Water Research 194 (2021) 116910

Contents lists available at ScienceDirect

WATER
) RESEARCH

Water Research

journal homepage: www.elsevier.com/locate/watres

Spatiotemporal dynamics of succession and growth limitation of n
phytoplankton for nutrients and light in a large shallow lake

Xuemei Liu®", Liwen Chen? Guangxin Zhang?®* Jingjie Zhang®“%* Yao Wu?, Hanyu Ju®P

2 Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences. Changchun 130102, China

b University of the Chinese Academy of Sciences, Beijing 100049, China

¢ Environmental Research Institute, National University of Singapore, Kent Ridge 117576, Singapore

d Shenzhen Municipal Engineering Lab of Environmental IoT Technologies, Southern University of Science and Technology, Shenzhen, 518055, China

ARTICLE INFO

Article history:

Received 26 October 2020
Revised 4 February 2021
Accepted 5 February 2021
Available online 8 February 2021

Keywords:

Phytoplankton growth

Harmful algal blooms (HABs)
Species succession

Co-varying environmental conditions
Total suspended solids (TSS)

N:P ratios

ABSTRACT

Understanding the limiting factors of phytoplankton growth and competition is crucial for the restoration
of aquatic ecosystems. However, the role and synergistic effect of co-varying environmental conditions,
such as nutrients and light on the succession of phytoplankton community remains unclear. In this study,
a hydrodynamic-ecological modeling approach was developed to explore phytoplankton growth and suc-
cession under co-varying environmental conditions (nutrients, total suspended solids (TSS) and variable
N:P ratios) in a large shallow lake called Lake Chagan, in Northeast China. A phytoplankton bloom model
was nested in the ecological modeling approach. In contrast to the traditonal ecological modeling, compe-
tition between phytoplankton species in our study was modeled at both the species/functional group and
phenotype levels. Six phytoplankton functional groups, namely diatoms, green algae, Anabaena, Micro-
cystis, Aphanizomenon and Oscillatoria and each of them with three limitation types (i.e., light-limitation,
nitrogen-limitation and phosphorus-limitation) were included in the bloom model. Our results demon-
strated that the average biomass proportion of the three limitation types (light-limitation, nitrogen-
limitation and phosphorus-limitation) in the six phytoplankton function groups accounted for approxi-
mately 50%, 37% and 23% of the total phytoplankton biomass, respectively. TSS suppressed the growth of
diatoms and green algae, but favored the dominance of cyanobacteria in Lake Chagan, especially in the
turbid water phase (TSS > 60 mg/L). In addition, it was reported that the potential of either N-fixing or
non-N-fixing cyanobacterial blooming along the gradients of N:P ratios could exist under the influence
of the co-environmental factors in the lake. The proportion of non-N-fixing cyanobacteria (i.e., Microcys-
tis and Oscillatoria) exceeded the proportion of N-fixing cyanobacteria (i.e., Anabaena and Aphanizomenon)
when the N:P ratios exceeded 20. Non-N-fixing cyanobacteria would become dominant at higher TSS con-
centrations and lower light intensities in the turbid water. N-fixing cyanobacteria favored lower N:P ratios
and higher light intensities in the clearwater phase (where TSS < 60 mg/L). To sustain a good ecological
status in the lake, our results suggest that nutrient and TSS levels in the lake should be maintained at or
below the thresholds (TN < 1.5 mg/L; TP < 0.1 mg/L; N:P ratios between 15 and 20; and TSS < 60 mg/L).
These findings can help improve water quality management practices to restore aquatic ecosystems.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

of the over-proliferation of phytoplankton and species succes-
sion, which threaten water security and sustainable development

Phytoplankton is a prominent indicator of lake ecosystem
health and the over-proliferation of phytoplankton is one of the
most challenging environmental problems (Huisman et al., 2018).
Climate change (such as rising temperature, change in rainfall pat-
tern and drought conditions) and anthropogenic activities (such ur-
banization and modern agricultural practices) are the main drivers
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of fisheries (Axler et al.,, 1981; Markensten and Pierson, 2007;
Newcombe et al, 2012; Reichwaldt and Ghadouani, 2012;
Sakamoto et al., 2020). Harmful algal blooms (HABs) refer mainly
to the over-proliferation of algae in marine and freshwater environ-
ments (e.g., cyanobacteria, dinoflagellates and diatoms). Toxic and
off-flavor compounds not only have an adverse impact on human
health, but also threaten the sustainable development of aquatic
ecosystems and local economies (Ross et al., 2006; Paerl and Huis-
man, 2008; Preece et al., 2017; Huisman et al., 2018). However,
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quantifying the relationship between the nutrients and the prolif-
eration of specific algal species and identifying the main driving
forcing and the mechanism behind the blooms are very complex
and challenging (Glibert and Burkholder, 2011). Therefore, an ef-
fective control of HABs is important for lake water quality man-
agement under the increase of anthropogenic activities and climate
pressure on aquatic ecosystems worldwide.

