N) loading boosts summer eutrophication in shallow lakes. Firstly, the addition of N
mitigates N deficiency in summer, which increases algal biomass and subsequently causes higher P release from sediments via a series of mechanisms such as
increased diffusion and pH. In turn, the new P, together with external N loading, snowballs the phytoplankton biomass and thereby creates a positive feedback.
Secondly, N addition may also increase the dominance of toxic, filamentous, or colonial cyanobacteria in eutrophic lakes, which expectedly reduces the efficiency of
zooplankton herbivory due to poor manageability and nutrition value and high toxicity. Also, the decline in grazing control favors phytoplankton growth.

Frontiers in Environmental Science | www.frontiersin.org December 2021 | Volume 9 | Article 7723142

He et al. Nitrogen Loading Boosts Cyanobacterial Blooms

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


during years of reduced inorganic nitrogen loading and
concentrations (Gobler et al., 2016). Thus, in cyanobacteria-
dominated shallow lakes, it can be inferred that summer N
loading might create high cyanobacterial biomass and
cyanotoxin concentrations. As numerous studies have recorded
that bloom-forming cyanobacteria generally are a poor food
resource for both cladocerans and copepods due to their low
nutritional value, e.g., insufficient amounts of essential lipids
like PUFAs and sterols (Caramujo et al., 2008; Martin-
Creuzburg et al., 2008), poor manageability (long filaments or
aggregate colonies), and toxicity (DeMott and Moxter, 1991; Kirk
and Gilbert, 1992), the feedback between high cyanobacteria
blooms and low zooplankton grazing driven by summer N
loadings may produce another “vicious cycle” that expectedly
boosts eutrophication (Figure 1).

To obtain a better mechanistic understanding of the effects of
summer N loading on the resource and grazing control of

phytoplankton growth in shallow eutrophic lakes, we
conducted a 70-days mesocosm experiment involving
contrasting N loadings at the shore of Lake Taihu (China),
one of China’s best studied lakes and known for its serious non-
diazotrophic cyanobacterial (mainly Microcystis spp.) blooms
(Guo et al., 2007; Qin et al., 2019). Previous bioassay
experiments and field monitoring studies have revealed that
the phytoplankton in Lake Taihu is generally N limited or N, P
co-limited during summer and fall (Xu et al., 2010; Xu et al.,
2021; Paerl et al., 2011). Thus, our hypothesis was that with
increasing N loading in summer, the phytoplankton biomass
would increase due to the alleviation of N deficiency and higher
sediment P release. We also expected that N addition would
increase the biomass and dominance of grazing-resistant
cyanobacteria and thereby reduce zooplankton herbivory,
which, in turn, would favor phytoplankton growth via release
of grazing control.

TABLE 1 | Best results of the generalized linear mixed model using the function glmmTMB from the R package glmmTMB v1.0.2.1 (Brooks et al., 2017).

Coefficient Estimate SE z-value P

TN (mg L−1) Intercept −0.255 0.135 −1.891 0.059
N addition 0.955 0.106 8.988 <0.001

TP (mg L−1) Intercept −2.957 0.191 −15.484 <0.001
N addition 0.994 0.126 7.919 <0.001

DTN (mg L−1) Intercept −0.867 0.102 −8.474 <0.001
N addition 0.566 0.114 4.974 <0.001

DTP (mg L−1) Intercept −3.920 0.105 −37.470 <0.001
N addition 0.213 0.113 1.890 0.059

pH Intercept 2.161 0.007 296.260 <0.001
N addition 0.049 0.006 8.050 <0.001

DTP: TP Intercept −1.075 0.188 −5.698 <0.001
N addition −0.643 0.279 −2.303 0.021

TN: TP Intercept 2.665 0.051 51.980 <0.001
PN: PP Intercept −0.058 1.129 −0.052 0.959
DO (mg L−1) Intercept 1.701 0.057 29.907 <0.001

N addition 0.183 0.063 2.914 0.004
TSS (mg L−1) Intercept 3.053 0.194 15.774 <0.001

N addition 0.552 0.116 4.744 <0.001
ISS (mg L−1) Intercept 2.687 0.266 10.102 <0.001

N addition 0.358 0.142 2.519 0.012
OSS (mg L−1) Intercept 1.817 0.169 10.70 <0.001

