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ABSTRACT

To deal with the water environmental
degradation and ecological damage of the
Xiaonanhai Lake watershed in Songzi City of
Hubei Province, China, this study first divided
the watershed into 32 control units according to
the administrative division and catchment zones,
then analyzed the pollution source and load and
calculated the water environmental capacity

of the watershed with the water environment
system model coupled by the Soil and Water
Assessment Tool model and the MIKE 21 model.
To better deal with different pollutants and divide
the responsibility more efficiently, the study
proposed a control-unit-based system of five
ecological restoration measures including the
three-stage constructed wetland, the natural
wetland, the clean water corridor, the lakeshore
buffer zone, and the emerged and floating plant
belt. Finally, the performance evaluation of
these measures was conducted under the “Dual
Control” system of concentration control and
total load control of pollutants. The result proved
that the five measures could effectively reduce
the total amount of COD, TN, TP, and NH,-N to
improve the water quality, meeting the Surface
Water Class Il Standard.

KEYWORDS

Watershed Management; Control Unit; Ecological
Restoration Measures; Water Environment
System Model; Xiaonanhai Lake Watershed;
Concentration Control and Total Load Control of
Pollutants
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1 Introduction

Worldwide rivers and lakes are facing problems such as water
pollution and ecosystem degradation, which heavily impede
the sustainable development of the social-economic system'",

In China, water shortage, pollution, and ecological damage on
the watershed scale have become severer since the 1980s. With

a shift from focusing only on pollution control to substantial
water ecological restoration, control-unit-based approaches are
getting widely accepted in implementing policies and strategies

to improve water environment". Control units are spatial

cells in water environmental management, determined by the
waterbody, the catchment area, and the control section. This idea
was first proposed in the Total Maximum Daily Load program

in the U.S. Clean Water Act to support research on water quality
management"”. It has also been widely employed in Chinese
watershed research. For instance, Fang Yujie et al. divided control
units in Ganjiang River Basin in Jiangxi Province to calculate,
allocate, and manage its total water environmental capacity'.
Chen Shiyong et al. analyzed the water environment conditions in
Maozhou River watershed in Shenzhen City, Guangdong Province
based on control units to support prediction of its water quality "',

In recent years, Nature-Based Solutions have been proposed in
western countries to control watershed pollution with ecological
engineering measures, including restoring wetlands, vegetation
buffers, and grassed waterways'®. Although these measures do
promote the environmental and ecological performance along with
good economic benefits, they only consider the pollution loads
and are generally arranged within heavily polluted areas”" ! If
such an area covers two or more administrative subjects, it would
become challenging to decide the responsible subjects.

The study area, the Xiaonanhai Lake watershed in Songzi City,
Hubei Province is an important ecological conservation area in the
upper reaches of Dongting Lake. However, it has suffered heavily
from urban sewage, aquacultural wastes, and agricultural non-
point source pollution. This study firstly established a control-
unit-based water environment management system, which focuses
on water quality improvement and ecological restoration of
Xiaonanhai Lake while determining the responsible subjects of
the restoration measures, then proposed the water ecological
restoration measure system and arrangement based on control
units and evaluated the restoration effects from perspectives of
concentration control and total load control of pollutants.

2 Overview of the Study Area

The Xiaonanhai Lake watershed with an area of 390.72 km?
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covers the Xinjiangkou Town, Wangjiagiao Town, Nanhai Town,
Jieheshi Town, and Sijiachang Town of Songzi City. The watershed
features subtropical transitional monsoon climate with distinct
seasonal changes. The mean annual temperature is 16.0 °C. The
forest-free period lasts for 265 days per year in average, while the
mean annual sunshine duration is 1,600 ~ 1,900 hours and the mean
annual precipitation is 1,206 mm.

Covering a water surface area of 8.03 km’, Xiaonanhai Lake
is currently recorded with an average water level of 38.2 m and
average water depth of 1.9 m. As is shown in the map of the
watershed (Fig. 1), there are three main watercourses into the lake.
One is the inverted siphon installed in the Hongqi Canal in the north
to discharge urban flood and tail water from sewage treatment
plants; the second is the Haozigang River in the southern hilly
area; and the Zhongcaogou River in the west. Through the Nanhai
sluiceway in the northeast of the watershed, water flows from the
lake into the Songxi River"”. The digital elevation model (DEM)
data (Fig. 2) indicates that the watershed enjoys a hilly terrain in the
upper reaches and plain areas in lower reaches, which makes the
water system and runoff yield and concentration processes rather

complex.
3 Research Methods

This study followed the technical roadmap shown in Figure
3 to firstly divide the watershed into control units. Basing on the
control units, the water environmental problems were identified
with pollution sources analyzed according to investigation and data
collection, and pollution load calculated by the water environment
system model. Secondly, on identifying the responsible subjects
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of each control unit, this study proposed ecological restoration
measures to deal with the water environmental problems and
figured out the pollutant reduction of each measure through water
environment system simulation and water environment capacity
calculation. Finally, the restoration performance was evaluated
regarding the effect of pollutant concentration control and total
pollution load control.

