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ARTICLE INFO ABSTRACT

Nutrient reduction was an important but costly strategy to control harmful algal blooms (HABs) in eutrophic
lakes. It is still unclear that when and where to reduce nutrients for controlling HABs in a large eutrophic lake.
This study proposed a nutrient loading contribution index (NLCI) to evaluate the contribution of nutrient loading
on HABs in a large eutrophic lake (Lake Chaohu, China). The index was calculated using a hydrological, hy-
drodynamic and water quality model. A multi-site and multi-variable calibration revealed that the coupled
model captured the spatio-temporal pattern of chlorophyll a in the lake representing HABs. The evaluation
results revealed that effective HABs controlling in the lake depended on reducing P loading. Both internal and
external P loading contributed significantly to HABs in the lake. Nanfei and Hangbu Rivers were the hot spots for
external P reduction. Aug., May and Jul. were the hot moments for external P reduction. The new index (NLCI)
can be potentially used in other large eutrophic lakes to make a better strategy for nutrient reduction in water
management practice.
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(Schindler et al., 2012; Ulrich et al., 2016). These HABs caused the
harmful impacts of oxygen depletion, fish kills, liver damage by toxins,
biodiversity loss and water quality degradation (Catherine et al., 2013;
Clark et al., 2017; Paerl and Huisman, 2008). Reducing nitrogen (N)
and phosphorus (P) loadings can limit excessive phytoplankton growth
(Brookes and Carey, 2011), and had achieved great success for con-
trolling HABs in many freshwater lakes, such as Lake Erie in North
America (Smith et al., 2015). However, decision-making on nutrient
reduction was challenging for a large lake due to the following un-
addressed questions.

(1) Whether one or both nutrients should be reduced for con-
trolling HABs? Inspired by Liebig’s minimum law, worldwide limnol-

Model availability

Model name: Xinanjiang Model

Model download: http://www.escience.cn/people/elake/in-
dex.html

Programming language: Python

Model name: Environmental Fluid Dynamics Code (EFDC)

Model download: http://sourceforge.net/projects/snl-efdc/
Programming language: FORTRAN

1. Introduction

Harmful algal blooms (HABs) caused by excessive nutrient loading
in freshwater systems have been a global problem for decades.
Examples of severe HABs included Lakes Taihu and Chaohu in China
(Kong et al.,, 2017; Qin et al., 2010), Lake Erie in North America
(Michalak et al., 2013; Watson et al., 2016), Lake Winnipeg in Canada

ogists have been trying to identify the most limiting nutrient for phy-
toplankton growth in eutrophic lakes. P was found to be the growth-
limiting nutrient, and P controlling was thus strongly recommended
(Hecky and Kilham, 1988; Imboden and Gachter, 1978; Thomas, 1972;
Vollenweider, 1976). This conclusion led to widespread of P loading

Abbreviations: NLCI, nutrient loading contribution index; HABs, harmful algal blooms; EFDC, environmental fluid dynamics code; Q, flow discharge (m®/s); WL, water level (m); TP,
total phosphorus (mg P/L); TN, total nitrogen (mg N/L); NH, ", ammonia nitrogen (mg N/L); CHL, Chlorophyll a (ug/L); DO, dissolved oxygen (mg/L); WT, water temperature ("C)
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reductions in North American and European lakes and consequent im-
provements in water quality (National Research Council, 1992). How-
ever, a dual (N and P) nutrient reduction was proposed in some lakes
that were dominated by non-N,-fixing cyanobacteria, and had a rapid P
recycle between water and sediment (Conley et al., 2009). Although hot
debates among N or P reduction to control HABs are continuing (Conley
et al., 2009; Schindler, 1974), there is a consensus that an appropriate
strategy for nutrient (N or P) controlling can be determined by in-
vestigating N:P ratios using Redfield ratio (Abell et al., 2010; Schindler
et al., 2008), that was originally proposed by Alfred C. Redfield in 1934
(Arrigo, 2014).

(2) When and where to reduce nutrients for controlling HABs?
Nutrient reduction is one of the most effective strategies to control
HABs for a eutrophic lake (Schindler et al., 2016). However, either
internal or external nutrient loading reduction is time-consuming and
costly. Therefore, learning the nutrient contribution to HABs in the lake
can help water managers to make a priority list on nutrient reduction.
Successful cases to investigate the response of HABs/phytoplankton to
nutrient conditions were implemented in many aquatic ecosystems,
such as Lake Taihu (Huang et al., 2016), Lake Dianchi (Wu et al., 2017)
and the Bay of Quinte, Lake Ontario (Shimoda et al., 2016). However,
for large lakes, a specific nutrient reduction strategy (e.g., P reduction
from one inflow) may alleviate HABs in different areas to different
extents. Therefore, it is helpful for water managers to know when and
where to reduce nutrients for controlling HABs in the most concerned
area (e.g., drinking water intake). To our knowledge, this question was
scarcely investigated for a large shallow lake due to its multiple nu-
trient sources and complex mass transport processes.

