Journal Pre-proof

Lake Warming Intensifies the Seasonal Pattern of Internal Nutrient
Cycling in the Eutrophic Lake and Potential Impacts on Algal Blooms
Tong Yindong , Xu Xiwen , Qi Miao , Sun Jingjing , Zhang Yiyan ,
Zhang Wei , Wang Mengzhu , Wang Xuejun , Zhang Yang
PII:
DOI:
Reference:

S0043-1354(20)31105-2
https://doi.org/10.1016/j.watres.2020.116570
WR 116570

To appear in:

Water Research

Received date:
Revised date:
Accepted date:

12 August 2020
17 October 2020
24 October 2020

Please cite this article as: Tong Yindong , Xu Xiwen , Qi Miao , Sun Jingjing , Zhang Yiyan ,
Zhang Wei , Wang Mengzhu , Wang Xuejun , Zhang Yang , Lake Warming Intensifies the Seasonal
Pattern of Internal Nutrient Cycling in the Eutrophic Lake and Potential Impacts on Algal Blooms, Water
Research (2020), doi: https://doi.org/10.1016/j.watres.2020.116570

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.
© 2020 Published by Elsevier Ltd.

Highlights


Lake warming has constituted a particular challenge for restoration of
eutrophic lakes.



Changes of internal loadings are mainly responsible for the seasonal changes
of nutrients in the lake.



Lake warming would result in more significant seasonal fluctuations in
internal loadings.



Adaptions in the existing mitigation strategies of eutrophic lake are
necessary in a warming world.
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Abstract
Lake warming induced by climate change has constituted a particular challenge
for the restoration of eutrophic lakes. However, a quantitative analysis about impacts
of lake warming on the internal nutrient cycling in eutrophic lakes is limited. In this
study, monthly nutrient monitoring data set in 2015-2016 in eutrophic Lake Chaohu,
China, revealed a regular seasonal pattern of nutrient concentration. A process-based
2

water quality model was established to quantify contributions from internal loadings
on seasonal nutrient variations and predict responses under climate change scenarios.
Results indicated that internal nutrient loading was responsible for the intra-annual
variations of nutrient concentrations in the lake, and the internal loadings fluctuated
much more between different seasons than the external nutrient inputs. We predicted
that lake warming might probably result in stronger seasonal fluctuations of internal
loading and create conditions beneficial for longer duration of cyanobacteria blooms
in the year. Evidence derived from this study could help water managers to rethink
the existing mitigation strategies in the restoration of eutrophic lakes and emphasize
the potential interactions among lake warming, eutrophication and internal nutrient
cycling in the future.
Keywords
Lake warming; eutrophic lake; internal nutrient cycling; seasonal pattern; algal
bloom; climate change
Introduction
Eutrophication and subsequent occurrences of harmful algal blooms (HABs) have
become a severe water quality problem worldwide in the recent decades (Paerl et al.,
2016, 2019; Huisman et al., 2018; Woolway et al., 2019; Kim et al., 2020). Since the
1990s, water quality has deteriorated largely in Africa, Asia and Latin America; over
75% of the closed water bodies (e.g., lakes, ponds and reservoirs) have experienced
some extents of eutrophication (UN-Water, 2018). In freshwaters ecosystems, there
is a proliferation of HABs driven by the nutrient enrichments and more beneficial
climates to HABs (Kosten et al., 2012; Andersen et al., 2020a; Freeman et al., 2020).
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Freshwater HABs could largely influence aquatic food productions, recreation and
tourism activities and safe supplies of drinking waters (Huisman et al., 2018). In the
USA alone, the estimated cost for damages caused by water eutrophication is over
US$2.2 billion per year (Dodds et al., 2009). In 2007, an outbreak of HABs in Lake
Taihu had overwhelmed a waterworks that supplies the Wuxi city, leaving more than
two million residents without drinking waters for one week (Conley et al., 2009).
Previous experiences in restorations of eutrophic lakes have demonstrated that the
mitigation measures solely focusing on reductions of external nutrient inputs might
fail to alleviate the eutrophication (Paerl et al., 2016; Wang et al., 2019; Lurling and
Mucci, 2020). Potential impacts from climate factors and internal nutrient cycling
should be taken into considerations (Paerl et al., 2019; Wang et al., 2019; Qin et al.,
2020).
Lakes are sentinels of the climate change (Adrian et al., 2009; Woolway and
Merchant, 2019). Warming in surface waters is the most direct response (Rigosi et
al., 2014; Piccolroaz et al., 2020). Lake surface water is usually the place where the
majorities of phytoplankton (cyanobacteria in particular) live. Global studies on the
trends of lake surface water temperatures have revealed that many freshwater lakes
are warming at the rates even in excess of the air temperatures (Adrian et al., 2009;
Paerl and Paul, 2012; O‟Reilly et al., 2015). These trends might be accelerated in the
future. Under climate change scenarios, surface waters in 635 major lakes globally
are projected to warm with the most extreme warming up to 5.5 oC by 2080–2100
(Woolway and Merchant, 2019; Piccolroaz et al., 2020). Lake warming might affect
the overall functioning of aquatic ecosystems by altering the physical processes (e.g.,
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thermal stratification, the durations of ice cover) (Li et al., 2019; Woolway and
Merchant, 2019), biological processes (e.g., growth and respiration of the aquatic
organisms) (van de Waal et al., 2010) and biochemical transformations of nutrients
(e.g., mineralization, denitrification) (Wu et al., 2017; Ding et al., 2018; Jenny et al.,
2020). These alterations might create an environment which is particularly beneficial
for certain phytoplankton species (e.g. cyanobacteria) and result in losses of aquatic
biodiversity (Paerl et al., 2016; Freeman et al., 2020).
Understanding the impacts of eutrophication and water temperatures and their
interactions on growth of phytoplankton is crucial to develop mitigation measures
(Ho et al., 2019; Ho and Michalak, 2020; UN-Water, 2020). Water temperature and
nutrient availability ware believed to be two of the most important factors in driving
occurrences of HABs (Beaulieu et al., 2013; Rigosi et al., 2014; Tong et al., 2019a).
Water temperatures may influence phytoplankton abundance and their community
structure directly, since different species have distinct responses in their physiologies
to the increasing temperatures (Griffith and Gobler, 2020); on the other hands, water
temperatures could also affect internal nutrient cycling, which subsequently changes
nutrient concentrations and even induce the limitations of nutrient (Deng et al., 2019,
2020; Wang et al., 2019). Such influence was indicated in the regular intra-annual
variations of nutrients in many eutrophic lakes, such as Lakes Michigan (Pothoven
and Vanderploeg, 2020) and Mendota, USA (Farrell et al., 2020); Lakes Dianchi and
Taihu, China (Wu et al., 2017; Wang et al., 2019). In the Lake Taihu, China, NO3--N
concentration in early spring was over 10 times as high as that in summer; while the
P concentrations displayed an opposite trend (Xu et al., 2010, 2015; Wang et al.,
5

