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ABSTRACT. Water shortages and deterioration of water quality become more serious as a result of industrial development and
urbanization, but both can be mitigated by optimal management of environmental flows. In this paper, we used Baiyangdian Lake as a
case study of this form of management. We divided the lake into 13 sub-areas using GIS software, and analyzed water-quality
processes in each sub-area using an eutrophication model based on the WASP 7 software. The model considered the dissolved oxygen
content, the nitrogen and phosphorus cycles, and phytoplankton growth. We used monitoring data for Baiyangdian Lake to
parameterize and validate the model. Using the model, we then analyzed water quality variations for different non-point-source
pollution load scenarios and artificial water release scenarios to reveal the relationships between water quality and these factors. We
found that return water such as industrial wastewater and domestic sewage with a large organic load worsened eutrophication, whereas
reducing pollutant loads, transferring water into the lake, or a combination of the two approaches improved water quality. The detailed
spatial distribution of water quality supplied key information to support further analysis of ecological water demand and water
allocation. Our simulation revealed environmental flows of 3.87x10°, 3A70X108, and 3.23x10® m3/a, respectively, for scenarios with
pollutant load reductions of 30, 50, and 90% under various water-release strategies. On this basis, we propose optimal water quality
management strategies for Baiyangdian Lake to improve its water environment.
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1. Introduction

Water shortages and quality deterioration are serious dile-
mmas for lake managers, as both problems sharply decrease
the ecosystem services and functions provided by a lake. Lake
water thatis allocated and made available for maintaining eco-
logical processes and particular ecological characteristics in a
desirable state is referred to as the "environmental flows" for
a lake (O’Keefe, 2000; Smakhtin et al., 2006). Assessing the
environmental flows for a lake can provide a scientific basis
for water management, so this approach hasreceived the atten-

tion of many researchers since the 1990s (e.g., Sherrard, 1991).

The existing calculation methods for environmental flows are
mostly based on research for rivers, and can be divided into
four types: hydrological, hydraulic, habitat, and synthetic me-
thods (Arthington, 1998). Based on this previous research, the
water balance, ecological water level, relative curve, and func-
tional methods are typically used to assess the environmental
flows for lakes, and have recently been adopted for use in China
(e.g., Cui et al., 2005). However, most of the research on envi-
ronmental flows has focused on water quantity, but has neglec-
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ted water quality and its spatial distribution. This has caused the
theory of environmental flows to diverge from the practice, and
has made it difficult to effectively protect aquatic ecosystems
(Kashaigili et al., 2005; Gupta, 2008; Yang and Mao, 2011).

As aresult of industrial and urban development, large quan-
tities of sewage are discharged into lakes, thereby degrading the
water quality (Ping et al., 2010). Water quality problems, and
especially eutrophication, are becoming an increasingly impor-
tant challenge in the management of lake water (Forsythe et al.,
2010), thus water quality has become one of the basic factors
that mustbe considered when determining environmental flows
and environmental water allocation. Giardino etal. (2008) con-
sidered that sustainable use of lake water requires the coupling
of water quality assessment with water allocation management.
Wu and Suo (2007) established an optimal allocation model
that also considered water quality and quantity, but accounted
for economics and for social, environmental, and ecological fa-
ctors. Despite these advances, it is also important for lake mana-
gers to account for the spatial distribution of water quality thr-
oughout a lake. Some researchers have adopted existing water
quality modeling software to simulate water quality in lakes
(Furia et al., 1995; Vuksanovic and Smedt, 1996; Thomas et
al., 1997; Mclntyre and Wheater, 2004; Gurkan et al., 2006).
However, there has been no approach that combines a conside-
ration of water quantity and quality together with its spatial dis-
tribution in the management of environmental flows.
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In this study, we simulated the spatial distribution of water
quality using version 7 of the WASP model (http://www.epa.
gov/athens/wwqtsc/html/wasp.html), and analyzed water quail-
ty variations in scenarios with different non-point-source po-
llution loads and different artificial water releases into the lake
to reveal the relationships between water quality improvement
and various combinations of water treatment and artificial wa-
ter allocation. Using a shallow freshwater lake in China (Bai-
yangdian Lake) as a case study, we demonstrate how this
simulation approach is a useful tool for adaptive management
of lake water quality and quantity.
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Figure 1. Regional map showing the location of Baiyangdian
Lake and the associated rivers.
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2. Methods and Models