The phytoplankton community structure and primary produc-
tion are important ecosystem indicators for evaluating lake ecosys-
tem health (Boyer et al., 2009), which are affected by various abi-
otic factors such as nutrients (N, P), physical light, temperature,
wind speed, precipitation, and pH (McCarthy and Goldman, 1979;
Sunda et al., 1997; Jakobsen et al., 2015; Stockwell et al., 2020),
and biotic factors such as planktonic herbivores (Paerl et al., 2001;
Smayda, 2008). Extensive studies have suggested that both ab-
solute levels and ratios of nutrients (nitrogen to phosphorus)
and light are the main driving factors affecting phytoplankton
growth and succession (Smith et al., 1999; Abell et al., 2010;
Assemany et al., 2015; Sendergaard et al., 2017). Nutrient loading
associated with agricultural land use, such as the irrigation dis-
charge, would lead to a shift in N:P ratios and higher nutrient
concentrations, resulting in species succession and higher biomass
in the receiving water bodies (Lie et al., 2011; Paerl et al., 2011;
Paerl et al., 2019; Diatta et al., 2020). Nutrient uptake by phyto-
plankton at an optimum ratio of 16:1 may promote phytoplank-
ton growth, but proliferation of each phytoplankton species may
occur differently, especially, under the conditions of nutrient im-
balance (Redfield, 1958; Teubner and Dokulil, 2002; Faithfull et al.,
2011; Glibert et al., 2011; Reeder, 2017). The competition of phyto-
plankton for nutrients and light has resulted in considerable stud-
ies related to lake ecosystems (Zeng et al., 2015; Dai et al., 2020).
Phytoplankton production can be impaired by both nutrients and
light. In addition, there exists a co-limitation of phytoplankton
growth by nutrients and light. However, the effects of magnitude
by light-limitation, nitrogen-limitation and phosphorus-limitation
are different. In freshwater ecosystems, phosphorus-limitation is
considered as a strongly driven factor that affects the phytoplank-
ton growth and alters the community composition (Reeder et al.,
2017), which is different from our result, where the light availabil-
ity is the main driver of the phytoplankton proliferation because
of higher TSS concentrations. The proportion of decreased diatoms
with increasing N:P ratios and no significant change in green algae
have been found in other aquatic ecosystems (Conley and John-
stone, 1995; Klausmeier et al., 2004; Torres-Aguila et al., 2018).
The shift in the predominant of N-fixing cyanobacteria (Aphani-
zomenon) in summer (May to July) to non-fixing cyanobacteria (Mi-
crocystis) in early fall (August to September) due to the change of
its nitrogen and phosphorus cycles, has been found in Lake Utah
(Li et al., 2020). Previous studies have shown that higher concen-
trations of P and lower N:P ratios favor of the N-fixing cyanobac-
terial blooms (Schindler, 1977; Smith, 1983, 1986; Havens et al.,
2003; Vrede et al,, 2009). As a fundamental energy source, light
plays an important role in phytoplankton growth by promoting
photosynthesis in the turbid water phase (higher TSS concentra-
tions) (Gameiro et al., 2011; Curtarelli et al., 2015; Zou et al.,
2020). Reducing available light can limit the uptake of N and P
in phytoplankton and result in shifts in the species composition
(Domingues et al., 2011; Jia et al., 2020). However, the roles of
mechanisms and synergistic effects on the shifts in the phytoplank-
ton communication composition under different prevailing envi-
ronmental conditions have not been well studied. In addition, the
outcome of the competition of the algal species may differ with
respect to combination of nutrient ratios and co-varying environ-
mental factors in different lakes (Teubner and Dokulil, 2002).

The numerical model is an effective tool to explore the driv-
ing factors of phytoplankton growth and depict a possible shift in
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phytoplankton community composition (Los and Wijsman, 2007;
Los, 2009; Li et al.,, 2015). Various ecological models have been
developed to describe nutrient competition for phytoplankton
(Di et al., 1971; Smith, 1986; Zhang et al., 2003a; Zhang et al.,
2003b; Wang et al., 2019). Based on the competition theory that
the species with lowest "critical light intensity” are superior com-
petitors, they can surpass other phytoplankton species and be-
come dominant. Huisman et al. developed a competition model
to predict the succession between buoyant and sinking phyto-
plankton species for light and reported that the cyanobacteria
such as Microcystis and Aphanizomenon were better competitors
than the green algae Scenedesmus under sufficient nutrients, and
the same mixing layer and native species environmental condi-
tions (Huisman et al., 1999; Huisman et al., 2004). A new cou-
pled Euler-Lagrangian model has been used to explore the con-
tribution of physiological and physical processes to the phenol-
ogy of HABs in shallow lakes (Feng et al., 2018). However, tra-
ditional numerical models lack the process by which phytoplank-
ton themselves interact with each other at species and phenotype
levels and predict the long-term evolution of phytoplankton un-
der co-varying environmental factors (Crisci et al., 2017; Wang and
Zhang, 2020). Comprehensive modeling approaches integrated by
hydrodynamic-ecological models have become popular for explor-
ing phytoplankton growth and its driving factors in different cases
(Zhang et al., 2013; Wang et al., 2019). These models can be effec-
tively studied for the dynamic variation of primary products under
different hydrodynamic and water quality conditions (Huang et al.,
2012;Zhang et al., 2013). The Delft3D-BLOOM module, which is
nested within the ecological model overcomes the defects of tradi-
tional models. This model can not only predict the fate and trans-
port of pollutants, but also explore the phytoplankton species com-
petition driven by co-varying conditions, thereby providing tech-
nical support for policymakers (Blauw et al., 2009; Wang et al.,
2019). Process-based (PB) models are more frequently used to pro-
vide a comprehensive assessment of how environmental conditions
such as physiological preferences, nutrient availability, vertical and
horizontal transport, and mixing, affect the phytoplankton species
competition in long-term predictions (hindcasting), whereas data-
driven (DD) models (e.g., artificial neural networks, genetic pro-
gramming, decision trees and Bayesian networks) can be employed
for short-term forecasting of cyanobacterial blooms (Oliver et al.,
2012; Fornarelli et al., 2013; Jiang et al., 2016; Rousso et al., 2020).
The combination of the PB and DD models can improve the model
performance in terms of model accuracy and computational ef-
ficiency (Wang et al,, 2019). In this study, we intended to use
a coupled hydrodynamic-ecological model (a nested ecological-
phytoplankton bloom model) based on the Delft3D software suite
to address phytoplankton succession and growth limitations un-
der co-varying environmental conditions in a large shallow lake.
Comapred to the previous modeling approaches, this study has the
following features: 1. In the model structure, the bloom model con-
sists of six phytoplankton functional groups or species, namely, di-
atoms, green algae, Anabaena, Microcystis, Aphanizomenon and Os-
cillatoria; each specie is further classified into N-limiting, P-limiting
or L-limiting with different characteristics (e.g., different growth,
mortality and respiration rates). Therefore, a total of 18 phyto-
plankton components at the taxonomic level can be simulated,
and 2. In the model application, the succession and growth limi-
tation of phytoplankton depends not only external co-varying en-
vironmental conditions such as light and nutrients, but also on the
properties of species such as growth and mortality, as well as res-
piratory rates. Species competition is based on the trade-off princi-
ple between growth and environmental requirements through op-
timizing biomass using a linear program under constraints of the
resources at the start of each time step, growth, and mortality
rates.
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Fig. 1. Map of study area (a), Sampling sites (b), DEM (c) and Bathymetry (d) of Lake Chagan.