3.1 Division of the Watershed into Control Units

Control units could help evaluate catchment features and
spatial differences of the water environmental functions on
account of the river control sections and administrative division.
Following the principle of integrating the water and the land as a
whole, the watershed is divided into control units with water areas
of different functions combined with corresponding lands to better
implement pertinent ecological restoration measures. Moreover, to
assign the watershed management responsibility level by level in
the spatial dimension, the potential conflicts between the control
unit division and the existing administrative boundaries should be
addressed"".

The control units of this study were divided by steps as
follows.

1) To establish a basic spatial database in ArcGIS according
to the administrative division, land use planning, and pollution
control measures applied in the Xiaonanhai Lake watershed,
as well as the characteristics of its water system distribution,
terrain, and key control nodes such as estuaries of the important
tributaries;

2) To divide the watershed into catchments according to the
DEM data generated from the database;

3) To identify the catchment boundary of each river located
in the area with water bodies to be evaluated by superimposing
the existing administrative division and plannings to form the
boundary for each control unit;

4) To refine and adjust the control unit boundaries based on
the spatial heterogeneity caused by diverse land use types and
human activity intensities in different catchments;

5) For the areas with no water body to be evaluated, to decide
the control unit boundaries mainly according to existing water

system planning and administrative divisions.

3.2 Water Environment System Model Built for the Xiaonanhai
Lake Watershed

In this study, the water environment system model of the
Xiaonanhai Lake watershed was built by coupling the Soil and
Water Assessment Tool (SWAT) model and the MIKE 21 model.
The flow and pollution load of each river into the lake calculated
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Table 1: Sensitivity analysis of hydrological parameters in the SWAT model
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Groundwater re-evaporation coefficient
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Table 2: Calibration and verification results of the SWAT model

=EH (2015%F)
Calibration period (2015)

ISIEER (20164F)
Validation period (2016)

R’ 0.89 0.86

Ens 0.92 0.88
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in the SWAT model were input into the MIKE 21 model as
boundary conditions, then the MIKE 21 model was used to
analyze the water quality and quantitatively assess the pollution

reduction effect of the ecological restoration measures.

3.2.1 SWAT Model

The SWAT model is a long-periodic distributed watershed
hydrological model to predict the yield of runoff and pollution
in different zones with varied soil types, land-use types, and
management measures. It has been widely applied in the
protection and management planning of water resources and
water environment. The water balance formula for the SWAT

model to simulate the runoff yield of a watershed is:
SVVI=SVVO+Z(Rday—qurf~Ea—VVwep—'ng) 3 (1)
i=1

where SW, is the soil moisture content (mm) in a certain time
frame t; SW,, is the initial soil moisture content (mm); t is the
time frame (d) for calculation; R, represents the rainfall (mm)
in the i-th day; Q,, is the surface runoff (mm) in the i-th day; E,
is the evaporation quantity of water (mm) in the i-th day; W,
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is the seepage quantity (mm) of water in the i-th day; and Q,,,
represents the basic flow quantity in the i-th day (mm).

The applicability of the SWAT model should be tested
through calibration and verification with the DEM Data, land-
use types, soil types, meteorological data, local crop management
measures, etc., which can be proved good with a coefficient of
determination R* > 0.6 and an efficiency coefficient Ens > 0.5,
In this study, seven runoff parameters were selected and the
sensitivity analysis of them was conducted using the SWAT-
CUP software, with the results shown in Table 1. The flow
data of Zhongcaogou River and Haozigang River were chosen
to calibrate and verify the SWAT model used in this study.
According to the result shown in Table 2 and the simulated
result shown in Figure 4, both R* and Ens of the model met the
accuracy requirements.