2019). By using stable-isotope techniques, Hampel et al., 2018, had confirmed that
nitrification rates were highest in March and lowest in July. Internal NH4+-N loading
might exceed the external N inputs into the lake and played a key role to sustain the
blooms of cyanobacteria in summer.
Freshwater lakes, located in the middle and lower Yangtze River Basin, China, are
suffering from both serious eutrophication and rapid warming (Tong et al., 2017,
2018; Li et al., 2019). In the past decades, the continuous increases in surface water
temperatures have been recorded in these lakes (O‟Reilly et al., 2015; Li et al., 2019;
Woolway and Merchant, 2019). Lake Chaohu, the fifth largest freshwater lake in
China, is a case in point. During 1980–2015, the surface water temperature in this
lake had increased at a rate of 0.26 ± 0.12 oC per decade (Li et al., 2019). In history,
Lake Chaohu was an important water source for drinking waters, commercial fishing
and recreational activities (Xu et al., 1999). Since 1980s, severe eutrophication and
frequent HABs have occurred due to intensified human activities in the watershed
(Jiang and Yuan, 2015; Huang et al., 2018). Quick deterioration of water qualities
has initiated the efforts to reduce the external nutrient inputs (Duan et al., 2017). ~28
billion Chinese yuan (equivalent to US$ 4 billion) have been invested for the lake
restorations (Meng et al., 2016). Improving treatment of residential and industrial
wastewaters has been applied as a priority (Meng et al., 2016; Tong et al., 2020).
Despite these efforts, declines in nutrients and HABs have not occurred in the Lake
Chaohu as quickly as previously expected (Duan et al., 2017; Guan et al., 2020; Li
et al., 2020a).
Surface water temperature is increasing in many freshwater lakes; while potential
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impacts of this trend, coupling with changes of external nutrient inputs, on internal
nutrient cycling and HABs‟ occurrences have been rarely analyzed. Several major
issues have been raised during the attempts on lake restoration: (1) What are roles of
internal nutrient loadings in seasonal pattern of nutrient concentration and limitation
in eutrophic lakes? (2) How could lake warming affect internal nutrient cycling and
plankton biomasses under climate change scenarios? Based on a nutrient monitoring
data set in the eutrophic Lake Chaohu, we had characterized the seasonal variations
of nutrient concentrations and limitations. A process-based water quality model was
established to interpret the coupling relations among external and internal loadings,
nutrient concentration and biomass of phytoplankton. Potential responses in internal
nutrient cycling and biomass of phytoplankton were predicted under climate change
scenarios.
Materials and methods
Lake description and field monitoring
Lake Chaohu is located in the middle Yangtze River Basin, China (E: 117o16‟–
117o51‟, N: 31o25‟–31o43‟) (Figure 1A). Hefei is the most important industrial city
in the watershed, which contributes the majorities of nutrient discharges into the lake
(Jiang and Yuan, 2015; Huang et al., 2018). It is a subtropical shallow eutrophic lake,
with a water area of 780 km2, an average depth of 2.8 m and a volume of 2.1 × 109
m3 (Huang et al., 2018). The annual average air temperature is about 17 oC, and it
fluctuated largely among different months with a peak in August (above 34 oC) and
a valley in January (only 1–2 oC) (CMA, 2015-2016) (Figure S1). Along with the
changes of air temperatures, surface water temperatures in Lake Chaohu reached a
7