Lake Chagan is one of the ten largest freshwater lakes in China
and is an important fishery base, which has been in a transition
period from the clearwater phase to the turbid water phase as a
result of receiving high concentrations of nutrients and TSS load-
ing from the discharge of a new irrigation district (Da’an irrigation
district) (Table S1; Liu et al., 2019). The gradual deterioration of
water quality because of increasing levels of eutrophication in Lake
Chagan has posed a potential serious threat to public and ecologi-
cal health (Sun et al,, 2014). Therefore, understanding the effect of
the change in nutrients and TSS loadings driven by the new irriga-
tion district development on the phytoplankton community struc-
ture and shift of dominant species compositions becomes impor-
tant for the sustainable development of fisheries and water quality
management. In addition, it could also explore why algae did not
bloom in lakes with high concentrations of nutrient. It is hypoth-
esized that i) higher TSS suppresses the growth of diatoms and
green algae biomass but favores cyanobacteria dominance and ii)
non-N-fixing cyanobacterial blooms would occur under higher N:P
ratios and lower light intensities in the turbid water phase. The
overall goal of this study is to comprehensively assess the effect of
TSS and nutrients on phytoplankton dynamics and behaviors using
a coupled hydrodynamic-ecological model in which a phytoplank-
ton bloom was nested. In particular, this study aims to: i) reveal
the spatiotemporal dynamics of phytoplankton species composi-
tion; ii) comprehensively quantify and reveal limiting factors influ-
encing phytoplankton growth and succession; and iii) understand
how changes in co-varying environmental conditions (e.g., N:P ra-
tio, TN, TP and TSS concentrations) driven by the new irrigation
district development would have a synergistic effect on the phyto-
plankton behaviors in the future.

2. Material and methods
2.1. Study area

Lake Chagan is located on the Songnen Plain of Northeast China
(124°03’ - 124°34’E, 45°09’ - 45°30'N) (Fig. 1), with a surface area

of 372 km? and an average water depth of 2.5 m. It is characterized
by temperate continental monsoon semi-arid climate. The multi-
year average evaporation, precipitation and temperature are 1449
mm, 400 mm and 4.5 °C, respectively (Fig. S1). The prevailing wind
direction is southwest wind with the maximum wind speed of 27
m/s (Fig. S1).

Previous study has shown that the lake is at hypereutrophic
status in summer (Liu et al., 2019). In addition to the contribu-
tion from precipitation and groundwater, the irrigation discharges
from the Qianguo and Da’an irrigation district in the region serve
as the main water inflow into the lake, together with the main out-
flow from Shijia weir and evaporation, influence the flow pattern
in Lake Chagan (Zhang et al., 2017; Liu et al., 2020a; 2020b).

Lake Chagan is in the transition period from Class IIl of the
National Surface Water Quality Standard of Chinese (clearwater
phase) in 2011 to the Class V standard (turbid water phase) (Ta-
ble S1). Based on the relationship between the average Secchi disk
depth (SDD) and the total suspended solids (TSS), we defined that
if the TSS concentrations are less than 60 mg/L (corresponding to
SDD more than 46 cm), then it was in the clearwater phase, and
the if the TSS concentrations exceed this concentration, then it was
in the turbid water phase in Lake Chagan.

2.2. Sample collection and analysis

In this study, Lake Chagan was divided into three sampling
fields, namely the western part (A1, S1), the middle part (S2-
S5), and the eastern part (A2-A3, S6), with a total of nine sam-
pling stations corresponding to physical parameter fields, such as
flow and depth fields and general water quality parameter fields,
such as TN and TP concentrations, respectively (Liu et al., 2020b)
(Fig. 1). Among them, A1-A3 were outflow and inlet sampling sta-
tions, and S1-S6 were the sampling stations inside the lake. Wa-
ter quality samples were collected monthly from May to October
2018 and May to September 2019 (Fig. 1 and Table S2). A total of
99 water samples were collected. Phytoplankton samples were col-
lected monthly in May and September 2018. Atmospheric deposi-
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tions of nitrogen and phosphorus concentrations were collected in
this region in May and September 2018. Monthly sediment sam-
ples from Lake Chagan were collected in May and September 2018
using a Piston-type cylindrical mud dredger. Water quality sam-
ples of groundwater were collected in May and September 2018
(Liu et al., 2019). Water temperature (T ), pH, electronic conductiv-
ity (EC) and secchi disk depth (SDD) were measured using a Hanna
measurement probe on-the-spot and Secchi disk, respectively. To-
tal nitrogen (TN), total phosphorus (TP), ammonia nitrogen (NHg4-
N), nitrate nitrogen (NO3-N), phosphate(PO43~), TSS, chlorophyll-
a (Chl-a) and dissolved oxygen (DO), as well as phytoplankton
and zooplankton biomass data were analyzed at the Institute of
Agricultural Ecology, Northeast Geography of the Chinese Academy
of Sciences. The methodology used for the quantification of wa-
ter quality parameters was shown in a previous study (Liu et al.,
2019). Phytoplankton samples were preserved with Lugol’s iodine
solution (2% final conc.) and settled for 48 h before the analysis.
Phytoplankton samples were obtained using No. 25 phytoplankton
bionet (pore size of 64 um) at 0.3 - 0.5 m below the water sur-
face and slowly dragged in an "oo" shape for 3 min. The water
in the bionet was then concentrated to 100 mL and fixed in 1 -
2 mL Lugol’s iodine solution. One-liter samples were fixed in 10
mL Lugol’s iodine solution and were concentrated to 50 mL with
a siphon after sedimentation for 48 h, and 4% formaldehyde so-
lution was added to save the mirror Check. The identification of
phytoplankton species is based on the protocol in “Phytoplankton
Handbook” (Hasle and Sournia, 1978) and “Chinese Freshwater Al-
gae - System, Classification and Ecology” (Hu and Wei, 2006). The
algal cell counts were measured by a 0.1 mL counting frame and
performed under a microscope (Olympus CX21, 400x). Each sample
was counted twice with 100 view fields each time, and the average
value was used. The corresponding algal biomass was calculated
based on the cell bio-volume for each individual species (Sun and
Liu, 1999). The velocity and flow data were derived from the data
of Lake Chagan at the automatic hydrological monitoring station.
Meteorological data were obtained from the China Meteorologi-
cal Science Data Center (https://data.cma.cn/). The TSS concentra-
tions of Lake Chagan from May to October in 2011 and 2018 were
retrieved from the Landsat eight remote sensing data from the
U.S. Geological Survey (USGS) (https://earthexplorer.usgs.gov/). The
equations describing the relationship between the remote sens-
ing band and TSS were shown in Table S3. Detailed information
on the calculation method are presented in Supplement document
1. The average TSS concentration in the lake in 2011 (59.89 mg/L)
was significantly lower than the current average (147.67 mg/L). The
analysis was based on the datasets from meteorological, hydrolog-
ical, water quality, plankton, and remote sensing data. Detailed in-
formation related to specific parameters, time periods and corre-
sponding data sources of the dataset are shown in Table S2.