The hypothesis of this study was that nutrient reduction in different
inflows and during different periods would result in different spatio-
temporal patterns of HABs in a large shallow lake. To test above hy-
pothesis, a large shallow eutrophic lake (Lake Chaohu) in China was
used as an example. A new nutrient loading contribution index (NLCI)
was proposed to evaluate nutrient loading contribution to spatio-tem-
poral pattern of HABs. NLCI had the advantage of describing HABs and
nutrient transport in the large lake using a hydrological, hydrodynamic
and water quality model. Based on the evaluation results using NLCI,
the contribution of nutrient sources (inflows and sediment fluxes) for
spatio-temporal pattern of HABs in the lake was accounted for.
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2. Materials and methods
2.1. Study area and data

Lake Chaohu (surface area, 768 km% mean depth, 2.7 m), the fifth
largest freshwater lake in China, is located in central Lake Chaohu
watershed (13,555 km?) (Fig. 1). The main connecting rivers of Lake
Chaohu include six inflows (Hangbu, Baishitian, Zhao, Zhegao, Nanfei
and Pai Rivers) and one outflow (Yuxi River) connecting with Yangtze
River. A sluice at H3 was used to control water level of Lake Chaohu
since Dec. 1962, and resulted in a long water retention time of 207 d,
and a large water level fluctuation from 8.11 m to 10.04 m above sea
level (Wusong datum) during 2011-2014. Lake Chaohu was well-
known for its scenic beauty and rich aquatic products before the 1960s.
However, due to rapid population growth and economic development
during past few decades, Lake Chaohu showed a decreasing trend of
wetland area, macrophyte coverage, and an increasing trend of algal
biomass (Xu et al., 1999). HABs occurred from May to November since
1980s. During the past decade, a series of measures (e.g., improving
wastewater treatment) have been taken by government to control eu-
trophication in Lake Chaohu. However, HABs coverage, frequency, and
duration showed an increasing trend during 2000-2013 (Zhang et al.,
2015). The phytoplankton was dominant by cyanobacteria (99.5% of
total phytoplankton biomass) (Jiang et al., 2014). Nutrients (phos-
phorus and nitrogen) and HABs in western Lake Chaohu were sig-
nificantly higher than those in eastern Lake Chaohu (Zhang et al.,
2016). Nonpoint source pollution from agricultural farmlands was
found to be the primary nutrient sources for the lake (Zhou and Gao,
2011).

A measured dataset was collected during 2010-2014 for modeling
HABs in Lake Chaohu (Table 1). This dataset included land use, me-
teorological, hydrological and water quality data. The land use data
were derived from satellite images (the moderate-resolution imaging
spectroradiometer, MODIS) in 2010. The daily meteorological data
were collected from six national weather stations and a hydrological
station. The daily hydrological data including flow discharge (Q, m>/s)
and water level (WL, m). Q data were collected from three hydrological
stations of H1, H2 and H3. WL data were collected from the hydro-
logical station of H3. Water quality data included the variables of total
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Fig. 1. Locations of Lake Chaohu watershed, elevation above sea level (Wusong datum), river network, water sampling sites, weather and hydrological stations.
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Table 1
Data collected for modeling harmful algal blooms in Lake Chaohu.
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Type Indicator Time period Temporal resolution Source Use
Land use Land use type 2010 Satellite image Inputs
Meteorology Pr 2010-2014 Daily 72 precipitation stations Inputs
Twax> Tins Taves Wet, WS and Hg,,, 2010-2014 Daily Weather stations (W1, ..., W6) Inputs
EV 2010-2014 Daily Hydrological station (H1) Inputs
Hydrology Q 2010-2014 Daily Hydrological stations (H1, H2 and H3) Calibration
WL 2010-2014 Daily Hydrological station (H3) Calibration
Water quality TP, TN, NH,4" and CHL 2010-2014 Monthly 7 river water sampling sites Inputs
TP, TN, NH,* and CHL 2010-2014 Monthly 14 lake water sampling sites Calibration
DO and WT 2010-2014 6h Automatic monitoring station (S1) Calibration

Note: Locations for data sources can be found in Fig. 1. WL: water level (m); Q: flow discharge (m>/s); Pr: daily precipitation (mm); Tyax, Tiin and Taye: daily maximum, minimum and
average of air temperature ("C); Wet: daily average humidity (%); WS: daily average wind speed (m/s); Hgun: daily sunshine hours (h); TP: total phosphorus concentration (mg P/L); TN:
total nitrogen concentration (mg N/L); NH,*: ammonia nitrogen concentration (mg N/L). CHL: chlorophyll a concentration (ug/L); DO: dissolved oxygen (mg/L); WT: water

temperature (°C).

phosphorus (TP, mg P/L), total nitrogen (TN, mg N/L), ammonia ni-
trogen (NH4,*, mg N/L), chlorophyll a (CHL, ug/L), dissolved oxygen
(DO, mg/L) and water temperature (WT, °C). TP, TN, NH," and CHL
data were obtained from monthly water sampling in the lake, the six
inflows and one outflow. DO and WT was measured every 6 h using
automatic and high frequency monitoring sensors at the automatic
monitoring station of S1.