2.1. Study Area

Baiyangdian Lake (38°43’ to 39°02’' N, 115°45' to 116°07’
E), which is located in An'Xin County of Hebei province, com-
prises one of the largest freshwater wetlands in northern China
(Figure 1). The total area of Baiyangdian Lake is 362.8 km’.
However, rather than being a single lake, it is a network of in-
terconnected lakes with extensive areas of emergent and sub-
merged aquatic vegetation, and small changes in water level
can dramatically alter this system. The lake plays an important
role in providing habitat for plant and animal species, protection
against floods, water purification, and amenities and recreational
opportunities for the residents of northern China. However, wa-
ter interception by upstream dams during the last 20 years and
excessive water use by humans have dramatically decreased
water levels in Baiyangdian Lake, decreasing its ability to pro-
vide ecosystem services and functions. Realizing the importance
of maintaining the lake ecosystem's health, managers have atta-
ched increasing importance to management of its environmen-
tal flows, which means that additional water must be supplied
to recharge the lake, raise the water level, and restore the dete-

riorated wetlands (Cui et al., 2010). Because of the importance
of the eutrophication problem in the lake, we defined the envi-
ronmental flows in terms of four key pollution parameters un-
derlying the eutrophication problem (see section 2.3 for details).

At present, only water from the Fu River flows into Bai-
yangdian Lake, and before the water enters the lake, it runs th-
rough a detention and treatment pond to reduce the pollutant
load. Nitrogen and phosphorus also enter the lake from the sur-
rounding villages. This includes a total of 39 villages in raised
fields and 84 other villages, whose population totals 271, 000.
Domestic sewage, excrement, livestock wastewater, and aqua-
culture waste flow into the lake, which leads to severe eutrophi-
cation (Table 1).

Table 1. Pollutant Load Entering Baiyangdian Lake"

Source Pollutant load (t/a)

COD BOD ™ TP
Industrial 10976.3 1520.5 476.28 28.69
wastewater
Domestic 9366.1 1155.9 706.45 74.67
sewage
Farm runoff and 1588.3 365.7 368.09 5.16
livestock
wastewater
Atmospheric - - 41.17 3.04
precipitation
Recreational 1309.2 - 510.58 60.75
activities
Aquaculture - - 20.15 3.07
Total 23239.9 3042.1 2122.72 175.4

* COD, chemical oxygen demand; NH;-N, ammonia nitrogen; TN, total
nitrogen; TP, total phosphorus; Data were obtained from the
environmental protection bureau of An'xin County.

Table 2. Pollutant Load at Several Monitoring Sites"

Location Pollutant load (mg/L)
COD NH;-N TN TP

Inlet of Fu River 25.3 12.6 13.6 1.27
Wangjiazhai Village 26.7 2.34 4.68 0.822
Duan Village 213 0.241 2.12 0.183
Nanliu Village 18.9 12.4 12.6 1.54
Zhainan Village 25.7 0.27 2.50 0.526
Yuanyang Island 34.1 10.8 12.4 1.54
Quantou Village 2.1 0.306 1.78 0.114
Dongdian Village 34.4 0.091 1.05 0.094

*COD, chemical oxygen demand; NH;-N, ammonia nitrogen; TN, total
nitrogen; TP, total phosphorus.

According to the Chinese environmental quality standards
for surface water (GB3838-2002), concentrations of cyanide,
fluoride, sulfide, volatile phenolics, oil, and most heavy metals
in Baiyangdian Lake meet the criteria for class II water quality;
this means that the water is suitable for irrigation, but not for
drinking. However, the values of ammonia nitrogen (NH;-N),
total nitrogen (TN), total phosphorus (TP), and chemical oxygen
demand (COD) mostly fail to meet the requirements for class I11
water quality; this means the water is not suitable for irrigation
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(Tables 2 and 3). Based on an analysis of pollutant loads and
actual water quality, we chose the dissolved oxygen (DO)
content, NH;3-N, organic nitrogen (Org-N), and organic phos-
phorus (Org-P) as the variables in our simulation (see sections
2.3 and 2.4 for details).