2.3. A comprehensive framework for hydrodynamic-ecological
modeling

2.3.1. Model setup

The comprehensive hydrodynamic-ecological model was built
based on the Delft3D FLOW and WAQ modules (Fig. S2) to better
understand how different environmental factors affect the changes
in phytoplankton dynamics and behaviors in Lake Chagan. It con-
sisted of a hydrodynamic module, an ecological module, and a
nested phytoplankton bloom module (Fig. 2). The hydrodynamic
module provides a physical transport process to the ecological
module, which reflects complex interactions between different
state variables such as phytoplankton and nutrients, TSS, and driv-
ing forces (e.g., wind and solar radiation) (Liu et al., 2020b). The
Delft3D ecological module provides the nutritional foundation for
the nested BLOOM module that describes the dynamics and behav-
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ior of phytoplankton species. Detailed descriptions of the compre-
hensive model and governing equations are presented in Supple-
ment document 2.

2.3.2. Modeling of phytoplankton growth limitation and species
competition

Phytoplankton adapts to changing environmental conditions
and continuously optimizes growth by reallocating nutrients and
energy through metabolic pathways. Different phytoplankton taxa
use different strategies to partition resources (Halsey et al., 2015).
Hence, phytoplankton species can be further grouped into different
limiting resource types. Based on the survey data, six phytoplank-
ton functional groups, namely diatoms, green algae, Anabaena, Mi-
crocystis, Aphanizomenon and Oscillatoria were defined in the bloom
model (Fig. S2). Each of the phytoplankton species are further di-
vided into N-limited, P-limited and L-limited species (Blauw et al.,
2009). Competition for nutrients and light resources not only oc-
cur between different phytoplankton functional groups, but also
between different limited types of each species. Nitrogen types
(N-limited) of phytoplankton were characterized by lower maxi-
mum growth rates, higher mortality rates, and higher Chl-a con-
tent, whereas phosphorus types (P-limited) of phytoplankton were
also characterized by lower maximum growth rates and higher
mortality rates but lower Chl-a content (Los and Brinkman, 1988;
Los et al., 2008). In contrast, light types (L-limited) of phyto-
plankton were characterized by higher maximum growth rates and
lower mortality rates (Los, 2005; Blauw et al., 2009). The bloom
model aims to select the best adapted combination of phytoplank-
ton types under different environmental constraints such as nutri-
ents and light, growth and mortality limitations and grazing pro-
cesses such as zooplankton (Los, 2009). It uses linear programming
to maximize the total biomass of phytoplankton species at equilib-
rium under prevailing environmental conditions at each time step
(Los and Brinkman, 1988). The model adopts a “conditional real-
location” scheme excluding all potential combinations of species
which cannot be achieved within the time step size. Equations S18-
S20 of each limiting type are presented in Supplement document
2.

2.3.3. Model input

Meteorological datasets, including hourly air temperature, pre-
cipitation, evaporation, relative humidity, solar radiation, wind di-
rection, speed and cloud cover were used in 2018-2019 as in-
puts for building the hydrodynamic module. Integrated grid and
bathymetry maps of the model domain are presented in Fig. 1. De-
tailed information on the hydrodynamic model setup in Lake Cha-
gan can be found in Liu’s previous study (Liu et al., 2020b). To-
tal nitrogen (TN), total phosphorus (TP), ammonia nitrogen (NH,4-
N), nitrate Nitrogen (NOs-N), phosphate (PO43), total suspended
solids (TSS), chlorophyll-a (Chl-a) and dissolved oxygen (DO), and
phytoplankton and zooplankton biomass were used as the inputs
for the WAQ-ECO model (e.g., from open boundaries at Chuan-
tou weir, Jiangjia weir and Shijia weir). In addition, monthly wa-
ter quality datasets from groundwater intrusion and atmospheric
deposition were considered as additional model inputs. The model
initial conditions and parameter coefficients used in the model are
shown in Tables S4 and S5, respectively.

2.3.4. Model calibration and validation

The Delft3D-FLOW module, which provides the hydrodynamic
foundation for the Delft3D-WAQ module, has been calibrated and
validated using water temperature and salinity in the previous
work (Liu et al., 2020b). Further calibration and validation were
mainly focused on several key water quality parameters in the eco-
logical model. The relevant state variables and processes as well as
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Fig. 2. The conceptual diagram of the comprehensive framework of phytoplankton bloom modeling

governing equations related to the comprehensive model are pre-
sented in Supplement document 2.