2.2. Model descriptions

HABs in Lake Chaohu were simulated using a coupled hydrological,
hydrodynamic and water quality model (Fig. 2). The hydrological
model (Xinanjiang model) aimed to simulate daily inflow discharge for
the hydrodynamic and water quality model (Environmental Fluid Dy-
namics Code, EFDC). Further details on these two models were pre-
sented in Sections 2.2.1 and 2.2.2, respectively. The hydrodynamic and
water quality model aimed to simulate the spatio-temporal pattern of

Hydrological model (Xinanjiang model)

Precipitation

HABs. HABs were caused by explosive growth of phytoplankton
(Brookes and Carey, 2011), and was thus represented using CHL in this
study. The simulation period was 2010-2014 with the warm-up period
of 2010 and the calibration period of 2011-2014.

2.2.1. Raster-based hydrological model

Xinanjiang model originally developed by Zhao (1992) was used to
simulate daily discharge of five inflows for Lake Chaohu including
Hangbu, Baishitian, Zhegao, Nanfei and Pai Rivers (Fig. 1). The raster-
based hydrological model included four modules, i.e., evapotranspira-
tion module, runoff generation module, runoff separation module and
runoff routing module. Water evapotranspiration was calculated based
on the Penman-Monteith method proposed by Allen et al. (1998). A
parabolic curve of tension water capacity was used to describe the
watershed heterogeneity in runoff generation module. Runoff separa-
tion module divided the total runoff into three components, including
surface runoff, interflow and groundwater runoffs. Runoff routing
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Fig. 2. Conceptual diagram for modeling harmful algal blooms (HABs) in Lake Chaohu. Xinanjiang model is a raster-based hydrological model (See Section 2.2.1). EFDC (Environmental

Fluid Dynamics Code) is a three-dimensional hydrodynamic and water quality model (See Section 2.2.2).
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module described the overland and channel flow by the one-dimen-
sional kinematic wave function with Manning’s equation. The hydro-
logical model used a daily time step and a spatial resolution of 500 m,
with a total of 54,220 cells for the watershed. Further details about the
Xinanjiang model can be found in many previous studies (Zhao et al.,
2011; Zhao, 1992).

2.2.2. Three-dimensional hydrodynamic and water quality model

The hydrodynamic and water quality model (EFDC), originally de-
veloped by Hamrick (1996), was used to simulate hydrodynamic (water
temperature and velocity) and water quality (phosphorus, nitrogen,
carbon and phytoplankton) dynamics in Lake Chaohu. EFDC solves
three-dimensional, vertically-hydrostatic, free-surface and turbulent-
averaged equations of motion for a variable-density fluid, and has been
widely used in various aquatic ecosystems (Arifin et al., 2016; Du and
Shen, 2016; Huang et al., 2017; Tang et al., 2017). The governing mass-
balance equation for each of the water quality state variables can be
expressed as (Tetra Tech, 2007):

d(m,m,HC) 3

+ —(myHuC) + ai(mvaC)
y

at ax
HA,
+ i(mxmywc) _o(m oc
0z ox m, Ox
+HA
+ i ua_c + i(mxmyéa—c) + mxmyHSc
oy\ m, Oy 0z H oz 6

where C is concentration of a water quality state variable. u, v and w are
velocity components in the curvilinear, sigma, x-, y- and z-directions,
respectively. Ay, A, and A, are turbulent diffusivities in the x-, y-, and z-
directions, respectively. S, is internal and external sources and sinks per
unit volume. H is water column depth. m, and m, are horizontal cur-
vilinear coordinate scale factors. In Eq. (1), the first term on the left-
hand side represents the spatial and temporal dynamics of each state
variable. The last three terms on the left-hand side account for the
advective transport. The first three terms on the right-hand side account
for the diffusive transport. The last term describes the kinetic processes
and external loads for each state variable.

The model considered phytoplankton kinetics, sediment nutrient
fluxes, atmospheric nutrient deposition, phytoplankton and nutrient
transport. The kinetic equation for phytoplankton can be expressed as
(Tetra Tech, 2007):
OB

a_tx = (Px_BMx_PRx)Bx +

WB,

aiz(wsx X By) + @
where B, is algal biomass of phytoplankton group x (g Cm™3). t is time
(d). P, is production rate of phytoplankton group x (d ™). BM, is basal
metabolism rate of phytoplankton group x (d~!). PR, is predation rate
of phytoplankton group x (d~1). Z is water depth (m). WS, is positive
settling velocity of phytoplankton group x (md~'). WB, is external
loads of phytoplankton group x (gCd ™). V is cell volume (m®). Two
phytoplankton groups (Microcystis and Anabaena) were considered in
EFDC due to their domination in Lake Chaohu (Zhang et al., 2016).

Sediment nutrient fluxes across the sediment-water interface were
simulated using a sediment flux module that was internally coupled
with other modules in EFDC (Park et al., 2005). The module in-
corporates three processes including depositional flux of particulate
organic matter, their diagenesis and the resulting sediment flux. The
module is driven by net settling of particulate organic carbon and nu-
trients from the overlying water calculated by the eutrophication model
for water column. The module simulates the diagenesis of deposited
particulate organic matter, producing inorganic nutrients and oxygen
demand as sulfide or methane. The end products of diagenesis exert
sediment fluxes of nutrients and sediment oxygen demand depend on
the ambient conditions.