N addition 0.937 0.175 5.36 <0.001
Chl-a (μg L−1) Intercept 2.407 0.599 4.015 <0.001

N addition 2.146 0.540 3.976 <0.001
Cladoceran biomass (μg DW L−1) Intercept −0.639 1.534 −0.416 0.677
Copepod biomass (μg DW L−1) Intercept 5.725 0.113 50.660 <0.001
Rotifer biomass (μg DW L−1) Intercept 0.808 0.677 1.193 0.233

N addition 1.162 0.453 2.565 0.01
Zooplankton biomass (μg DW L−1) Intercept 5.759 0.109 52.81 <0.001
Herbivorous zooplankton biomass (μg DW L−1) Intercept 4.371 0.395 11.06 <0.001
Zooplankton body mass (μg DW ind−1) Intercept 0.452 0.092 −4.937 <0.001
Cladocerans: Copepods Intercept −5.709 1.408 −4.055 <0.001
Zooplankton: Chl-a Intercept 2.263 0.944 2.397 0.017

N addition 2.428 0.876 2.771 0.006
Herbivorous zooplankton: Chl-a Intercept 1.338 0.587 2.279 0.023

N addition −2.010 1.023 −1.964 0.045
Chl-a: TP Intercept −1.465 0.208 −7.046 <0.001

N addition 1.053 0.148 7.085 <0.001
Chl-a: TN Intercept −3.955 0.215 −18.388 <0.001

N addition 0.899 0.173 5.192 <0.001

Note: All data were modelled as Gaussian distribution. Significant terms in bold.
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2 METHODS AND MATERIALS

2.1 Experimental Design
The 70-days outdoor mesocosm experiment was conducted from
June 8 to August 17, 2020, at Taihu Lake Laboratory Ecosystem
Research Station (TLLER), located in Meiliang Bay on the
northern edge of Lake Taihu, China. On May 30, six
cylindrical, high-density polyethylene tanks (95 cm height ×
87 cm upper diameter × 77 cm bottom diameter) were filled
with a 10 cm layer of lake sediment and 450 L of water
collected from Meiliang Bay. The sediments had previously
been sieved (mesh size: 1.7 mm) to remove large invertebrates
and mixed to ensure uniformity. The prepared sediment
contained natural quantities of organism resting stages, which
allowed zooplankton to hatch and supported community
development during the experimental period. The water was
also screened using a 64-μm mesh filter to remove
macroinvertebrates and inorganic particles before use. To
simulate the prevailing omni-benthivorous fish in subtropical
lakes, two juvenile crucian carp (Carassius carassius) were added

to each mesocosm. Each carp had an average wet weight of 1.95 ±
0.07 g and an average body length of 5.17 ± 0.13 cm. In each
mesocosm, the fish approximated a natural density of 66 kg ha−1,
which is often recorded in Chinese subtropical or tropical lakes,
for example Lake Taihu (Mao et al., 2020).

When the experiment began, nitrate (KNO3) was supplied
weekly to three mesocosms throughout the experiment. The
daily N loading was equal to 130 μg N L−1 day−1, which was
within the range of external loading in Lake Taihu (Paerl
et al., 2011). The total amount of N added in each of the N
treatments was equal to 4.095 g during the experiment. The
remaining three mesocosms functioned as controls.

2.2 Sampling and Analytical Methods
2.2.1 Water Physico-Chemical Properties and
Chlorophyll a
Samples were collected biweekly (every 14th day) during the
experiment. Prior to sampling, pH and dissolved oxygen (DO)
concentrations were measured in situ by a portable instrument
(YSI 9500, YSI Inco, Yellow Springs, United States). Thereafter, a

FIGURE 2 | Time series of total nitrogen (TN), total phosphorus (TP), dissolved total nitrogen (DTN), dissolved total phosphorus (DTP), TN: TP, PN: PP, DTP: TP,
pH, dissolved oxygen (DO), total suspended solids (TSS), organic suspended solids (OSS), and inorganic suspended solids (ISS) in the two nitrogen treatments. Values
are mean ± SE (n � 3).
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tube sampler (8 cm diameter, 64 cm length) was used to collect 2-L
depth-integrated water samples from each mesocosm. These water
samples were subsequently taken to the laboratory for analyses of
nutrient and chlorophyll a (Chl-a) concentrations.