Datasets of TN, TP, DO, and Chl-a at nine observation stations
from May to October, in 2018 and from May to September, in
2019 were used for the model calibration and validation, respec-
tively. Owing to sparse data, the calibration and validation on the
phytoplankton biomass were only based on the concentration of
chlorophyll-a (Chl-a) and the dominant species. In addition to the
visual inspection between modeled and observed values, we also
quantified the model’s performance based on different assessment
criteria as shown in Table 2. Nash-Sutcliffe efficiency (NSE), root
mean square error (RMSE) and average standard deviation (ARD%)
were used to evaluate the model’s performance. When the NSE is
greater than 0.36, the performance of the model can be consid-
ered good and used for model application (Moriasi et al., 2007;
Moriasi et al.,, 2015). The average standard deviation (ARD%) be-
tween simulated results and observations were results is also used
to evaluate the model performance of the model. If the ARD% is
less than 25%, the simulation results are considered satisfactory
(Zhang et al., 2013; Xu et al., 2017).

Equations (1)-(3) are used for the evaluation:

N2
n obs sim
it (Xi —X )

NSE=1- 5 (1)
Zin:l (xiobs_ximean)

RMSE = 2)
(1_ Xsim _ Xpbs Xpbs

ARD% — =11 e =Xl (3)

n
2.4. Scenario setup and analysis

In this study, five N:P ratios and two TSS concentrations, includ-
ing the observed concentrations in the turbid water phase (average
concentrations of TSS > 60 mg/L) and inversion concentrations in
the clearwater phase (average concentrations of TSS < 60 mg/L),
made a combination of 10 scenarios for the analysis and assess-
ment (Tables 1 and S9). N:P ratios were tested with a value of
either 5, 10, 15, 20 or 30 in the 10 scenarios. The corresponding

Table 1
Scenarios for testing impact of different driving factors on change of phytoplankton
biomass and species composition.

Scenarios N:P ratios  TN(mg/L) TP(mg/L) TSS(mg/L)  Status

1 N:P=10 Observed  Observed  Observed Turbid water
2 N:P=10 Observed Observed Inversion Clearwater

3 N:P=5 11 (1.0) v (0.1) Observed Turbid water
4 N:P=5 11 (1.0) v (0.1) Inversion Clearwater

5 N:P =15 v (1.5) v (0.1) Observed Turbid water
6 N:P =15 v (1.5) v (0.1) Inversion Clearwater

7 N:P =20 11 (1.0) 111 (0.05) Observed Turbid water
8 N:P =20 111 (1.0) 111 (0.05) Inversion Clearwater

9 N:P =30 v (1.5) 111 (0.05) Observed Turbid water
10 N:P =30 v (1.5) 111 (0.05) Inversion Clearwater

where 111 and IV represent the surface water classification criteria; “Observed” in-
dicates the observed values of TN, TP, and TSS concentration; “Inversion” indicates
the inversion value of TSS concentration in 2011.

concentrations of nutrients (TN and TP) and TSS were either de-
rived from the measurements or based on the China’s Environmen-
tal Quality III and IV Standards of Surface Waters (GB3838-2002)
or from the inversion data. The detailed design of the 10 different
combinations with specific values are shown in Tables S1 and S4
in Supplement document 3. In these scenarios, only the concentra-
tions of TN, TP, and TSS were changed, and the flow rates remained
unchanged. Scenarios 1 and 2 were the current states referring to
the turbid water and the clearwater phase in Lake Chagan, respec-
tively. They were chosen as the baselines to compare with other
scenarios and study the synergistic impact of TSS, TN, TP and N:P
ratios on phytoplankton dynamics and behaviors.

3. Results
3.1. Results of calibration and validation

The model performances are shown in Table 2 and Fig. S3.
The NSE values at all observation stations were mostly 0.36 to
0.60, suggesting that the model yielded very good agreement be-
tween the observed and predicted results at each observation sta-
tion. Given the sparse dataset, the model evaluation for predicting
phytoplankton was based on comparing the simulated proportions
with the observed values among the three mainly dominant groups
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Table 2
Results of model calibration and validation.
Parameter Indicator ~ Content Al A2 A3 S1 S3 S6
TN NSE C 033 012 028 037 013 028
\ 052 012 046 049 0.17 036
RMSE C 1.06 097 097 122 1.07 095
v 1.28 112 1.08 149 119 1.11
ARD% C 7 9 16 10 15 18
\ 5 8 10 7 12 14
TP NSE C 038 024 027 013 026 025
v 050 026 035 035 044 037
RMSE C 0.03 0.02 0.01 0.02 0.02 0.02
\Y 0.05 0.02 0.01 0.04 0.03 0.03
ARD% C 8 11 18 9 14 17
\ 4 8 12 7 11 12
DO NSE C 045 028 0.03 032 0.61 0.31
\% 046 036 0.12 054 031 046
RMSE C 158 138 146 155 131 1.42
\Y 1.68 154 156 167 148 1.53
ARD% C 8 15 16 18 10 22
v 6 12 14 16 8 18
Chl-a NSE C 034 026 013 022 016 032
\Y 0.59 031 039 049 025 046
RMSE C 113 1.04 142 111 1.07 0.99
\ 1.87 152 167 117 146 1.19
ARD% C 5 10 18 8 15 24
\% 3 8 14 6 14 22
Cyanobacteria ARDY% — 12 14 13 19 20 18
Green algae ARD% —_ 9 8 10 14 16 17
Diatoms ARD% — 10 8 9 12 13 15
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Note: “C” represents calibration; “V” represents validation.

(i.e., cyanobacteria, green algae and diatoms) as shown in Fig. S4.
All the ARD% values between the simulated and observed values
were less than 25% and the validation results were greater than
the results of calibration in all the indicators (Table 2).

3.2. Spatial-temporal dynamics of phytoplankton biomass and species
succession

Based on the results of the baseline simulations in the tur-
bid water phase, phytoplankton biomass in the wet season (June-
September) was significantly higher than that in the dry season
(May and October) (Fig. 3a). Species compositions of the phy-
toplankton in Lake Chagan were mainly diatoms, green algae,
and cyanobacteria (Fig. 3b). Cyanobacteria of Lake Chagan mainly
included N-fixing cyanobacteria (Anabaena and Aphanizomenon)
and non-N-fixing cyanobacteria (Microcystis and Oscillatoria). The
biomass proportion of non-N-fixing cyanobacteria was higher than
that of N-fixing cyanobacteria (Fig. 3c).