peak value in August (~ 33 oC) and a valley in February (only 2–3 oC) (Figure S1).
Since the 1980s, Lake Chaohu had experienced a quick increase in the surface water
temperatures, with a rate of 0.026 ± 0.012 oC per year (Li et al., 2019) (Figure 1B).
As a shallow lake, Lake Chaohu is generally well-mixed and does not have large
variations in mixing regimes throughout the year (Li et al., 2019). Since the 2000s, a
series of mitigation measures (e.g., by improving the wastewater treatment, reducing
fertilizer usages) have been carried out to reduce the external nutrient inputs into the
lake. However, these effects have not been reflected in HABs‟ occurrence, which
had a continuous increase in coverage, frequency and duration during 2000–2014
(Duan et al., 2017).
To identify the seasonal patterns of nutrients in the lake, 6 water sampling sites
(located in the western, middle and eastern sections of the lake) were monitored at a
monthly scale in 2015 and 2016 (Figure 1A). The combined water quality data set
includes: surface water temperatures (WT, oC), Secchi depth (SD, cm), dissolved
oxygen (DO, mg/L), concentrations of nutrients (including TN, NH4+-N, NO3--N,
ON and TP, μg/L), chlorophyll a (Chl a, μg/L), biomasses of cyanobacteria (CYA,
mg/L), green algae (GAE, mg/L) and diatom (DIA, mg/L)). Data about NO3--N and
ON was obtained from Lake-Watershed Science Data Center, Chinese Academy of
Sciences. Data about the biomasses of different phytoplankton species were obtained
from the previous studies (Wang et al., 2016; Li et al., 2017; Guan et al., 2020).
Monthly changes of these variables in the lake were provided in Figure S2. The
details about water analytical methods and their method detection limits for each
parameter were provided in Supplementary Text S1.
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With the same time, 7 water sampling sites in the inflow rivers (e.g., Nanfei, Pai,
Hangbu Rivers) and the outflow river (e.g., Yuxi River) for the Lake Chaohu were
investigated to estimate the external nutrient inputs into the lake and output from the
lake (Figure 1A). Data about river runoffs was obtained from hydrological stations
operated by Ministry of Water Resources, China (MWR, 2015-2016). The estimated
external nutrient inputs into the lake and output from the lake were shown in Figure
S3. The meteorological data (e.g., air temperature, wind speeds) in the Lake Chaohu
was obtained from China Meteorological Administration, data of which was applied
in the subsequent hydrodynamic and water quality modeling in the lake.
An overview about the modeling processes
Due to advantages in linking in-lake biological and biochemical processes with
water temperatures (Wu and Xu, 2011; Kim et al., 2017), the modeling for internal
nutrient cycling and growth of plankton in Lake Chaohu was primarily performed by
a 3–D hydrodynamic and water quality model (Environmental Fluid Dynamics Code,
EFDC) (Hamrick, 1992; US EPA, 2007). By involving both physical and biological
processes, EFDC was good at revealing the spatio-temporal variations of nutrient
concentration, internal nutrient loading and biomasses of phytoplankton (Zhao et al.,
2020; Torres-Bejarano et al., 2020). The governing mass-balance equation for each
variable in the simulations could be expressed as follows:
𝜕𝐶 𝜕(𝑢𝐶) 𝜕(𝑣𝐶) 𝜕(𝑤𝐶)
𝜕
𝜕𝐶
𝜕
𝜕𝐶
𝜕
𝜕𝐶
+
+
+
=
(𝐾𝑥 ) +
(𝐾𝑦 ) + (𝐾𝑧 ) + 𝑆𝐶
𝜕𝑡
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑥
𝜕𝑥
𝜕𝑦
𝜕𝑦
𝜕𝑧
𝜕𝑧
Equation 1