Considering that the SWAT model based on the parameter
transfer method” is applicable in areas with insufficient
materials'”’!] this study referred to the water quality parameters
from the Monographic Study Report on the Impact of the Water
Diversion Project in Central Yunnan on the Water Environment
of Erhai Lake for the lack of water quality monitoring data for
rivers flowing into the lake.

3.2.2 MIKE 21 Model

The MIKE 21 model is applicable to the hydrodynamic
research and water quality research of lakes, estuaries, gulfs,
and coasts by simulating the flow of the two-dimensional
free water surface. For the broad Xiaonanhai Lake that has
several tributaries into it with complex water flow forces, the
hydrodynamic module of MIKE 21 model was used to simulate
its water levels and the water quality module to simulate the
pollutant transport process under the forces of convection and
diffusion.

The MIKE 21 model was built covering the whole area of the
Xiaonanhai Lake watershed, using rectangular grids of 50-meter
spacing for computing. Finally, there were 2,974 units divided, of
which the land area and water area were identified automatically.
Grids with a water depth of 0.2 meter or more were defaulted
as the water area for hydrodynamic calculation (Fig. 5). After
setting the boundary and initial conditions for the MIKE 21
model, the hydrodynamic module and water quality module for
Xiaonanhai Lake were calibrated and validated. According to
the pollutant degradation coefficients set for lake models in the
Monographic Study Report on the Impact of the Water Diversion
Project in Central Yunnan on the Water Environment of Erhai
Lake and the Comprehensive Planning for Water Pollution
Control in the Qilu Lake Watershed, Yunnan Province, the
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composite degradation coefficients for COD, TN, TP and NH;-N i
in the model were 0.0005/d, 0.002/d, 0.004/d, and 0.0015/d, & Contral i dhsion

result of the Xiaonanhai
Lake watershed

respectively. Considering that the average relative errors between
the simulated results and the observed results of COD, TN, TP,
and NH;-N concentration in Xiaonanhai Lake were 0.11, 0.05,
0.04, and 0.14 respectively (Table 3), the MIKE 21 model was
proved applicable for water quality simulation of the Xiaonanhai
Lake watershed.

3.3 Pollution Source Analysis and Pollution Load Calculation
Methods

After the field investigation to the Xiaonanhai Lake
watershed, the study team concluded that the non-point source
pollution was mainly from rural domestic sewage, agriculture,
and scattered livestock and poultry breeding; the point source
pollution mainly came from urban sewage, industrialized
livestock and poultry breeding, and aquaculture. Based on this
result, the SWAT model was used for non-point source pollution
load calculation and parameters from the Discharge Standard of
Pollutants for Municipal Wastewater Treatment Plant (GB18918-
2002) and the Discharge Standard of Pollutants for Livestock
and Poultry Breeding (GB18596-2001) were applied for point
source pollution load calculation.

4 Result Analyses

4.1 Control Unit Division

32 control units were divided for the Xiaonanhai Lake
watershed (Fig. 6), each named in the form of “number-the
river involved-the administrative region involved.” The detailed

x3: IVEIBHE R UK RIEMEIE S STUEILL

Table 3: Comparison between the simulated and observed levels of water quality at observation points in Xiaonanhai Lake

coD TN TP NH;-N
M= s ary oy . s ary oy o e ary oy o s ary oy -
ob ’Ut‘_“‘ int EIE STE HERRE EIE SSE HERRE EIE STE HERRE EIE STE HERRE
servation poin Simulated Observed result | Relative error Simulated Observed result | Relative error Simulated Observed result | Relative error Simulated Observed result | Relative error
result (mg/L) (mgl/L) result (mg/L) (mgl/L) result (mg/L) (mgl/L) result (mg/L) (mgl/L)
RS
Center of 31.66 32.4 -0.02 2.25 2.15 0.05 0.31 0.28 0.12 1.37 1.44 -0.05
Xiaonanhai Lake
11 33.58 45.4 -0.26 — — — 0.34 0.47 0.26 1.43 1.88 0.24
Dam
INEEEERMERC
East center of 35.39 37.2 -0.05 — — — 0.36 0.35 0.02 — — —
Xiaonanhai Lake
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Table 4: Basic information of the control units in the Xiaonanhai Lake watershed

S EHIBTER FRIER/#A FREfTBIX e &R (km?) S IR TER FRIEEiR/#RA FRETIX IS &R (km?)
Number Name of the control unit The river / lake the unit Administrative area Area (km?) Number Name of the control unit The river / lake the unit Administrative area Area (km?)
sits in / around sits in / around