The results showed that there was an obvious spatial hetero-
geneity of the average phytoplankton biomass during both the dry
and wet seasons in 2018-2019 (Fig. 4). The phytoplankton biomass
in Lake Chagan in the dry season showed an increasing trend from
the western to eastern part, but the opposite pattern was observed
during the wet season. Phytoplankton biomass in the wet season
varied widely, with higher biomass than that in the turbid water
phase.

3.3. Impact of limitations of nutrients and light on phytoplankton
growth and succession

As shown in Fig. 5, the baseline results from the model simula-
tions demonstrated that the growth of Anabaena, Microcystis, Aph-
anizomenon, Oscillatoria, diatoms, and green algae were severely
limited by light, followed by nitrogen and phosphorus (with se-
vere levels of L-limited > N-limited > P-limited) in Lake Cha-
gan. The L-limited type of biomass of six phytoplankton functional

groups, namely diatoms, green algae, Anabaena, Microcystis, Apha-
nizomenon, and Oscillatoria distributed the entire lake surface layer
at approximately 0.3 - 0.5 m and accounted for approximately 50%
of the total phytoplankton biomass proportion. The proportions of
N-limited and P-limited types were similar in Anabaena, diatoms,
green algae, Microcystis and Aphanizomenon, which accounted for
approximately 25% of the total biomass. In contrast, the proportion
of N-limited type (approximately 37%) of Oscillatoria was higher
than that of P-limited type (approximately 23%). The P-limited pro-
portion of phytoplankton was lower in the dry season (May and
October).

3.4. Change of phytoplankton biomass and shifts of dominant species
under prevailing environmental conditions

The simulated results of monthly variations in the influence of
N:P ratios and concentrations of TN, TP, and TSS on phytoplank-
ton biomass are shown in Fig. 6. In general, phytoplankton biomass
was lower in the turbid water phase than in the clearwater phase
when the concentrations of TN and TP remained unchanged. Phy-
toplankton biomass rapidly increased with decreasing TSS in eu-
trophic water (higher TN and TP). In contrast, the impact was less
in the oligotrophic water (lower TN and TP). Variations in N:P ra-
tios had little effect on the change in the phytoplankton biomass in
the turbid water phase. Maximum phytoplankton biomass was ob-
served in Scenarios 7 and 8 and minimum phytoplankton biomass
was observed in Scenarios 1 and 2 in the baseline approaches.

Fig. 7 shows the monthly variations of the predicted impacts on
the changes in N:P ratios and concentrations of TN, TP, and TSS on
phytoplankton dynamic competition and succession. The biomass
proportion of green algae was dominant under higher light inten-
sities (lower TSS) in late summer when compared to the oppo-
site pattern of the dominance of diatoms and non-N- cyanobac-
teria in early summer and fall (Fig. 7). The biomass proportion of
N-fixing cyanobacteria (Anabaena and Aphanizomenon) was lower
than non-N-fixing cyanobacteria (Microcystis and Oscillatoria) un-
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Fig. 3. Monthly average variation of phytoplankton species and biomass in Lake Chagan between May and October in 2018-2019; (a) The total biomass of phytoplankton;
(b) The percentages of main phytoplankton group species; (c) The percentage of cyanobacteria species

(a)

T

.

Biomass(mg/L)
pm High : 1.66

S Low : 0.02

Biomass(mg/L)
pm High : 2.35

S Low: 0.03

N

m A

5 1
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Table 3

Phytoplankton succession and proportions of predominant species in the ten different

scenarios in Lake Chagan.

Group 1 2 3 4 5 6 7 8 9 10
Cyanobacteria (%) 28 28 28 27 29 29 46 34 34 30
Green algae (%) 36 33 36 33 34 34 27 32 32 35
Diatoms (%) 34 39 36 40 37 37 27 34 34 35

der the same nutrient concentrations in the turbid water phase.
It was also observed that the biomass proportion of cyanobacte-
ria increased with increasing N:P ratios when the N:P ratios ex-
ceeded the 20. The biomass proportion of N-fixing cyanobacteria
was higher than non-N-fixing cyanobacteria when the N:P ratios
was less than 20, whereas the biomass proportion of non-N-fixing
cyanobacteria was higher than that of N-fixing cyanobacteria when
the N:P ratios exceeded 20. Cyanobacteria became dominant when
N:P ratios were close to 20 in the turbid water phase (Table 3).

The secchi disk depth (SDD) increased from May to September
and decreased from September to October in both the clearwater
and turbid water phases (Fig. 8). The change in SDD values in the
turbid water phase was lower than the clearwater phase. The SDD
was less than 46 cm in the turbid water phase, and from 46 cm
onwards in the clearwater phase, respectively. It is interesting that
N:P ratios had little effect on the changes in SDD values.

4. Discussion
4.1. Impact of driving force on phytoplankton growths and dynamics

Phytoplankton biomass in Lake Chagan showed obviously spa-
tiotemporal heterogeneity with increasing TN, TP and TSS concen-
tration (Fig. 3-4). Extensive studies have shown that nutrient (ni-
trogen, phosphorus) and light were the main resources for phy-
toplankton reproduction (Cloern, 1999; Klausmeier et al., 2004;
Sendergaard et al., 2017). Excess nutrient inputs can result in lake
eutrophication (Smith et al., 1999; Smith and Schindler, 2009).
Higher concentrations of nutrients and suspended solids carried by
the new irrigation discharge have been the main pollution sources
in Lake Chagan (Fig. S6 and Liu et al., 2020a). In both the turbid
and the clearwater phase, light can be the main limiting factor
for phytoplankton growth when compared to N and P availabil-
ity due to higher TSS concentrations blocking the light penetra-
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Fig. 7. Monthly variations of the simulated phytoplankton species proportions in 10 scenarios

tion into the water column (Gameiro et al., 2011; Domingues et al.,
2011). Our results demonstrated that phytoplankton growth in Lake
Chagan was mainly limited by light intensities, which accounted
for approximately 50% of the total phytoplankton biomass (Fig. 5).
Higher TSS concentrations not only influence the photosynthesis of
phytoplankton (Hoyer and Jones, 1983; Jones and Knowlton, 2005;
Dzialowski et al., 2011; Liu et al.,, 2016), but also change the ni-
trogen and phosphorus cycle absorbing NH4-N and dissolved inor-
ganic phosphorus (DIP) in the water body, thereby inhibiting the
uptake of nitrogen and phosphorus in phytoplankton (House et al.,
1995; Wollheim et al., 2001; Smith et al., 2005; Ekka et al., 2006).
Therefore, phytoplankton biomass showed an increasing trend with
increasing nutrient (N and P) concentrations and decreased TSS
concentration from May to July (Figs. 3, S5, and S6).