Where C represents concentration of a certain water quality variable (e.g., NO3--N,
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NH4+-N, biomasses of phytoplankton); t represents the time step in simulations; u, v
and w represent the velocity components in x-, y- and z- directions; Kx, Ky and Kz
represent the turbulent diffusivities in x-, y- and z- directions; Sc represents the
biochemical transformations of nutrient species within the cell or inputs from other
cells with the physical transports. The major biochemical processes involved in the
modeling were summarized in Figure 1C and Table S1–S2. In general, reaction rates
for internal processes were determined by water chemistry variables related with the
reactions and water temperatures. For instance, the reaction rate for the nitrification
was simulated according to the concentrations of DO and NH4+-N in the waters and
temperatures. The Arrhenius equation was adopted to simulate the impacts of water
temperatures on reaction (Atkins, 1978). In the modeling, biomass of phytoplankton
was influenced by nutrient availability, ambient light and water temperature (Huang
et al., 2018). The kinetic equation for this process could be expressed as follows:
𝜕𝐵𝑥
𝜕
𝑊𝐵𝑥
(𝑊𝑆𝑥 × 𝐵𝑥 ) +
= (𝑃𝑥 − 𝐵𝑀𝑥 − 𝑃𝑅𝑥 )𝐵𝑥 +
𝜕𝑡
𝜕𝑍
𝑉

Equation 2
Where BX is biomass of different phytoplankton (gC/m3); t is the time step in the
simulations (d); PX is the production rate of phytoplankton (1/d) depending on light
intensity, water temperature and nutrient concentration; BMX is the basal metabolism
rate of phytoplankton (1/d); PRX is the predation rate by the grazer (1/d); WSX is the
settling velocity of plankton in the waters (m/d); WBX is the input of phytoplankton
from other cells with physical transports (gC/d); Z is the water depth (m); V is the
volume of the cell (m3) (Table S2). Impacts of water temperature on the growth rates
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of phytoplankton were simulated as follows (Chapra et al., 2017):
2