EFDC used a time step of 200 s and a spatial resolution of 1 km, with
a total of 768 cells in the lake. Compared with the hydrological model
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(Xinanjiang model), its time step is shorter to increase model stability,
while its spatial resolution is larger to reduce computation time. In
order to capture the vertical changes of water temperature and velocity,
two layers were employed in the vertical direction using a sigma co-
ordinate. Boundary conditions for the hydrodynamic and water quality
model included precipitation, wind conditions, flow discharge, inflow
water quality and internal nutrient loading. Daily precipitation and
wind conditions were obtained from the weather station near the lake
(W5 in Fig. 1). Daily discharge data of five inflows were simulated using
the hydrological model (Section 2.2.1). Discharge of Zhao and Yuxi
Rivers were manually controlled, and was thus obtained from daily
measured data at the hydrological stations (H1 and H2 in Fig. 1). Water
quality data of six inflows were obtained from monthly measured data
at 6 river sampling sites (Fig. 1).

2.2.3. Multi-site and multi-variable calibration

This study implemented a multi-site (five stations: H1, H3, S1, L1
and L2) and multi-variable (eight variables: Q, WL, WT, DO, CHL, TN,
NH, " and TP) calibration for the coupled hydrological, hydrodynamic
and water quality model using the intensive dataset presented in
Section 2.1. More attention was paid to the sensitive parameters iden-
tified based on sensitivity analysis (see the Supplementary material).
Parameters in three sub-models (the hydrological model, hydrodynamic
model and water quality model) were subsequently calibrated based on
separate datasets during 2011-2014. The hydrological model was ca-
librated and validated based on the daily discharge measured at H3
(Fig. 1). The hydrodynamic model was calibrated and validated based
on six-hourly WT data measured at S1 (Fig. 1) and daily water level
data measured at H2 (Fig. 1). The water quality model was calibrated
and validated based on six-hourly DO data measured at S1 (Fig. 1) and
monthly TN, NH, ", TP and CHL data measured at L1 and L2 (Fig. 1).
Model fit was evaluated using the measures of coefficient of determi-
nation (R?) and Nash-Sutcliffe efficiency (NS). R? has a value range
from 0 (low model fit) to 1 (perfect model fit), while NS has a value
range between 1.0 (perfect model fit) and —co (low model fit). Further
description on R? and NS can be found in Krause et al. (2005). The
calibrated parameters used in the coupled model can be found in the
Supplementary material.

2.3. Evaluating nutrient loading contribution to HABs

Based on nutrient-reduction simulations of the calibrated model, a
nutrient loading contribution index (NLCI) was proposed to quantify
the impacts of nutrient reduction on HABs. Based on NLCI distribution,
nutrient loading contribution maps were derived to show the hot spots
and hot moments for nutrient loading for HABs in the lake. Further
details on nutrient-reduction simulations, NLCI calculation, mapping
nutrient loading contribution were given in the following sections.

2.3.1. Nutrient-reduction simulations

23 simulations were carried out to evaluate the impacts of TP re-
duction on HABs pattern in Lake Chaohu during 2011-2014 (Table 2).
The base simulation (SBase) was carried out to simulate HABs dynamics
under present nutrient loading conditions, i.e., without reduction on
internal or external nutrient loading. Its simulation results were com-
pared with those from other simulations to evaluate the impacts of TP
loading on HABs. Three simulations (SR_0.1, SR 0.2 and SR_0.5) with
different reduction of inflow TP loading were carried out to evaluate
the impacts of external TP loading on HABs. A simulation (NSR) was
carried out to evaluate the impacts of internal TP loading on HABs. Six
simulations (SR, i = 1, ..., 6) were carried out to investigate how TP
reduction from different inflows affected HABs. 12 simulations (SR_m,
i=1, ..., 12) were carried out to investigate how TP reduction in dif-
ferent months affected HABs. TN-reduction simulations were not car-
ried out in this study because HABs in Lake Chaohu was limited by P
rather than N (Section 3.2).
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Table 2
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Simulations to evaluate the impacts of nutrient reduction on HABs in Lake Chaohu during 2011-2014.

Simulation Internal nutrient loading External nutrient loading

SBase No reduction No reduction

SR_0.1, SR_0.2 and SR_0.5 No reduction Reducing six inflows’ TP loading by 10%, 20% and 50%, respectively
NSR Reducing internal TP loading by 50% No reduction

No reduction
No reduction

SRi(i=1,..,6)
STm(m=1,...,12)

Reducing TP loading by 50% from all inflows except the ith river®
Reducing six inflows’ TP loading by 50% all through the year except the mth month”

@ Rivers 1-6 represent six inflows of Hangbu, Baishitian, Zhao, Zhegao, Nanfei and Pai Rivers (Fig. 1).

® Months 1-12 represent 12 months (from Jan. to Dec.) in a year.