Total suspended solids (TSS) was determined from 100 to
200 ml water samples filtered through pre-combusted (450°C for
2 h) and pre-weighed GF/C filters, which were then dried to a
constant weight at 60°C for 48 h. After determining TSS, the filters
were combusted in a muffle furnace at 550°C for 2 h, cooled in a
desiccator, and finally weighed to determine the level of inorganic
suspended solid (ISS). The organic fraction (OSS) was calculated
by subtracting ISS from TSS. Total nitrogen (TN), total
phosphorus (TP), total dissolved nitrogen (TDN), and total
dissolved phosphorus (TDP) were determined through
colorimetry after digestion with K2S2O8 and NaOH solution
(APHA, 1998). Particulate nitrogen (PN) or particulate
phosphorus (PP) was calculated by the differences of TN and
DTN and TP andDTP, separately. We calculated TN: TP and PN:
PP ratios (by weight) to assess the nutrient limitation of
phytoplankton (Redfield, 1958; Guildford and Hecky, 2000).
We calculated DTP: TP ratios (by weight) to explain the
potential mechanism of P release (Ma et al., 2021). Chl-a
concentrations were measured spectrophotometrically from
matter retained on a GF/C filter and extracted in a 90% (v/v)
acetone/water solution for 24 h. No correction was carried out for
pheophytin interference (SEPA, 2002).

2.2.2 Sediment P Release
We measured the sediment P profile on July 6 (day 28 of the
experiment) and August 17 (day 70 of the experiment). After

TABLE 2 | Best results of the generalized linear mixed model for sediment P
fractions. Units are mg m−2.

Coefficient Estimate SE z-value P

NH4Cl-P Intercept 1.811 0.084 21.459 <0.001
N addition −0.113 0.124 −0.907 0.364
Time −0.072 0.104 −0.683 0.494
N addition * Time −0.529 0.196 −2.705 0.007

BD-P Intercept 3.993 0.053 74.330 <0.001
N addition 0.443 0.059 7.500 <0.001
Time −0.359 0.057 −6.260 <0.001

NaOH-P Intercept 5.887 0.039 150.270 <0.001
N addition 0.203 0.051 4.030 <0.001
Time −0.036 0.056 −0.650 0.515
N addition * Time −0.327 0.079 −4.110 <0.001

HCl-P Intercept 6.113 0.041 148.720 <0.001
N addition 0.169 0.053 3.170 0.002
Time −0.148 0.063 −2.370 0.018
N addition * Time −0.298 0.089 −3.330 <0.001

Residual-P Intercept 4.398 0.137 32.140 <0.001
Total-P Intercept 6.861 0.030 226.180 <0.001

N addition 0.172 0.039 4.340 <0.001
Time −0.093 0.045 −2.070 0.038
N addition * Time −0.256 0.063 −0.450 <0.001

Note: All data were modelled as Gaussian distribution. Significant terms in bold.

FIGURE 3 | Sediment P concentrations (mgm−2) in the two nitrogen treatments calculated from the differences in P contents in the top 4 cm sediments between the
two sampling events (Day 28 andDay 70). Values are presented asmean ± SE (n � 3). Note that the range of the Y-axis differs among the panels. The value in each panel is
the p value of the interaction term (days * Nitrogen). p < 0.05 indicated that the P contents between the two sampling events were different for both nitrogen treatments.
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water sampling, a plexiglass cylinder with an internal diameter of
3 cm and a length of 60 cm was used to extract a sediment core in
the middle of each mesocosm. We sliced off the top 4 cm of each
sediment core and measured its dry weight after drying it in the
shade. Total-P of the sediment was measured according to the
methods introduced by Ruban et al. (1999). P forms were also
extracted according to Hupfer et al. (1995), Rydin (2000), and
Meis et al. (2012). Dried sediment (0.5 g) was added to 50-ml
centrifuge tubes and sequentially extracted with 1) 1 M NH4Cl
(NH4Cl-P); 2) 0.11 M NaHCO3 and 0.11 M Na2S2O4 (BD-P); 3)
0.1 M NaOH (NaOH-P); and 4) 0.5 M HCl (HCl-P); 5) the
residual P (Residual-P) was calculated by subtracting all the
extractable P forms from Total-P. For each mesocosm, we
calculated the P concentration (mg m−2) using the formula:

P concentration � (PtpDWt)/Area,
where Pt is the P content (mg kg−1) on the sampling date t (Day 28
or Day 70), DWt is the dry weight of sediments on date t, and
Area represents the sampling area of the sediments.