𝑘𝑔,max (𝑇) = 𝑘𝑔,𝑚𝑎𝑥 𝑒 −𝑘1 (𝑇−𝑇1 )
𝑘𝑔,max (𝑇) = 𝑘𝑔,𝑚𝑎𝑥

𝑖𝑓 𝑇 < 𝑇1

𝑖𝑓 𝑇1 ≤ 𝑇  𝑇2
2

𝑘𝑔,max (𝑇) = 𝑘𝑔,𝑚𝑎𝑥 𝑒 −𝑘2 (𝑇−𝑇2 ) 𝑖𝑓 𝑇 > 𝑇2
Equations 3–5
Where kg, max (T) represents the maximum growth rate (1/d) at water temperatures
of T (oC); k1 and k2 are parameters which describe rates of decrease in the growth for
temperatures below and above the optimal temperature; T1 and T2 are the lower and
upper temperatures defining ranges of plateau for the plankton growth (oC) (Chapra
et al., 2017). The Michaelis–Menten formula and half-saturation constants are used
to describe the nutrient limitations for the plankton growth, which are now standards
in the process-based water quality models (Chapra et al., 1997, 2017). More details
about the modeling procedures and values of selected parameters are provided in the
Supplementary Text S2.
In the simulation, three phytoplankton groups were distinguished, including green
algae, cyanobacteria and diatoms. Since non-N2 fixing Microcystis spp. is dominant
plankton species in the lake (Li et al., 2020a), only non-N2 fixing cyanobacteria
were considered in modeling. Different plankton species could behave differently in
responses to the changes of water temperatures (Paerl and Paul, 2012; Huisman et
al., 2018; Ho and Michalak, 2020). Diatoms generally prefer cooler waters and have
higher growth and respiration rates (Chapra et al., 2017). Green algae grow slower
than the diatoms, but they could tolerate the higher water temperatures (Chapra et al.,
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2017). Compared with diatoms and green algae, cyanobacteria have higher optimal
water temperature for growth (> 25 oC) (Paerl and Huisman, 2008; Paerl and Otten,
2013). In freshwaters, green algae and diatoms are the beneficial groups, which are
important food sources for zooplankton and planktivorous fish. Cyanobacteria are
rarely grazed (Gulati and Demott, 1997). By addressing these differences, potential
responses of different plankton (e.g., growth, respiration, grazing) to the changes of
water temperatures in modeling were presented in Figure 2. Other major parameters
and their values applied in the modeling were summarized in Table S3.
Predictions under climate change scenarios
To predict changes of surface water temperature in the Lake Chaohu and simulate
responses in internal nutrient loadings and biomass of phytoplankton, three climate
change scenarios performed by MIROC5 model of Project CMIP5, which represents
a future with different extents of increases in the air temperatures during 2020–2050,
were introduced (ESGF, 2020). MIROC5 was selected due to its good performance
against the historical temperature records in this region (Liu et al., 2019; Yazd et al.,
2018; Ma and Zhu, 2019). Three Representative Concentration Pathways (RCPs)
were considered which were RCP2.6, RCP4.5 and RCP8.5. These scenarios can
represent an increase of 2.6, 4.5 and 8.5 W/m2 in the radiative forcing by 2100
relative to 1750. Extracted data in 2016 was used for the comparisons with historical
records in the study area, and the data from 2020 to 2050 was applied for the future
simulations. Linear scaling, which was the simplest statistical downscaling method
(Teutschbein and Seibert, 2012; Ervinia et al., 2020), was applied to correct the
biases between the MIROC5 outputs and observed meteorological data. In the future
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simulation, we assumed that riverine nutrient discharges into the lake remained
unchanged which was the same as the input in 2016. Potential changes of air and
water temperatures in Lake Chaohu under different RCP scenarios were provided in
Figure S4.
Model’s performance and validations
Similar as the previous studies (Huang et al., 2018; Gao et al., 2019; Chen et al.,
2020), robustness of the model in the predictions was examined by calibration and
validation processes, and sensitivity analysis. The monthly monitoring data collected
from 6 water sampling sites in Lake Chaohu (Figure 1) were applied in calibrations
and validations. Since the EFDC contained both hydrodynamic and water quality
simulations, the performances of predicted results were examined for both modules.
Performance on hydrodynamics was examined by the monthly measured water
temperatures and water levels in the lake (Figure S5). Performance on water quality
predictions was examined by the monthly nutrient monitoring data and biomasses of
phytoplankton (see the section of Results). Nutrient monitoring data in 2015 was
used to calibrate the model, and the measured data in 2016 was used to validate the
model. The root mean-squared error (RMSE) and coefficient of determination
(performed by Pearson correlation) between predicted results and field monitoring
results were calculated (Arhonditsis et al., 2007; Li et al., 2015; Wu et al., 2017).
The “Morris method”, which was well known as the “one-step-at-a-time” method
(Morris, 1991), was applied for the sensitivity analysis for the key parameters in the
modeling. The parameters were set to be 90% or 110% of the original values (Cao et
al., 2004; Kong et al., 2014); while the other parameters remained constant. The
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corresponding model outputs were recorded, and the sensitivity coefficients were
then calculated. This method has been widely applied in the process-based models to
reveal the importance of parameters in modeling (Kong et al., 2014, 2018). Results
for the sensitivity analysis were provided in Figure S6.
Results
Nutrient monitoring results and seasonal pattern
Nutrient monitoring results displayed strong seasonal patterns in the Lake Chaohu,
although the amplitudes of fluctuations partly depend on nutrient types (Figure 3 and
Figure S2). In 2016, annual average TN and TP concentrations in Lake Chaohu were
1470 ± 425 and 93 ± 34 μg/L, respectively (average and standard deviation), which
were higher than the Grade III limits in China (1000 μg/L for TN and 50 μg/L TP)
(MEE, 2002). Opposite to the seasonal variations of water temperatures, the higher
concentrations of N species occurred in spring and winter; while lower values were
observed in summer and autumn (Figure 3). For instance, NO3--N generally peaked
in spring; then, it declined gradually during the May–September period and reached
the minimum in September. By contrast, the lake TP concentrations displayed an
opposite trend. Driven by asynchronous seasonal alterations, lake TN/TP mass ratios
had a strong seasonal pattern, with the higher values in spring and winter (22.3 ± 5.5)
and lower values in autumn (10.7 ± 2.4) (Figure 3). Similar trends on nutrients have
also been observed in other eutrophic lakes, e.g., Lakes Taihu and Dianchi (Tong et
al., 2019a), China; Lakes Mendota (Farrell et al., 2020) and Acton (Andersen et al.,
2020a), the US; Lake Hinge, Denmark (Andersen et al., 2020b) (summarized in
Figure S7), although the amplitudes in the fluctuations could be varied probably due
14