2.3.2. Nutrient loading contribution index

Based on the 23 nutrient-reduction simulations (Table 2), a nutrient
loading contribution index (NLCI) was proposed to quantify the impacts
of nutrient reduction from different inflows and seasons on HABs in the
lake. NLCI for six inflows and 12 months were defined using the fol-
lowing equations.

Nrcrt = CHLS=CHLos
CHL e~ CHLRo 5 3
CHLY,,—CHLY

m 'SRO.5

NLCIK,, =
" CHL.é(Base_ CHL?R 0.5 (4)

NLCI,’§ was the NLCI values for cell k (k =1, ..., 768) and inflow i
(i=1,...,6). CHL,; was the simulated annual CHL for cell k with 50%
reduction on TP loading from all inflows except inflow i. CHLX;, s was
the simulated annual CHL for cell k with 50% reduction on TP loading
from all inflows. CHLY;,,, was the simulated annual CHL for cell k
without TP loading reduction. NLCI{,,, was the NLCI values for cell k
and monthm (m=1, ..., 12). CHLé‘Rm was the simulated annual CHL
for cell k with 50% reduction on TP loading all through the year except
the month m. The values of CHLY;, CHLY; ., CHLY;,,. and CHLY s were
obtained from the simulations of SR_i, SR.m, SBase and SR_0.5
(Table 2), respectively.

NLCI was an explicit quantitative definition of the relative con-
tribution of nutrient reduction on HABs. The distinct advantage of the
index was its consideration of HABs and nutrient transport process,
implying its well suit to use in a large lake. It had a value range from 0
to 1. A NLCIE value of 0 implied that the simulation CHL in cell k from
SR_i and SR _0.5 were identical. That is to say, nutrient reduction from
inflow i had no impact on CHL in cell k. A higher NLCIX value meant
that TP loading from inflow i had a larger impact on CHL in cell k. A
higher NLCIf,, value meant that TP loading in month m has a larger
impact on CHL in cell k. The simulation of SR_0.5, rather than SR 0.1
and SR 0.2, was used in the Egs. (3) and (4) to guarantee a significant
difference between its CHL-simulation (CHLY,5) and the CHL-simula-
tion (CHLK;,,,) from SBase.

Based on the calculated NLCI,’§ and NLCI,‘\‘M (Egs. (3) and (4)), we
used the concept of “hot spots and hot moments” to evaluate the nu-
trient loading contribution to HABs. Hot spots and hot moments were
widely used to describe the spots and short periods with high biogeo-
chemical reaction rates (Andrews et al., 2011). Similarly, hot spots of
nutrient loading were defined in this study as spots (inflows and sedi-
ment) where nutrient loading had the largest contribution to HABs
compared with other spots. Hot moments of nutrient loading were
defined as time periods when nutrient loading had the largest con-
tribution to HABs compared with other time periods.

2.3.3. Mapping nutrient loading contribution

Based on Egs. (3) and (4) (Section 2.3.2), six maps were derived to
represent the NLCI values for six inflows. Another 12 maps were de-
rived to represent the NLCI values for 12 months. These maps revealed
the nutrient loading contribution of six inflows in different months.
However, in water management practice, further questions may be

raised such as, which inflow is the most important for reducing nutrient
loading to control HABs in a specific area? To answer such question, a
map was generated by comparing the relative importance of nutrient
reduction from these six inflows using the following equation.

MF = iINLCIf = max(NLCIE,..,NLCIf) (5)

where Mf represented the most important inflow for nutrient reduction
to control HABs in cell k. Similar to the map generating using Eq. (5),
another map was generated by comparing the relative importance of
nutrient reduction during 12 months using the following equation.

M¥, = mINLCIY,,, = max(NLCI{,,...,.NLCIY,,) 6)

M}, represented the most important month for nutrient reduction to
control HABs in cell k.

3. Results
3.1. Model performance

The multi-site and multi-variable calibration (Section 2.2.3) showed
that the coupled hydrological, hydrodynamic and water quality model
had an acceptable performance on simulating the seasonal changes of
hydrodynamic and water quality conditions (Fig. 3). Both discharge
and water level were well simulated with a NS value of 0.80 and 0.74.
Some discharge peaks during 2014 were not well simulated. Water level
during the summer of 2013 was under estimated. Water temperature
was perfectly simulated with a NS and R? value of 0.97 and 0.96. The
coupled model captured the seasonal trend of DO, i.e., increasing trend
from summer to winter and decreasing trend from winter to summer.
However, the large short-term fluctuation of DO was not well simu-
lated, especially during summer period. Spatial heterogeneity and
seasonal change of CHL was captured. Both the measured and simula-
tion results showed that CHL in eastern lake was much lower than that
in western lake. Some peak values in western lake were not well si-
mulated. Seasonal changes of NH,*, TN and TP in the western lake was
better simulated than those in the eastern lake. NH, ", TN and TP in the
western lake had larger value and seasonal fluctuation than those in the
eastern lake. The model fit values for CHL, NH,*, TN and TP were low
mainly due to failure of the model in capturing peak values (Fig. 3).