2.2.3 Phytoplankton, Zooplankton, and Top-Down
Control
Besides measurements of Chl a, phytoplankton communities
were recorded at the end of the experiment (Day 70). For this
purpose, a 500 ml depth-integrated water sample from each
mesocosm was treated with 5 ml Lugol’s iodine solution and

sedimented for 48 h. The supernatant was removed and the
residue collected and examined at 100–400x magnification
for enumeration. Phytoplankton was identified to genus level
following Hu and Wei (2006) using, as far as possible, recent
taxonomic revisions (Guiry and Guiry, 2020). The biomass of
common phytoplankton taxa was calculated based on cell size
measurements of at least 30 cells of each taxon using formulae
for geometric shapes approximating cell forms (Zhang and
Huang, 1991). For less common taxa, biomass calculations
were based on fewer measurements; otherwise, at least 1,000
cells of each taxon were counted per sample.

Zooplankton were sampled on days 0, 28, 56, and 70 of the
experiment. A 10 L depth-integrated water sample was filtered
through a 64 μm net and the retained material was preserved in
Lugol’s iodine solution. The zooplankton included cladocerans,
copepods, and rotifers that were counted at magnifications
between×40 and ×100. Species were identified according to
Chiang and Du (1979) and Shen and Du (1979). Copepod
nauplii were counted without further taxonomic distinction.
Where possible, up to 20 individuals of each taxon were
measured. Biomass (dry weight) was estimated by
length–weight relationships (Bottrell 1976; McCauley et al.,
1984).

To evaluate the grazing pressure of zooplankton on the
phytoplankton, we calculated three top-down metrics: the
ratios of zooplankton biomass to Chl-a concentration, Chl-a

FIGURE 4 | Comparison of (A) temporal changes of chlorophyll a (Chl a) and (B) phytoplankton biomass at the end of experiment between the two nitrogen
treatments, (C) the relationship between Chl a and phytoplankton biomass (both variables were log10 transformed. Linear model: R2 � 0.95, p < 0.001), and (D)
phytoplankton communities at the end of experiment. Values represent mean ± SE (n � 3).

Frontiers in Environmental Science | www.frontiersin.org December 2021 | Volume 9 | Article 7723146

He et al. Nitrogen Loading Boosts Cyanobacterial Blooms

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


to TP, and Chl-a to TN ratios. We also calculated the density-
weighted body mass of the zooplankton community and the
biomass ratio of cladocerans to copepods to assess the predation
strength of fish on zooplankton as large-sized individuals and
taxa with low mobility (e.g., cladocerans) were more sensitive to
fish predation (Jackson et al., 2007; Jeppesen et al., 2011). These
metrics (when combined) are considered to be good indicators of
top-down control and are widely used in long-term monitoring,
cross-system lake comparison, and mesocosm studies (Gyllström
et al., 2005; Jackson et al., 2007; Jeppesen et al., 2011; Liu et al.,
2018; He et al., 2018, 2021).

2.3 Data Analysis
All data processes and statistical analyses were carried out in R (R
Core Team, 2020). We studied the influence of N addition (fixed
effects) on nutrient concentrations and ratios, pH, DO, Chl-a,
zooplankton biomass, and top-down metrics using generalized
linear mixed models with time and mesocosm identity as random
effects (GLMM; Bolker et al., 2009). For each response variable,
we assessed the relative fit of the two different candidate models
(fixed effect: N addition and null) and selected the best model
based on the lowest AIC value from the default anova function.
We assumed Gaussian error distributions for all response
variables and fitted modes using the glmmTMB function from
the glmmTMB package (Brooks et al., 2017). We also used
generalized linear mixed models to compare the differences of
sediment P contents between both N scenarios at both sampling

dates. To explore whether the difference of P contents between
both N scenarios changed temporally, we assessed the relative fit
of the five different candidate models (fixed effect: N addition *
Time, N addition + Time, N addition, Time and null) for each P
fraction and selected the best model based on the lowest AIC
value from the default anova function. Phytoplankton biomass at
the end of experiment was compared by applying Student’s t test
(function t. test) after normality (function shapiro. test) and
homoscedasticity (function bartlett. test) tests.