to differences in extents of eutrophication and local climate conditions (Wang et al.,
2019; Farrell et al., 2020).
Model evaluation and seasonal fluctuations of internal nutrient loading
EFDC model was applied to interpret the coupling relations among the nutrient
concentrations, external and internal loadings and biomass of phytoplankton in Lake
Chaohu. In general, this model had well reproduced the seasonal peaks and valleys
of nutrient and biomass of phytoplankton in the lake (Figure S2). The RMSE and R
values between the predicted and monitored concentrations were 53 μg/L and 0.67
for TP (P < 0.01, n = 144), 626 μg/L and 0.57 for NO3--N (P < 0.01, n = 144), 264
μg/L and 0.74 for NH4+-N (P < 0.01, n = 144), 225 μg/L and 0.55 for ON (P < 0.01,
n = 144), 4.1 μg/L and 0.73 for Chl a (P < 0.01, n = 144), 723 μg/L and 0.77 for
biomasses of phytoplankton (P < 0.01, n = 144) (Figure 4). Besides, the simulated
results had also well characterized the spatial variations of water quality in different
sections within the lake, with the worse water quality in western section and better
water quality in the eastern section of Lake Chaohu (Figure S8).
Year-based nutrient loadings for major environmental processes in the lake were
provided in Figure S9. In 2016, NH4+-N, NO3--N, ON and TP loadings into the lake
by inflow rivers were 4.7, 2.7, 3.5 and 0.5 Gg, respectively, with the higher loadings
in summer and lower loadings in winter (Figure S3). By contrast, only 0.5, 0.7, 0.6
and 0.3 Gg, respectively, of NH4+-N, NO3--N, ON and TP were discharged out of the
lake by the outflow rivers. ~ 83% and 40% of riverine N and P inputs were retained
or removed within the lake, which indicated importance of internal nutrient cycling
in influencing lake nutrients (Tong et al., 2019b; Qin et al., 2020). Phytoplankton
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played an important role in linking different internal processes. In 2016, 8.3 Gg of
inorganic N in water columns was adsorbed by phytoplankton; 23.1 Gg was further
released into the water columns in the form of ON after decay. The majority of the
released ON were mineralized into NH4+-N, which was further transformed into
NO3--N by the nitrification (Figure S9).
A comparison between the external and internal nutrient loadings (the sum of all
internal processes) was provided in Figure 5. Although year-based external nutrient
loading may be approaching or even higher than the internal loading, the amplitudes
of seasonal fluctuations in the internal loadings were much larger. For instance, the
maximum intra-annual fluctuation (defined as the maximum daily loading minus the
minimum loading in the year) for NO3--N in the internal loading could be up to 55.3
mgN/(m3day), with a maximum of 27.5 mgN/(m3day) in April and a minimum of –
27.8 mgN/(m3day) in July. By contrast, the maximum fluctuation for NO3--N in the
external loading was only 13.3 mgN/(m3day). These fluctuations in internal nutrient
loadings could easily overlap („synergistic effect‟) or counteract the external nutrient
loadings („antagonistic effect‟). Differences in seasonal changes of the external and
internal loadings might result in the differential impacts in affecting lake nutrient
concentrations. For instance, for NO3--N, ON and TP, their seasonal variations were
more related with the internal loadings (R=0.57, P < 0.01, n=24, for NO3--N; R=0.49,
P < 0.01, n=24, for ON and R=0.31, P < 0.01, n=24, for TP), rather than the external
loadings (P > 0.1). However, the temporal variation of NH4+-N in the lake was more
related with the external loading (R=0.36, P < 0.01, n=24) than internal loading (P >
0.1) (Figure 6).
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Loading for each of the major internal nutrient processes in the lake was provided
in Figure 7. As an indispensable process for the N removal, denitrification rates in
the lake ranged from 2.1 to 45.7 mg/(m3day) within the year, with a peak in August
(35.5 ± 6.4 mg/(m3day)) and a valley in February (2.8 ± 0.2 mg/(m3day)). These
estimates were generally consistent with previous field monitoring results in Lake
Chaohu (21.4 mgN/(m3day), annual average) (Jiang et al., 2016) and the other lakes
(Table S4), such as a rate of 17.5 mgN/(m3day) in August but only 0.4 mgN/(m3day)
in April in Lake Dianchi (Wu et al., 2019). The internal NH4+-N cycling might be
strengthened with mineralization of ON; while intensified nitrification and uptake by
phytoplankton might promote its removals from water columns. For ON, the major
route of input was through the decay of phytoplankton in summer, and it was mainly
removed by mineralization and settling into the sediment (Figure 7). Lake sediment
could play a dual role in regulating TP in water columns. From April to November,
the sediment could act as a source for P in the waters, with a release rate of 0.2–3.3
mgP/(m3day). From December to March, sediment could act as a sink of P in waters,
with an adsorption rate of 0.1–0.7 mgP/(m3day). This trend was consistent with
field measurement results in the Lake Chaohu, which had a higher soluble reactive P
release rate in summer and autumn (~3 mgP/(m3day)) than the other seasons (Yang
et al., 2020).
Response of internal nutrient loadings to climate change
Potential responses in internal nutrient loadings were predicted in Lake Chaohu
under climate change scenarios (RCP2.6, RCP4.5 and RCP8.5). During 2020–2050,
the surface air temperature in Lake Chaohu is predicted to increase at a rate of 0.04–
17