The concentrations of TSS in clearwater are less than 60 mg/L
and the concentrations of TSS in turbid water are more than 60
mg/L. Phytoplankton biomass in the turbid water phase decreased
from the western to the eastern part with increasing TSS con-
centrations in the dry season (Fig. 4). The TSS in this study in-
cluded inorganic suspended solids (ISS) and organic suspended
solids (OSS). Phytoplankton and detritus are part of the OSS that
come from the internal contribution of the lake. TSS can inhibit
the growth of phytoplankton through light limitation and thereby
reduce the OSS concentration to some extent. The field study re-

sults at nine sampling stations in May 2019 demonstrated that the
ISS/TSS ratios ranged from 60 to 86%, suggesting that the ISS was
the main contributor to the total suspended solids in the lake (Fig.
S8). In addition, the modeled result also shows that the contribu-
tion from phytoplankton was very small (total biomass less than
5.0 mg C/L) when compared to higher ISS concentrations. The in-
crease in TSS was not because of blooms, but originated from in-
organic terrestrial inputs (Li et al., 2016). Therefore, reducing the
input of inorganic suspended solids from irrigation districts is ben-
eficial for improving lake water quality. Because most of the ISS
input came from the catchment area, we can argue that the ex-
ternal loading of ISS plays a vital role in suppressing the growth
of diatoms and green algae but favoring cyanobacteria dominance,
particularly in turbid water. To explore the impact of TSS on the
change of water status, we also plotted TSS against the change of
SDD in both clearwater and turbid water, based on the definition
of the threshold (60 mg/L corresponding to 46 cm of Secchi disk
depth (SDD)) in Chagan as shown in Fig.S9. The N:P ratios in the
clearwater phase had a significant impact on the change in phyto-
plankton biomass (Hegarty and Villareal, 1998; Klausmeier et al.,
2004). This is consistent with our finding that the difference in
phytoplankton biomass between different scenarios under different
N:P ratios were larger in the clearwater phase (Fig. 7). In addition,
the concentrations of nitrogen and phosphorus were the main lim-
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Fig. 8. Monthly variations of simulated SDD (secchi disk depth) values in 10 scenarios

iting factors of phytoplankton growth biomass when compared to
the N:P ratios in the turbid water phase (Fig. 7). Hence, short-term
alone management of N:P ratios was unlikely to effectively control
algal blooms than dual N and P reductions, and it should also be
combined with other impacts from the co-varying environmental
conditions (Chislock et al., 2014).

4.2. Shifts of phytoplankton assemblages driven by co-varying
environmental factors

Species competition played a vital role in the formation of HABs
(Su et al, 2017; Li et al,, 2020), which was affected by N:P ra-
tios and concentrations of TN, TP, and TSS. Heterogeneity affected
the interspecies competition of phytoplankton by influencing the
growth of other coexisting algae and feeding of zooplankton,
thereby gaining a competitive advantage (Gross and Yellen, 2003;
Graneli et al., 2008). Green algae growth could be promoted by
higher light intensities, while N:P ratios had little effect on it
(Sorokin and Krauss, 1958; Solovchenko et al., 2008; Béchet et al.,
2013). Because diatoms were relatively weaker competitors in the
water environment with insufficient phosphorus supply (high N:P
ratios) (Torres-Aguila et al., 2018), lower N:P ratios and higher light
intensities were in favor of N-fixing cyanobacteria in the clear-
water phase (Fig. 7). N-fixing cyanobacteria would be limited by
lower light intensities in the turbid water phase because there may
not be enough energy to maintain N-fixation (Havens et al., 2003;
Agawin et al., 2007; de Tezanos Pinto, P and Litchman, 2010a and
2010b). Previous studies have shown that higher N:P ratios and
lower light intensities were in favor of the non-N-fixing cyanobac-
teria in the turbid water phase (de Tezanos Pinto and Litch-
man, 2010b; Carey et al., 2012; Chislock et al., 2014; Scott, et al.,
2019). Hence, we might observe non-N-fixing cyanobacterial dom-
inant under high N:P ratios because of the overriding effect of
L-limited in the turbid water phase (Fig. 7). The toxins released
by non-N-fixing cyanobacteria including Microcystis and Oscillatoria
can jeopardize ecosystem functioning and threaten human health
(Utkilen and Gjelme, 1995; Ziegmann et al., 2010; Horst et al.,
2014). The results of this study revealed that the proposition of

10

predominant cyanobacteria showed a dynamic change along the
N:P ratio gradient in Lake Chagan. Previous studies have shown
that cyanobacteria tend to dominate when N:P ratios do not ex-
ceed 29 in natural water bodies (Smith, 1983; Paerl et al., 2001;
Liu et al., 2011). In this study, the community shifts from diatoms
and green algae to cyanobacteria along with the increasing N:P ra-
tios until 20 in the turbid water phase (Fig. 7 and Table 3). In
general, lower N:P ratios and lower light intensities are not fa-
vorable for non-N-fixing cyanobacteria (Teubner and Martin, 2002;
de Tezanos Pinto and Litchman, 2010a; 2010b). Cyanobacteria have
no obvious competitive advantage when the N:P ratios are close
to the Redfield ratio (N:P ratio = 16) in the turbid water phase
(Redfield, 1958). The biomass proportion of diatoms and green al-
gae increased and that of cyanobacteria decreased when N:P ratios
were less than 20, particularly in the clearwater phase (Table 3).
These results have confirmed the hypothesis that cyanobacterial
blooms would occur in the turbid water phase