Table 3. Chinese Environmental Quality Standards for
Surface Water (mg/L, except for DO)

Index Class III Class IV Class V
DO 5 3 2

COD 20 30 40
NH;-N 1 1.5 2

TN 1 1.5 2

TP 0.05 0.1 0.2

*DO, dissolved oxygen; COD, chemical oxygen demand; NH;-N,
ammonia nitrogen; TN, total nitrogen; TP, total phosphorus;

2.2. Spatial Distribution of Water Quality

To examine the spatial distribution of water quality, we
used version 13 of the ArcInfo GIS software (ESRI, Redlands,
CA) to divide the lake into 13 sub-areas based on whether stan-
ding water was present throughout the year, or only during the
rainy season (Figure 2). We also considered administrative di-
visions, the distribution of monitoring stations, and water envi-
ronment functional zones (e.g., water bird habitat, fish protec-
tion, reed cultivation). The borders between these sub-areas
were initially based on administrative divisions, and were then
revised to account for the aforementioned factors.

Figure 2. Ecological and administrative divisions (sub-areas)
of Baiyangdian Lake.

2.3. Parameterization of the Water Quality Model

We used the WASP7 model for our simulation of water qua-
lity. To simulate the abovementioned pollutant loads, we used
the EUTRO sub-model. EUTRO consists of four interacting sys-
tems: dissolved oxygen, the nitrogen cycle, the phosphorus cy-
cle, and phytoplankton kinetics. Using these systems, EUTRO
can simulate the transport of pollutants and transformations of
up to eight state variables: DO, carbonaceous biological oxygen
demand (CBOD), nitrate nitrogen (NOs’), inorganic phospho-
rus (PO,”), chlorophyll-a, NH;-N, Org-N, and Org-P (Figure
3). We used net flows instead of total flows to facilitate calcu-
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lation of the impact of changes in flows of water and individual
pollutants. We selected the Euler method provided by EUTRO
as the solution technique, since this is the traditional approach
that has been used in WASP since its inception. We considered
impact factors such as temperature, wind speed, daily solar ra-
diation, the light extinction coefficient, sediment oxygen de-
mand, and phytoplankton in the WASP simulation. Data for
these parameters were provided by the Environmental Protec-
tion Agency Monitoring Station of Baoding City.

NO3’

/ A 4
\ 4

Plankton
NH3 >

o org-N
(As carbon) @
4 1

CBOD 3
v PO~ Org-P

Lioo _l_ _l_

co,

Figure 3. Structure of the EUTRO sub-model of the WASP
software (Ambrose et al., 1993).

2.4. Water Quality Simulation Scenarios

We first simulated the water quality in Baiyangdian Lake
in a "do-nothing" scenario, with no change from the current si-
tuation (Tables 1 and 2), and then repeated our simulation for
different pollutant discharge and water-release scenarios. Based
on the simulation results, we defined additional scenarios that
coupled water quantity with water quality (Figure 4).

3. Model Calibration and Validation

Before performing the simulations using the water quality
model, it is necessary to calibrate the model and verify its abi-
lity to simulate the system being studied using data for the sys-
tem. Monitoring data for Baiyangdian Lake were obtained from
the State Environmental Protection Agency monitoring stations
surrounding the lake and were used for calibration of the mo-
del's parameters and validation of the model's outputs. Monthly
continuous observations of the lake's water quality have been
performed since 2005, and seven monitoring sites have been
established to cover most of the lake (Figure 1). We divided the
available data into two parts: calibration samples and validation
samples. The calibration samples were used to calibrate the
model before running the simulations, and the validation sam-
ples were used to check whether the prediction performance
of the calibrated WASP model was acceptable.
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Table 4. Main Parameters in the WASP Model

Parameter Units Value
Nitrification rate (20°C) day™ 0.08
Temperature coefficient for nitrification — 1.08
Half-saturation constant for nitrification —mg 2
oxygen limitation O,/L
Denitrification rate (20°C) day™ 0.09
Temperature coefficient for — 1.04
denitrification