3 RESULTS

3.1 Water Physico-Chemical Properties
Model selection by GLMMs confirmed significant positive effects
of N addition on the TN、TDN, and TP concentrations, while
its effect on the TDP concentration was not significant (Table 1;
Figure 2). Model selection by GLMMs confirmed that N
addition significantly promoted water pH, DO, and DTP: TP
(Table 1; Figure 2). N addition did not significantly elevate TN:
TP and PN: PP ratios as only the intercept term was included in
the best GLMM models (Table 1; Figure 2). During the
experiement, the TN: TP ratios were within the range 9–23
and PN: PP ratios were close to the therotical Redfield ratio 7
(Redfield, 1958) (Figure 2).

High turbidity was observed in both treatments, with TSS
concentrations generally exceeding 20 mg L−1 during the

FIGURE 5 | Comparison of cladoceran, copepod, rotifer, total zooplankton and herbivorous zooplankton (without copepodites and adults of Mesocyclops
leuckarti) biomass (dry weight) between the two nitrogen treatments. Values represent mean ± SE (n � 3).
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experiment. N addition significantly increased TSS, OSS, and ISS
concentrations (Table 1; Figure 2).

3.2 Sediment P Release
The concentrations of Total-P and all P fractions except Residual-
P at the end of the experiment (Day 70) were significantly lower
than on Day 28 (Table 2; Figure 3). Moreover, the significant
impact of the interactions of N addition and time on Total-P,
NH4Cl-P, NaOH-P, and HCl-P means that the magnitude of
temporal declines was significantly greater in the N addition than
in the control treatments (Table 2; Figure 3). N addition also

significantly reduced BD-P, but its interaction with time was not
significant (Table 2; Figure 3). No significance of N addition,
time, and their interactions for Residual-P was observed in our
study (Table 2; Figure 3).

3.3 Phytoplankton
N addition significantly boosted phytoplankton growth as
both the Chl-a concentration (Table 1) and phytoplankton
biomass (biovolume) (t-test, p � 0.008) were much higher in
the N mesocosms than in the controls (Figures 4A,B).
Meanwhile, we found a significant positive linear relation

FIGURE 6 | Comparison of (A) average zooplankton body mass (μg dry weight per individual), (B) cladoceran to copepod biomass ratio, (C) zooplankton to
chlorophyll a (Chl a) ratio, (D) herbivorous zooplankton (without copepodites and adults ofMesocyclops leuckarti) to Chl a ratio, (E) Chl a to TP ratio, and (F) Chl a to TN
ratio. Between the two nitrogen treatments values represent mean ± SE (n � 3).
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between phytoplankton Chl-a and biomass at the end of the
experiment, which indicated that chlorophyll a could be used
as an estimate of phytoplankton biomass in our study
(Figure 4C). At the end of the experiment, large
differences in phytoplankton communities between the two
treatments were observed (Figure 4D). In the control
mesocosms, the phytoplankton was dominated by diatoms
(mainly Gyrosigma and Surirella), while filamentous
cyanobacteria, e.g., Oscillatoria and Anabaena, dominated
in the N treatment (Figure 4D). The differences in
cyanobacteria and diatom dominance (%) between the two
treatments were significant (t-test, p � 0.027 for
cyanobacteria; p � 0.029 for diatoms; Figure 4D).

3.4 Zooplankton and Grazing Control
A total of 21 zooplankton taxa were recorded in the two
treatments across the entire experimental period, including
six cladoceran species (Ceriodaphnia quadrangular,
Chydorus sphaericus, Moina sp., Bosmina sp. Alona sp.,
and Diaphanosoma sp.), two copepods (Mesocyclops
leuckarti and Sinocalanus dorrii), and 13 rotifers (mainly
Conochilus unicornis and Brachionus spp.). In our study,
Mesocyclops leuckarti was the dominant species in both
treatments. As the adult and most copepodid stages of this
species can be carnivorous, we separately calculated total (all
species included) and herbivorous zooplankton (with
elimination of copepodites and adults of M. leuckarti)
biomass in our study. Model selection by GLMMs revealed
that no significant effect of N addition on cladoceran,
copepod, and total and herbivorous zooplankton biomass
occurred, but rotifer biomass was significantly higher in
the N treatments than in the controls (Table 1; Figure 5).