0.06 oC/year (Figure S4A); this rate is even higher than the increasing rates during
1980–2015 (~ 0.03 oC/year) (Li et al., 2019). Increase of air temperatures would
potentially lead to an increase of 0.037–0.051 oC/year in surface water temperatures
(Figure S4B). The modeling results indicated that, if with lake warming, the
seasonal fluctuations of internal nutrient loadings might be intensified in the lake
(Figure 8). In particular, the maximum intra-annual fluctuation of internal nutrient
loadings in the year might be intensified largely. For instance, in 2050, the
maximum fluctuation of internal NH4+-N loadings (45.4–53.6 mg/(m3day)) might
increase by 2.5–20.1% relative to 2016 (~44 mg/(m3day)). Maximum fluctuation of
internal ON loadings (53.5–81.2 mg/(m3day)) could increase by a percent of 8.3–
64.4% in 2050 relative to 2016 (~50 mg/(m3day)). With lake warming, the time
when the peak or valley of internal loadings occurred in the year might be shifted to
an earlier date. In 2016, the valley value for NH4+-N loadings occurred in June;
while in 2050, the corresponding time could be shifted to late April. Similarly, the
peak for the internal NO3--N loadings occurred in May in 2016, while it could be
brought forward to April in 2050 (Figure 8).
Discussion
Impacts on phytoplankton biomass and community structure
Potential responses in the biomass of phytoplankton under scenarios with warmer
surface waters were predicted in Lake Chaohu. Modeling results suggested that with
lake warming, durations of algal blooms in the year could be prolonged and the time
when algae start to bloom would be shifted to an earlier date (Figure 9). For instance,
the cyanobacteria are predicted to start to bloom in middle April in 2050, which is
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brought forward by one month relative to 2016. As a consequence, durations of algal
blooms (defined as the days with Chl a above 5 μg/L) (Liu et al., 2018) in the year
would increase from 240 days in 2016 to 252–269 days in 2050. It should be noted
that the impacts of warmer temperatures on algae could also depend on the detailed
species. Cyanobacteria are predicted to be dominant among three species under the
climate change scenarios. For diatoms which prefer the lower water temperatures (<
20 oC), their biomasses might decrease largely by a percent of 4.0–21.9% in 2050
relative to 2016 (Figure 9).
Implication for restorations of eutrophic lakes in the future
Internal nutrient cycling has demonstrated to be a crucial factor in influencing the
seasonal patterns of nutrient concentration and limitation in eutrophic lakes globally
(Lurling et al., 2016; Farrell et al., 2020; Qin et al., 2020). Our modeling results
indicated that with lake warming, seasonal fluctuations of internal nutrient loadings
may be strengthened, which might impose stronger impacts in regulating the nutrient
concentrations and limitations in the waters (Figure 8). Compared with 2016, the
seasonal variations of internal nutrient loadings might be intensified largely in 2050.
In spring, the internal NO3--N loadings can be elevated by a percent of 2.8–14.7% in
2050 relative to 2016; while in summer, the sediment P releases could be elevated by
27.5–36.5%. With stronger internal loadings, effects of external nutrient reductions
to nutrient concentrations in the lake might be overlapped more easily. This indicates
that water quality improvement by solely relying on reductions of external nutrient
inputs would less likely occur under climate change scenarios.
Resultant seasonal fluctuations in water nutrient concentrations could make the
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nutrient control targets, which are usually fixed throughout the year regardless of
seasons, impractical in water quality management (Tong et al., 2019a). For instance,
in China, nutrient control target (e.g., 1000 μg/L for TN; 50 μg/L for TP) is usually
set in advance for eutrophic lakes and rivers for a certain period, which constitutes
an important part of the assessment from the senior government (MEE, 2019). Initial
objective of this practice is to provide guidance for the reduction of external nutrient
inputs into the lake. However, in reality, these effects could be obscured by the
strong seasonal variations of internal nutrient loadings. As the case of Lake Chaohu
has suggested, in summer, lake TP concentrations could be easily elevated to be over
100 μg/L due to the intensified sediment releases; while TN concentrations could be
well controlled due to the intensified nitrification. We propose that a more effective
external nutrient reduction strategy should consider potential impacts from internal
loadings to the lake. A season-specific nutrient reduction strategy, which is focused
on the N reductions in spring and P reductions in summer, could be more effective in
reducing lake nutrient concentrations than the strategy without addressing seasonal
variations (Figure S10). The potential engineering measures to achieve the seasonal
reductions of riverine nutrient input might include the applications of some effective
P sorbents (e.g., Fe3O4/La(OH)3 nanocomposite (Ahmed and Lo, 2020); Fe0/Fe3O4-2
facilitated by Fe2+ (Wan et al., 2020) and modified zeolite (Yin et al., 2018)) and
applications of the constructed wetlands with effective N removals (Tan et al., 2020).
However, these measures still need to be systematically evaluated before the
large-scale application.
With climate changes, stronger interactions between water temperatures, nutrient
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concentration and growth of phytoplankton might be expected in the eutrophic lakes
(Paerl and Huisman, 2008; Rigosi et al., 2014; Deng et al., 2020). Lake warming
could not only influence biomasses of plankton directly due to their adaptions in the
physiologists (Jenny et al., 2020), but also regulate the nutrient availability ready for