3.2. Nutrient limitation for HABs

Considering HABs in the western lake (lake sampling site L1) were
particularly severe (Fig. 3), its nutrient limitation was investigated. To
investigate phytoplankton nutrient limitation, N:P ratio was widely
used with a Redfield ratio (7.2:1 weight ratio) to evaluate whether
phytoplankton growth was limited by N or P (Schindler et al., 2016;
Schindler et al., 2008). A N:P ratio higher than Redfield ratio (weight
ratio) implied P limitation for phytoplankton growth. The comparison
between simulation and measured N:P ratios in western lake showed a
slight over-estimation of N:P ratio. However, it is clear that both si-
mulation and measured N:P ratios were far above Redfield ratio
(Fig. 4), implying phytoplankton growth was limited by P rather than
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Fig. 3. Measured data and simulation results for the period from Jan.1, 2011 to Dec.31, 2014. (a) Discharge (m>/s) at H1 (for the geographic location see Fig. 1); (b) Water level (m) at
H3; (c) Water temperature (°C) at S1; (d) Dissolved oxygen (mg/L) at S1; (e-h) Chlorophyll a (ug/L), total nitrogen (mg/L), ammonia nitrogen (mg/L) and total phosphorus (mg/L) at the
lake sampling stations of L1 and L2. R?, coefficient of determination; NS, Nash-Sutcliffe efficiency.

N. During 2011-2014, the average N:P ratio from measured data was
24.4, while the average N:P ratio from simulation results was 32.4 with
a large seasonal variation.

3.3. HABs’ response to nutrient reduction

3.3.1. Reducing external and internal nutrient loading

The simulation comparison among SBase, SR_0.1, SR 0.2, SR_0.5
and NSR (Table 2) showed that HABs in Lake Chaohu responded dif-
ferently to external and internal nutrient loading reduction. With in-
ternal nutrient loading, inflow nutrient reduction by 50% reduced CHL
peak in the eastern lake significantly (Fig. 5(c)), while inflow TP re-
duction by 10-20% only slightly changed the CHL peak (Fig. 5(a and
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b)). Inflow TP reduction by 10-50% had slight change of CHL in the
eastern lake (Fig. 5(a—c)). With internal TP loading reduced by 50%, the
summer CHL peaks in both western and eastern lake were considerably
reduced, implying considerable contribution of internal nutrient
loading to HABs (Fig. 5(d)).

3.3.2. Reducing nutrient loading from different inflows and months

The NLCI map for six inflows and 12 months (Figs. 6-8) showed that
HABs in Lake Chaohu responded differently to nutrient reduction spots
and seasons. The NLCI values for six inflows were generally high in
their river mouth areas, implying that HABs were significantly affected
by inflows. However, the impact of nutrient loading from different in-
flows on HABs varied significantly. The NLCI values of Hangbu River



J. Huang et al.
80
Measurement — Simulation
—— Redfield ,I‘TalliO (weight ratio) 1
60 i [ |

N:P ratio

0
2011-01-01

T T T
2012-01-01  2013-01-01  2014-01-01  2015-01-01

Fig. 4. Monthly N:P ratio with measured data and simulation results at the sampling
station L1 for the period from Jan. 1, 2011 to Dec. 31, 2014.

were high in a large area of the lake (Fig. 6(a)). In the western lake, the
NLCI values of Nanfei River were much higher than that of other in-
flows (Fig. 6(e)). HABs in 162 km? of the western lake were sig-
nificantly affected by Nanfei River with its NLCI values higher than 0.4.
Other four inflows had low NLCI values except some relatively high
values in their river mouth areas.

NLCI values for 12 months varied significantly (Fig. 7). NLCI values
for Apr.-Sep. were high implying that HABs in the lake were very
sensitive to nutrient reduction in this period. NLCI values for Jan.-Mar.
and Oct.-Dec. were generally lower than other months, implying that
nutrient reduction during Jan.-Mar. and Oct.-Dec. has less potential to
reduce lake HABs compared with nutrient reduction during Apr.-Sep.

Nutrient loading varied significantly among six inflows (see the
Supplementary material). Nanfei River had a large nutrient loading (N,
5207.5 t/yr; P, 418.0 t/yr), and had the largest impact for HABs in the
western lake (Fig. 8(a)). Nutrient loading from Hangbu River (N,
2738.8 t/yr; P, 228.9 t/yr) had the strongest impact on HABs in eastern
lake compared with other inflows (Fig. 8(b)). Other four inflows had
relatively low nutrient loading (N, < 1100 t/yr; P, < 80 t/yr), and af-
fected HABs in a small area of their river mouse areas. Nutrient loading
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had a large fluctuation through time with a large value (N, 1739.8 t/yr;
P, 140.5 t/yr) in Jul.,, and the minimum value (N, 363.8 t/yr; P, 18.6 t/
yr) in Jan. (see the Supplementary material). Nutrient reduction in Aug.
had the highest potential to reduce HABs in the lake. Nutrient reduction
in May and Jul. can potentially reduce HABs in the western lake.