Half-saturation constant for mg 0.1
denitrification oxygen limitation O,/L
Dissolved org-N mineralization rate day™ 0.1
Dissolved org-N mineralization — 1.07
temperature coefficient

Dissolved org-P mineralization rate day™ 0.27
Dissolved org-P mineralization — 1.07
temperature coefficient

Phytoplankton maximum growth rate day™ 0.19
Phytoplankton endogenous respiration day™ 0.03
rate

Phytoplankton respiration temperature — 0.04
coefficient

Phytoplankton death rate day’! 0.04

0.09

)
l<|

Phytoplankton zooplankton grazing rate  d

Table 5. The Relative Error Values for the Water Quality
Simulated Using WASP 7"

DO NH;-N Org-N Org-P

RE (%) 24 -0.9 6.4 5.4

*DO, dissolved oxygen; NH;-N, ammonia nitrogen; Org-N, organic nitro-
gen; Org-P, organic phosphorus.
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Figure 4. Summary of the simulation scenarios investigated
in this study.

We defined the preliminary parameters for WASP using
previously published values (Tufford and McKellar, 1999;
Wang et al., 1999). We then ran the simulation using the cali-
bration data and compared the outputs with values measured
at the monitoring sites around the lake. If necessary, we adjus-
ted the input parameters until the simulation results were close
to (within 0.5 SD of) the measured values, and Table 4 shows
the final calibrated parameters. After the calibration process,
we applied the same parameters to verify the model against the
validation dataset. The mean relative error (RE) was calculated
to as follows:

ﬁ)z x100% (1)

where N is the number of samples, C; is the simulated value at
location i in the lake, and Cy; is the measured value at location
i.
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Figure 5. Spatial distribution of a) DO, b) NH;-N, ¢) Org-N,
and d) Org-P with the status in quo.

The mean relative errors for the simulated NH;-N, Org-N,
and Org-P were less than 10% (Table 5). The DO error was sli-
ghtly more than 20%, largely because this parameter fluctuates
greatly in response to many factors. The results generally sho-
wed acceptable reliability and suggest that the calibrated mo-
del could be applied in our simulations.

4, Results

4.1. Do-nothing Scenario

In this scenario, we simulated the changes in DO, NH;-N,
Org-N, and Org-P from August to September 2009 with no ch-
ange from the current situation. DO decreased rapidly during
the first 10 days, and then varied slightly. However, the DO in
each sub-area was less than 5 mg/L, which meets the criterion
for Class III water quality. NH;-N in each sub-area increased as
aresult of the large pollutant loads. Org-N showed different pa-
tterns of variation in each sub-area during the first 3 days. Most
segments showed decreases caused by mineralization, followed
by increases due to the high pollutant load. Org-P showed a gra-
dual increase as a result of the large pollutant load. Figure 5 sh-
ows that the pollution was worst in sub-area 4, which includes
Nanliu Village and is near the inlet of the Fu River. Here, NH;-
N, Org-N, and Org-P concentrations were highest, reaching
68.18, 2.94, and 1.2 mg/L, respectively. If no mitigation mea-
sures are adopted, water quality in the lake would continue to
decrease sharply, so the lake managers must act immediately to
improve the water environment and protect the lake ecosystem.
Based on our initial analysis, sub-area 4 was most severely po-
lluted, so we chose it as a typical area for further analysis.
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Figure 6. Changes in a) DO, b) NH3-N, ¢) Org-N, and d)
Org-P in sub-area 4 with different pollutant load reductions.
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Figure 7. Changes in a) DO, b) NH;-N, ¢) Org-N, and d)
Org-P in sub-area 4 with different water-release levels.