No significant effects of N addition on zooplankton body mass
and cladoceran to copepod biomass ratios were observed
(Table 1; Figures 6A,B). However, N addition significantly
reduced both total zooplankton and herbivorous zooplankton
biomass to Chl-a ratios and increased the chlorophyll a to TP and
TN ratios (Table 1; Figures 6C–F).

4. DISCUSSION

Understanding the ecological mechanisms that underlie
eutrophication in response to nutrient loading has long been
an urgent objective in limnological research (Smith and
Schindler, 2009). We found that summer N addition
increased not only the N levels but also P availability for
phytoplankton growth. We also found that N addition
lowered the zooplankton-phytoplankton biomass ratio and
promoted the phytoplankton yield, expressed as the
chlorophyll a to TP and TN ratios, indicating that N
addition favored phytoplankton growth through reduction of
zooplankton grazing. Accordingly, our study suggests that in
eutrophic shallow lakes, N loading may increase the
phytoplankton biomass in summer via both resource and
grazer effects. Our study thus showed that decreasing N
loading may lead to reduced eutrophication in summer in

shallow lakes, which is consistent with long-term field
investigations conducted in temperate shallow waterbodies,
e.g., Lake Müggelsee in Germany and shallow meres in
England (Moss et al., 2005; Shatwell and Köhler, 2019).

As there was no external P loading in our study, the enhanced
water TP concentrations induced by N loading can only be
attributed to sediment P release, which was partially supported
by the greater temporal reductions of sediment Total-P in the N
addition treatments than in the control (Figure 3). Promotion
by N addition of TP concentrations has been widely observed in
eutrophic shallow waterbodies where sediments serve as an
important P source (Jensen and Andersen, 1992; Xie et al.,
2003; Sagrario et al., 2005; He et al., 2015; Ma et al., 2018). The
mechanisms behind include increases in diffusion, bacteria
activity, and pH and in the degradation of settled algae via
the feedback between an N-induced high algal biomass and
sediment P (Gao et al., 2014; Ma et al., 2018; 2021). Some of
these mechanisms were also observed in our study. For instance,
we found a clear decline in the contribution of TDP to TP after
Day 42 and promotion of pH by N addition (Figure 2),
indicating a high potential of diffusion (Xie et al., 2003;
Chen et al., 2018; Ma et al., 2021) and desorption of PO4

3-

from suspended surface sediments (Koski-Vähälä and
Hartikainen 2001; Søndergaard et al., 2003; Jin et al., 2006;
Gao et al., 2014). This was also evidenced by the high reduction
of NH4Cl-P and NaOH-P caused by N addition in our study
(Figure 2; Figure 3). Moreover, in our study, sediment P release
may also have been enhanced by increased strength of sediment
resuspension (Søndergaard et al., 2003; He et al., 2015) as the ISS
concentrations in the N addition treatments were higher than in
the control mesocosms (Figure 2). A possible explanation of the
stronger resuspension by N loading, through speculative, is that
fish had grown bigger in the N addition mesocosms due to the
higher food production, as seen in the study by Wang et al.
(2017). However, it is important to note that the reductions of
Total-P in top 4 cm sediment were much larger than the
increases of TP in the water. This means that only a small
fraction of P in the sediment surface was released into the
overlying water and most of the P was transported to the deeper
sediment layers, likely due to the increased DO (Figure 2) and
potential oxidized thickness by high NO3

− addition (Jensen and
Andersen, 1992). Overall, due to the simultaneous increase of
water TP concentrations, persistent N addition did not
significantly increase either the TN: TP or the PN: PP ratios,
with phytoplankton growth likely being co-limited by N and P
during the experimental period (Figure 2). The external N
loading caused high internal P loading, thereby snowballing
the eutrophication process via increased resources, as shown in
Figure 1.