4. Discussion
4.1. Is the coupled model adequate to simulate HABs?

The coupled model was adequate to simulate HABs due to its ade-
quate mechanism to simulate HABs, and acceptable model perfor-
mance.

(1) Adequate mechanisms to simulate HABs. In the large shallow
eutrophic Lake Chaohu, spatio-temporal pattern of HABs can be
strongly affected by horizontal phytoplankton transport (Huang et al.,
2012), inflow/outflow conditions (Huang et al., 2015), sediment nu-
trient fluxes (Zhu et al., 2014). The coupled model included adequate
mechanism to describe above critical processes for HABs dynamics in
Lake Chaohu. The three-dimensional hydrodynamic model was able to
describe the horizontal transport of phytoplankton and nutrients. Flow
discharge for Lake Chaohu was simulated based on the hydrological
model in the coupled model. Sediment nutrient fluxes were estimated
using the sediment flux module in EFDC.

(2) Acceptable model performance. The study aimed to simulate
the cause-effect relationship between seasonal HABs and nutrient con-
ditions in the lake. In term of above research purpose, the performance
of the coupled model was acceptable because spatial pattern and sea-
sonal trend of HABs and nutrient conditions were captured (Fig. 3). The
multi-site and multi-variable calibration results (Section 3.1) revealed
its ability in simulating hydrological, hydrodynamic and water quality
conditions in Lake Chaohu. Its acceptable performance in simulating Q,
WL and WT revealed a reasonable simulation of the hydrological and
hydrodynamic conditions.

Although the model performance was acceptable in this study,
several future works were recommended to improve model fit and
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Fig. 5. Comparison of the spatially averaged chlorophyll a (ug/L) in the western and eastern Lake Chaohu for the period from Jan. 1, 2011 to Dec. 31, 2014 from five simulations: (a)
SR_0.1 and SBase; (b) SR_0.2 and SBase; (c) SR_0.5 and SBase; (d) NSR and SBase. The geographic extents of the western and eastern Lake Chaohu can be found in Fig. 1. Simulation

descriptions can be found in Table 2.
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Fig. 6. The nutrient loading contribution index (NLCI) values of six inflows for Lake Chaohu: (a) Hangbu River; (b) Baishitian River; (c) Zhao River; (d) Zhegao River; (e) Nanfei River; (f)
Pai River. See Fig. 1 for the geographical locations of these six inflows. Inlet for each inflow was marked with a red arrow. NLCI was calculated by Eq. (3) with the simulation chlorophyll a

(ug/L) in the period from Jan. 1, 2011 to Dec. 31, 2014.

reduce model uncertainty.

(a) Reducing data uncertainty. The low model fit values for CHL,
NH, ", TN and TP (Fig. 3) implied considerable uncertainty for the lake
water quality model. We suggested paying more attention to data un-
certainty in this case study. For example, daily wind conditions were
used in this study. However, wind conditions may change significantly
within a day. Moreover, inflow water quality data from monthly mea-
surement (Table 1) were used as the boundary conditions for lake water
quality model. However, water quality data from monthly sampling of
inflows did not well reflect their temporal dynamics. To overcome this
weakness, future work, such as coupling our developed model with a
watershed model, is encouraged to estimate the time series data of
watershed nutrient loading (Wellen et al., 2015).

(b) Improving underlying mechanism of the model. The vertical
migration of phytoplankton was not adequately described in EFDC due
to the lack of its underlying mechanism. However, it is clear that there
is a vertical (upward and downward) migration for phytoplankton (e.g.,
cyanobacteria and diatoms), especially during the calm water flow
periods in summer (Hu et al., 2016; Schaeffer et al., 2009). The vertical
migration can lead to short-term algae accumulation on surface. In-
tegrating the vertical migration mechanism of phytoplankton with
EFDC is thus helpful for an accurate prediction of lake HABs.

(c) Further Validation on phytoplankton distribution and nu-
trient fluxes from sediments. The horizontal transport of phyto-
plankton was not adequately validated in this study due to the limited
data to reflect the spatial distribution of phytoplankton. To overcome
this data-limited weakness, future work on estimating phytoplankton

distribution from satellite images was strongly encouraged (Hu et al.,
2010). As shown in Fig. 5(d), nutrient fluxes have considerable impact
on HABs, and were estimated based on the sediment flux module.
However, an independent calibration and validation on this module
was not implemented, and may result in considerable uncertainties in
the estimated nutrient flux rate from sediments.

4.2. What is the prior nutrient to reduce: N or P?

Aquatic scientists were still debating the strategy of nutrient re-
duction for eutrophic lake among N control, P control and dual nutrient
control strategies (Conley et al., 2009; Paerl et al., 2016; Schindler
et al., 2016). To control HABs in Lake Chaohu, P should be reduced due
to the following facts: (1) The high measured and simulation N:P ratio
(> 10) in this study revealed that phytoplankton growth in Lake
Chaohu was limited by P rather than N. (2) The monthly measured data
during 2011-2014 showed a high N:P ratio (> 16) of six inflows for
Lake Chaohu. (3) N-fixing phytoplankton community (Anabaena) was
one of the dominant phytoplankton groups in Lake Chaohu (Zhang
et al., 2016). This implied that considerable N can be obtained from
atmospheric N,. The finding of P limitation for HABs was consistent
with previous studies based on measured data in Lake Chaohu (Zhang
et al., 2016).