Under co-varying environmental conditions, different types of
N-fixing cyanobacteria have obvious differences in competitiveness,
such as Anabaena and Aphanizomenon, alhough Aphanizomenon has
a broader absorption spectrum and its growth is less limited by
light than that of Anabaena (Agawin et al., 2007). In contrast, An-
abaena has a higher growth rate than Aphanizomenon (Carey et al.,
2012). Therefore, Anabaena was found to be more competitive than
Aphanizomenon under lower N:P ratios and higher TSS concentra-
tions when both species coexisted in the natural water bodies as
shown in Fig. 7. The higher proportions of non-N-fixing cyanobac-
teria than those of N-fixing cyanobacteria when the N:P ratios ex-
ceeded 20, also confirmed our second hypothesis that non-N-fixing
cyanobacterial blooms would occur under higher N:P ratios and
lower light intensities in the turbid water phase.

4.3. Strategies of planning and management of water quality

Reducing the external pollution loading into aquatic ecosys-
tems, dredging, and water diversion have become important mea-
sures for controlling the proliferation of cyanobacterial blooms and
restoration of lake ecosystems (Newcombe et al., 2012; Liirling and
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Faassen, 2012; Schindler et al., 2016; Dai et al., 2020). Our find-
ings demonstrated that lower light intensities decreased total phy-
toplankton biomass but increased the proportion of cyanobacterial
biomass (Fig. 6, Fig. 7, and Table 3). In addition, lower nutrient
concentrations do not favor cyanobacterial blooms (Schindler et al.,
2016; Dai et al., 2020). Improving the purification capacity of pre-
wetlands in lakes (Yang et al., 2015), reducing the pollution from
external point and non-point sources (Guo et al., 2014), and dilut-
ing water by water diversion projects (Zhu et al., 2008; Feng and
Zhao, 2020) can effectively reduce the concentration of nitrogen
and phosphorus in the water bodies. Lower light intensities do not
favor phytoplankton growth but can lead to a shift in the phyto-
plankton community to cyanobacterial dominance. In order to sus-
tain good ecological status in the lake, we recommend that TN, TP
and TSS concentrations in the lake should be maintained or be-
low a threshold level (TN < 1.5 mg/L; TP < 0.1 mg/L; N:P ratios
between 15 and 20; and TSS < 60 mg/L) (Fig. S6 and Fig. S7).

4.4. Impact of data frequency on analysis of environment conditions

The model performance is always dependent on how well
the model is calibrated and validated, which requires sufficient
amounts and quality of the available data (Zhang et al., 2003b;
Wang et al,, 2019). Therefore, the impact of data frequency used
in the model should be taken into consideration. General water
quality models are calibrated with data from a monitoring pro-
gram that samples the environmental conditions at monthly base,
allowing the simulation to reproduce seasonal and annual varia-
tions (Kara et al., 2012; Xu et al., 2017). However, compared with
the water quality models, the ecological models in general need
to describe the dynamics of phytoplankton in rapid water pollu-
tion events, which are often limited by the frequency of observed
data (Kara et al., 2012; Huisman et al., 2019). Low frequency may
limit our understanding of the actual dynamics and prevent cap-
ture of real behavior (Jergensen and Bendoricchio, 2001). Data fre-
quency has relatively little impact on the predicted nitrogen and
phosphorus concentrations in water bodies (Bowes et al., 2016).
The high-frequency input data (e.g., hourly meteorological data and
flow data) can improve the accuracy of the hydrodynamic mod-
ule as shown in our case study. The hourly output of the hydrody-
namic module has been used as the input to the nested ecological
model in this study. The integrated process-based hydrodynamic-
ecological model was applied to quantify and predict the influ-
ence of environmental conditions on phytoplankton growth and
succession in the seasonal and annual scale simulation and yielded
reasonable results (Figs. 6 and 7). Likewise, the challenges of im-
pacts of sparse and low-frequency datasets on the model cali-
bration have existed in this study. The impact of vertical migra-
tion of cyanobacteria on phytoplankton dynamics was not con-
sidered in this study, which is limited by the available data. It
is expected that high-frequency surveys of phytoplankton species
and other water quality parameters (e.g., hourly, weekly, daily
base or combination with online-sensor data), especially during
the bloom period, will improve the model performance. The high-
frequency datasets can also help improve the PB forecasting accu-
racy of phytoplankton when combined with the data-driven model
(Wang et al, 2019). Thus, a further improvement of the accuracy
and forecasting capacity of the integrated hydrodynamic-ecological
model (PB) can be combined with high-frequency data survey and
data-driven model (DD) in our future work.

5. Conclusions
Based on the simulated results of the dynamics of phytoplank-

ton communities under different nutrient (TN and TP) levels and
total suspended solid (TSS) concentrations in Lake Chagan using
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the hydrodynamic-ecological modeling, it was found that phyto-
plankton growth was limited by light intensities and nutrient avail-
ability in the turbid water phase. Light limitation was the primary
factor determining phytoplankton production and changes in the
community structure. The order of limiting importance was in the
form of L-limitation > N-limitation > P-limitation. The limitation
and competition for nutrients and light affected the spatiotempo-
ral distribution of phytoplankton in this large shallow lake. The
phytoplankton community shifted from diatoms and green algae
to non-N-fixing cyanobacteria with a higher N:P ratio and higher
TSS (more than 60 mg/L) in the turbid water phase (SDD less
than 46 cm). Lower light intensities limited the energy required
to maintain N-fixation of N-fixing cyanobacteria under lower N:P
ratios. These findings support our initial hypothesis that TSS sup-
presses the total diatoms and green algae biomass but favores the
dominance of cyanobacteria in the turbid water phase, and non-
N-fixing cyanobacterial blooms would occur under higher N:P ra-
tios and lower light intensities in the turbid water phase. This
study provides a better understanding of the role and mechanisms
of phytoplankton growth and competition for resources under co-
varying environmental conditions and provides useful information
for policymakers in the control of cyanobacteria blooms and socio-
ecological stability along a gradient of irrigation development.
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