In our study, N addition caused a dominance replacement of
diatoms by cyanobacteria (Figure 4D), as also seen in similar
previous mesocosm experiments and lake investigations
(Beaulieu et al., 2013; He et al., 2015; Gobler et al., 2016). The
increased cyanobacteria dominance caused by N loading may be
attributed to the increased competitive advantage by the shading-
resistant cyanobacteria (e.g., Oscillatoria) in turbid and nutrient-
enriched environments (Havens et al., 2003). Interestingly, N
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addition increased, not reduced, the dominance of Anabaena, an
N2-fixing taxon, in our study. This contrasted with the common
view that declining N inputs would favor N2-fixing cyanobacteria
in lakes (Schindler et al., 2008), but concurred with observation
from studies of a large number of Danish shallow lakes (Jensen
et al., 1994; Jeppesen et al., 2005), suggesting that the mechanisms
underlying the occurrence of N2-fixing cyanobacteria in lakes are
complex (Kolzau et al., 2018; Shatwell and Köhler, 2019). In our
study, both TN: TP and PN: PP ratios were not obviously changed
by N addition (Figure 2), which indicates that the growth of
Anabaena in N addition mesocosms was unlikely caused by N
deficiency.

Nutrient availability, however, was not the only reason why
N addition increased the summer phytoplankton growth as it
could not explain the observed elevation of the Chl-a: TP and
Chl-a: TN ratios following N addition. The increased amount of
chlorophyll a per unit of N and P suggests that factors other
than resources affected the accumulation of phytoplankton
biomass. Combined with the low total and herbivorous
zooplankton to phytoplankton biomass ratios in the
treatments with N addition, the results indicate that
phytoplankton was also favored by the reduced herbivory.
Similarly, Bergström et al. (2021) found much lower
zooplankton to phytoplankton biomass ratios after whole-
lake fertilization with N along a gradient of lake DOC
concentrations. It could be argued that the increased Chl-a
to TP and TN ratios by N addition were not due to changes in
zooplankton herbivory, but instead were a result of changes of
cellular pigment contents between phytoplankton groups
(Nicholls and Dillon, 1978). However, this is not the case as
we found a close relationship between phytoplankton biomass
and Chl a concentration (Figure 4C).

In our study, the decline of zooplankton grazing by N
addition could not be attributed to increased fish predation as
both indicators, average zooplankton body mass and
cladoceran to copepod biomass ratio, showed no obvious
changes (Figure 6). Thus, changes in phytoplankton
properties driven by N addition are the most likely
explanation of the decreased zooplankton grazing.
Supporting this view, an obvious N-driven substitution of
diatoms by filamentous cyanobacteria was observed
(Figure 4D). The latter are generally considered as low-
quality food for both copepods and cladocerans (Caramujo
et al., 2008; Martin-Creuzburg et al., 2008). For instance,
laboratory feeding experiments revealed that when the
freshwater harpacticoid copepod Attheyella trispinosa grew
on cyanobacteria (Leptolyngbya foveolarum and
Cylindrospermum stagnale), its survival was reduced, and
the development from the first copepodite stage to adult
lasted 26% longer than when they grew on diatoms
(Achnanthes lanceolate and Nitzschia perminuta)
(Caramujo et al., 2008). Moreover, cyanobacteria, e.g.,
Oscillatoria and Anabaena, may also resist zooplankton
grazing because of poor manageability due to their long
filaments and potential toxicity (DeMott and Moxter, 1991;
Koski et al., 1999; Engström-Öst et al., 2015). Although
feeding experiments have confirmed that Mesocyclops and

other copepods may feed size-selectively on filaments and
discriminate against toxic strains (DeMott and Moxter, 1991:
Kumar and Ramakrishna Rao, 1999; Sarma et al., 2013), it is
energetically costly and compensated for by a reduction in
population size (DeMott and Moxter, 1991; Koski et al., 1999;
Engström-öst et al., 2015).

In recent decades, increasing TN: TP ratios resulting from
an imbalance between N and P supplies have been observed in
many freshwater shallow lakes (Tong et al., 2020). However,
the necessity of controlling N inputs remains a subject of
debate (Schindler et al., 2008; Conley et al., 2009; Paerl et al.,
2011; Shatwell and Köhler, 2019). Our results from a shallow
eutrophic mesocosm study clearly showed that N inputs
disproportionally increased the summer phytoplankton
biomass (both Chl a and Chl a to TP or TN ratios) due to
the combined effects of resource and grazing control. Our
study therefore implies that N loading may not only
physiologically support phytoplankton growth, it also
modifies the abiotic and biotic environment and thereby
creates conditions that are beneficial for phytoplankton
growth. Thus, alleviation of eutrophication in shallow
eutrophic lakes requires a balanced and strategic approach
to appropriately control both nutrients (N and P).
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