In this study, P controlling was proposed in Lake Chaohu. However,
it is important to note that the prior nutrient to reduce can vary in
different lakes. Therefore, it is widely encouraged to model lake eu-
trophication before take strategies (Bryhn and Hékanson, 2009).
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Fig. 7. The nutrient loading contribution index (NLCI) values of 12 months for Lake Chaohu: (a) Jan.; (b) Feb.; (c) Mar.; (d) Apr.; (e) May; (f) Jun.; (g) Jul.; (h) Aug.; (i) Sep.; (j) Oct.; (k)
Nov.; (1) Dec. NLCI was calculated by Eq. (4) with the simulation chlorophyll a (ug/L) in the period from Jan. 1, 2011 to Dec. 31, 2014.

815



J. Huang et al.

Ecological Indicators 89 (2018) 808-817

¢ (a) (b)
m]
i
[ v
—>
i inle
Lyl Flow inlet
A
_ Zhao \ Zhegao Nanfei Pai I IJan. Feb. Mar. Apr. May Jun. Jul. Aug Oct. Nov. Dec.

Fig. 8. Inflow and monthly contribution maps to represent the most important inflow and month for P reduction to control HABs in Lake Chaohu. The left figure (a) was generated by Eq.
(5) with the nutrient loading contribution index (NLCI) values of six inflows for Lake Chaohu in Fig. 6. Inlet for each inflow was marked with a red arrow. The lake was divided into
several zones. HABs in each zone were most sensitive to P reduction of an inflow (see the horizontal bar). The right figure (b) was generated by Eq. (6) with the nutrient loading
contribution index (NLCI) values of 12 months for Lake Chaohu in Fig. 7. The lake was divided into several zones. HABs in each zone were most sensitive to P reduction of a month (see

the horizontal bar).

4.3. What are the hot spots and hot moments of nutrient loading?

Six inflows’ NLCI maps (Fig. 6) and the inflow contribution map
(Fig. 8(a)) revealed the hot spots of nutrient loading for HABs in Lake
Chaohu. The large spatial variations of NLCI maps implied that the hot
spots of nutrient loading depended on the target lake areas to control
HABs. To alleviate HABs in the western lake, reducing inflow TP
loading from Nanfei River and internal TP loading was most important.
To control HABs in the eastern lake, reducing inflow TP loading from
Hangbu River and internal TP loading was most important. These
identification results highlighted the necessity of considering spatial
difference in learning the response of HABs to nutrient reduction in a
large lake. Based on the identified hot spots of nutrient loading, the
water managers can make a priority list for nutrient reduction in the
lake.

The NLCI maps for 12 months (Fig. 7) and the monthly contribution
map (Fig. 8(b)) revealed that the hot moments of TP loading for HABs
in Lake Chaohu were Aug., May and Jul. Nutrients, temperature and
light were considered to be the limitation factor for phytoplankton
growth (Alex Elliott, 2012; Bleiker and Schanz, 1997). During the hot
moments of TP loading (Aug., May and Jul.), water temperature and
light intensity was close to their optimal conditions implying less lim-
itation of phytoplankton growth by water temperature and light. TP
was thus a critical factor affecting HABs.

This study compared the relative importance of nutrient reduction
to control HABs among different flows and months. However, this does
not mean that nutrient reduction is not necessary for the non-sensitive
flows and during the non-sensitive periods. From the long-term view,
all nutrient loadings into the lake can potentially increase HABs in case
that they do not flow out of the lake.

4.4. What is the potential of nutrient loading contribution index

The proposed index (NLCI) had the advantage of representing the
nutrient loading contribution to lake HABs in an explicit manner. This
advantage mainly came from the potential of the hydrological, hydro-
dynamic and water quality model in simulating horizontal mass (nu-
trients and phytoplankton) transport within the lake, and cause-effect
relationships between lake and watershed. NLCI was particularly useful
for large eutrophic lakes with complex river network connected with
them. The evaluation results using NLCI can support water managers in
taking effective strategies to reduce nutrient loading for controlling lake
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HABs. For a proper use of NLCI in another lake, it is important to note
that model calibration should be carried out based on measured data in
the lake. Considering that the calculation of NLCI was relied on the
hydrological, hydrodynamic and water quality model, continuing ef-
forts was strongly encouraged to improve model fit and reduce model
uncertainties.

5. Conclusions

A new index (NLCI) was proposed in this study to evaluate the
contribution of nutrient loading on spatio-temporal pattern of HABs in
Lake Chaohu. The index can be potentially used in other large eutrophic
lakes, and support water management in several perspectives including:
(1) improving our understanding on the response of HABs to nutrient
reduction, (2) identifying the hot spots and moments to reduce nu-
trients for controlling HABs in a specific lake area, (3) and supporting
water managers to make a prior list in reducing P loading.
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