4.2. Changing the Pollutant-discharge Strategies

To help the lake managers adopt reasonable management
solutions, we simulated the water quality in scenarios that were
based on reducing pollutant loads by 30 and 50% of the actual
load. Using sub-area 4 as a representative area, we compared
the results with the no-reduction scenario. DO increased ob-
viously in the scenarios with 30 and 50% reductions of the po-
llutant loads, whereas DO continued to decrease in the non-
reduction scenario (Figure 6a). The final simulated DO values
in the two reduction scenarios were 5.55 and 5.64 mg/L, res-
pectively, versus a near-zero value in the no-reduction scenario.
In the 30 and 50% scenarios, NH;-N decreased rapidly during
the first 5 days, and then stabilized (Figure 6b). The final simu-
lated concentrations in the two reduction scenarios were 1.2
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and 0.86 mg/L, respectively, compared with 68.18 mg/L in the
non-reduction scenario. The Org-N concentration tended to sta-
bilize in the two reduction scenarios (Figure 6c¢), with the si-
mulated concentrations reaching 1.0 and 0.72 mg/L, respecti-
vely, for the 30 and 50% reductions, whereas the concentration
continued increasing (to values greater than 3 mg/L) in the
non-reduction scenario. The Org-P concentration decreased ra-
pidly in the first few days of the two reduction scenarios, and
then stabilized (Figure 6d). The final simulated concentrations
were 0.16 and 0.11 mg/L, respectively, in the 30 and 50% re-
ductions, whereas Org-P continued to increase (above 1.1 mg/L)
in the no-reduction scenario. Based on these results, water qua-
lity could be improved greatly by reducing the pollutant loads.

4.3. Water-release Scenarios

To determine the effects of increasing water transfers into
the lake, we chose transfer rates of 1.45 and 2.1 m’/s and used
the model to compare the results with a scenario in which no
water transfer occurred.

In the two water-transfer scenarios, DO increased obvious-
ly (Figure 7a), reaching values of 5 mg/L on 4 September (1.45
m’/s) and 24 August (2.1 m’/s), so that both met the Class III
water quality criteria, versus a value of 1.58 mg/L in the non-
transfer scenario. The NH;-N concentration gradually decreased
and then stabilized (Figure 7b), but did not meet the Class III
criteria because of the high pollutant load. The final simulated
concentrations were 6.24 and 4.31 mg/L, respectively. Figures
7cand 7d show that the Org-N and Org-P concentrations conti-
nued to increase, but much more slowly than in the no-transfer
scenario. Org-N in the water-transfer scenarios decreased to
2.07 mg/L (1.45 m%/s) and 1.87 mg/L (2.1 m’/s), versus 2.94
mg/L in the no-transfer scenario. The effect of water transfers
on Org-N was smaller than the effect on DO and NH;-N. The
Org-P concentration decreased to 0.49 and 0.40 mg/L, respecti-
vely, in the water-transfer scenarios, versus a value greater than
1.2 mg/L in the no-transfer scenario.

In summary, increasing the water transfer mitigated the
water deterioration to some extent, but was less effective than
reducing pollutant loads. Based on these results, the quantity of
the water transfer required to mitigate the pollution problems
would probably be unrealistically high for the study area given
current constraints on water availability. We did not consider
the ideal water transfer to fully meet the ecological water dem-
and, but simply diluting the return water entering the lake seems
unlikely to solve the pollution problem.

4.4. Scenarios that Combine Changes in Water Quality
and Quantity

Based on the results of our simulations of the effect of po-
llution reductions and increased water releases, we developed
additional scenarios that combined changes in both water qua-
lity and quantity. We then estimated the ecological water requ-
irements for Baiyangdian Lake. Since primary treatment could
remove 30% of the organic pollutant load, adding a secondary
treatment stage could remove 90% of the organic pollutant load,
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Table 6. Environmental Flows Based on Different Pollution
Treatment Rates and Water Releases into the Lake (10° m?).

No considera-
tion of water

Optimal scenarios

(30%,3.5  (50%,3  (90%, A

m’/s) m’/s) 1.45m’/s)  quality
Monthly ~ 0.961 0.947 0.908 0.870
Yearly  3.87 3.70 3.23 2.870

*Results from Zhong et al. (2008).

and the wastewater treatment efficiency of urban areas surroun-
ding the lake should be noless than 50%, we set targets of 30,
50, and 90% reductions in pollutant loads as the simulated tr-
eatment rates. For each treatment rate, we also set a sub-series
of 0,1.45,2.0,2.5,3.0,3.5, and 4.0 m’/s water releases into the
lake to estimate the ecological water requirement.