uptakes of plankton (Chapra et al., 2017). It is well acknowledged that the growth of
plankton and their community structures in the waters could be largely influenced by
nutrient concentrations (Derolez et al., 2020), nutrient stoichiometry (Tong et al.,
2020) and relative abundances of different N species (Andersen et al., 2020; Li et al.,
2020b). Previous studies have attempted to elucidate the impacts of seasonal nutrient
patterns on algae growth in Lake Taihu (Xu et al., 2010, 2015; Hampel et al., 2018)
(a eutrophic lake nearby Lake Chaohu) by the standard nutrient addition bioassay
experiments; they found N could be a growth-limiting factor for the proliferation
and maintenance of toxic Microcystis spp. blooms in summer; while P limitation can
be more prevalent during initiations of the spring bloom. Although seasonal nutrient
patterns in the lake could regulate the growth of plankton, algal blooms could also
create positive feedbacks on sediment biogeochemistry and internal nutrient loading.
Researchers had reported that denitrification process could be altered with changes
of water pH and DO (Gao et al., 2014; Cottingham et al., 2015). As shown in Figure
7, the nutrient uptakes by algae in Lake Chaohu might be low compared with other
internal processes. However, it might aggravate nutrient limitations in certain period.
From April to September, water NH4+-N consumptions could be aggravated by the
intensified nitrification, and co-occurrence of intensified algae uptake may aggravate
the NH4+-N limitations for the growth of plankton. A more complete understanding
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about the causations between the internal nutrient loadings and growth of algae is
necessary in the future.
It should be noted that due to the huge computing work and data requirements by
the EFDC, the modeling was primarily based on a two-year nutrient monitoring data
in this study. The coupling relationships between water temperatures and internal
nutrient loadings may partly depend on the lake trophic states (Farrell et al., 2020).
Nutrient conditions in Lake Chaohu are changing during the past decades (Duan et
al., 2017; Tong et al., 2019a). Therefore, a longer historical monitoring data set may
be beneficial to quantify the impacts of internal loading in the lake at different stages
of eutrophication. Secondly, in this study, internal nutrient loading was estimated for
the whole lake. However, at different specific locations within the lake, the internal
nutrient loadings (e.g., nitrification, denitrification) may also vary due to differences
in nutrient concentrations and hydrological conditions. A full analysis addressing the
spatial variations of internal loadings would be necessary. Thirdly, lake warming is
one of the most important but not the only impacts that will be induced by climate
changes. Other impacts may include increasing nutrient inputs into lake by extreme
rainfalls (Paerl and Paul, 2012; Kalcic et al., 2019), enhanced thermal stratification
(Woolway and Merchant, 2019) and alteration in water volumes (Kalcic et al., 2019).
Overall impacts from climate factors to the lakes are worth of being investigated in
the future.
In summary, scientific evidence is quite clear that the climate is changing and will
continue to change in future (Kalcic et al., 2019; Woolway et al., 2019). Thus, these
potential changes in the Lake Chaohu revealed by this study will not be unique, but
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also exist in other eutrophic lakes. With lake warming, internal nutrient loadings can
be intensified and have a stronger impact on seasonal variations of lake nutrients.
These changes might be beneficial for the growth of cyanobacteria in the future.
Evidence from this study may help water managers to rethink existing mitigation
measures and emphasize potential interactions among lake warming, eutrophication
and internal nutrient loading in the lake restoration. An effective nutrient reduction
strategy needs a case-specific diagnosis in which all aspects of intended mitigation
measurements should be a part of system analysis. Compared with the history, more
adaptions in mitigation strategies on the restoration of eutrophic lakes are necessary
to adapt to a warmer world.
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Figure captions

 Figure 1. Nutrient monitoring sites in Lake Chaohu (A), annual trends of lake surface
water temperatures during 1980–2015 (B) and a conceptual diagram depicting major
processes governing the interactions between nutrients and phytoplankton (C)

 Figure 2. Responses to the increases of water temperatures by different phytoplankton
species
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 Figure 3. Monthly fluctuations of measured nutrient concentrations (orange color) and
surface water temperatures (blue color) in Lake Chaohu in 2015 and 2016

 Figure 4. Comparisons between the predicted results and measured results in Lake
Chaohu
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 Figure 5. Seasonal fluctuations of external (green color), internal loadings (red color) and
sum of both internal and external loadings (black color) for major nutrients in Lake
Chaohu
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 Figure 6. Responses of lake nutrient concentrations to the variations of internal and
external nutrient loadings
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 Figure 7. Temporal variations of internal and external nutrient loadings for major
environmental processes in lake
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 Figure 8. Seasonal fluctuations of internal nutrient loadings in Lake Chaohu under
climate change scenarios

 Figure 9. Predicted responses in the biomasses of phytoplankton in Lake Chaohu under
climate change scenarios
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