Table 6 summarizes the results of this analysis, and com-
pares them with the results of a previous study (Zhong et al.,
2008) that did not consider water quality. Based the simulation
of water quality, we proposed optimal scenarios (30% plus 3.5
m’/s, 50% plus 3 m’/s, and 90% plus 1.45 m’/s) to improve the
water environment of Baiyangdian Lake. Note that here, we
have defined "optimal" to mean that the results met the Chinese
water quality criteria; we did not attempt to determine globally
optimal solutions. Because the ability to release water into the
lake is severely constrained, we chose the lower of the three
water-release scenarios for further analysis. Figure 8 shows the
water quality distribution in Baiyangdian Lake with a 90% re-
duction in pollution load and a water release of 1.45 m’/s. It is
important to note that the choice of atarget treatment efficiency
level depends on many factors, including the treatment cost and
the types and distributions of the pollutants.

5. Discussion

Our results show that considering only water quantity is
unlikely to solve the pollution problem in Baiyangdian Lake,
particularly in dry years when water releases would be severely
constrained. To mitigate pollution problems in the lake, mana-
gers not only must consider natural factors such as the ecologi-
cal structure and function of each sub-area of the lake and the
value of the natural environment, but also should consider the
value of improved water quality, especially in areas that are ex-
periencing pollution-induced water shortages. Water consump-
tion and the quality and quantity of the return water are key fac-
tors in determining environmental flows, and improving these
factors requires improvements in water-utilization efficiency,
as well as the calculation of appropriate dilution ratios for the
return water. Research on the effects of pollutantloadsin the re-
turn water on water quality in the lake can help managers to de-
termine the lake's required environmental flows and develop
appropriate water management and allocation scenarios.

In this paper, we simulated DO, NH;-N, Org-N, and Org-P
in Baiyangdian Lake using version 7 of the WASP model, com-
bined with the EUTRO sub-model, and analyzed changes of
water quality in several scenarios for reduction of pollutant loa-
ds, increased water releases into the lake, and combinations of
the two approaches. We found that return water such as indus-
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Figure 8. Spatial distribution of a) DO, b) NH;-N, c¢) Org-N,
and d) Org-P with 90% reduction in pollutant load and water
releases of 1.45 m’/s.

trial wastewater and domestic sewage with a large organic po-
llutant load would worsen the eutrophication problem in Bai-
yangdian Lake, whereas reducing pollutant loads combined wi-
th transferring water into the lake could improve the water qua-
lity to a greater degree. Our predictions of water quality varia-
tions using the WASP model showed that with appropriate cali-
bration and validation, this model can provide reliable informa-
tion to support water treatment and allocation decisions. By
using the model to calculate reasonable environmental flows
and to optimize the water distribution, managers could increase
water-utilization efficiency and decrease the organic loads ente-
ring the lake. Our results also show that predicting changes in
water quality can help managers calculate environmental flows,
but this is not the final objective of water management. Mana-
gers must also use the results to learn how to optimize water
allocation and how to reduce pollutant loads entering the lake.

6. Conclusions

Using Baiyangdian Lake, a shallow freshwater lake in nor-
thern China, as a case study, we simulated the spatial distribu-
tion of water quality by focusing on four key pollutants that are
responsible for eutrophication. To do so, we used version 7 of
the WASP model and the EUTRO eutrophication sub-model to
analyze changes in water quality in scenarios based on dif-
ferent non-point-source pollutant loads and different artificial
water releases into the lake, thereby revealing the relationships
between water quality improvement and artificial water allo-
cation. Based on our modeling results, we proposed optimal
scenarios that combined a reduction in pollutant loads with
increased water releases to improve the lake's water environ-
ment (30% reduction plus 3.5 m’/s water release, 50% plus 3
m’/s, and 90% plus 1.45 m’/s). The results show that this simu-
lation approach provides a useful tool to support adaptive ma-
nagement of the lake's water quality and environmental flows.
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