: 1-RE-FIAE 5ot Epan=E = 817 7 17-K%E5-Bi5H KEFH BisE 357
1-Nianpan-Xinjiangkou Town Nianpan River Xinjiangkou Town ’ 17-Qingshou Temple-Nanhai Town Qingshou Temple Lake Nanhai Town :

, 2-TRE-HNTIOHR HREH FIOE 238 18 18-LI/HR-BiBH AR HisH 3
2-Nianpan-Xinjiangkou Town Nianpan River Xinjiangkou Town ’ 18-Honggqi Canal-Nanhai Town Hongqi Canal Nanhai Town ’

5 3-EE-FIOHE FER IO 235 19 19-BFH-BEE BTE BisE 1148
3-Xingfu-Xinjiangkou Town Xingfu Canal Xinjiangkou Town : 19-Haozigang River-Nanhai Town Haozigang River Nanhai Town ’

. 4-BRE-HVIAHE HREH FIOE 942 20 20-319 - E s EnC) HisH 24.83
4-Nianpan-Xinjiangkou Town Nianpan River Xinjiangkou Town ’ 20-Xin River-Nanhai Town Xin River Nanhai Town )

5 5-LIMR-FUTI AR IR FIOHE 812 ” 21-8UR A -FER il BisE 211
5-Honggi Canal-Xinjiangkou Town Honggi Canal Xinjiangkou Town ’ 21-Scattered Flow Area-Nanhai Town Scattered Flow Area Nanhai Town :

. 6-FiT-ERFE a0 FERHE 99 - 22-REF-HBH KFESFH HisH 388
6-South River-Wangjiagiao Town South River Wangjiagiao Town ’ 22-Qingshou Temple-Nanhai Town Qingshou Temple Lake Nanhai Town :

; 7-#0 - ERTR kgl ERFE 72 23 23-[RFE5-FBHE K& BisE 59
7-Xin River-Wangjiagiao Town Xin River Wangjiagiao Town : 23-Qingshou Temple-Nanhai Town Qingshou Temple Lake Nanhai Town :

8 8- b - ERHHE kA0 FERHE 2946 ” 24-REF-HBH KFESFH HisH 133
8-North River-Wangjiagiao Town North River Wangjiagiao Town : 24-Qingshou Temple-Nanhai Town Qingshou Temple Lake Nanhai Town :

. 9-HRE-ETRTE R FRFER 1074 ’s 25-[KFE5-FEHE KEFH g3 175
9-Nianpan-Wangjiagiao Town Nianpan River Wangjiagiao Town : 25-Qingshou Temple-Nanhai Town Qingshou Temple Lake Nanhai Town :

10 10-FREE-ERHHE HREH FERHE 18.95 2% 26-KEF-HBH KFESFH HisH 317
10-Nianpan-Wangjiagiao Town Nianpan River Wangjiagiao Town . 26-Qingshou Temple-Nanhai Town Qingshou Temple Lake Nanhai Town .

" N-E-ERHE R FRFER 242 27 27-KFE5-FEHE KEFH g3 178
11-Nianpan-Wangjiagiao Town Nianpan River Wangjiagiao Town : 27-Qingshou Temple-Nanhai Town Qingshou Temple Lake Nanhai Town :

1 12-MRE-ERFR HREH FERHE 127 - 28-th1E70-F iR g HisH 875
12-Nianpan-Wangjiagiao Town Nianpan River Wangjiagiao Town ’ 28-Zhongcaogou River-Nanhai Town Zhongcaogou River Nanhai Town .

1 13- MR A a2z HRHE 32,08 2 29-Fg5E - TR B #HAHER 12.12
13-South River-Sijiachang Town South River Sijiachang Town i 29-South River-Jieheshi Town South River Jieheshi Town ’

% 14-1APE-FE B4R FATEE [pic3 - 18.49 30 30-#nE - A iR EnC) #HEHHE 646
14-Songxi-Nanhai Town Songxi River Nanhai Town : 30-Xin River- Jieheshi Town Xin River Jieheshi Town :

5 15-HATE-FiE R HATEE [ apsia 218 3 3-EFH- T HE BTE #HAHER 158
15-Songxi-Nanhai Town Songxi River Nanhai Town : 31-Haozigang River- Jieheshi Town Haozigang River Jieheshi Town :

1% 16-30-Fa B EE) [pic3 - _— - 32-b3T-Hr R B de3e HRHHE 431
16-Xin River-Nanhai Town Xin River Nanhai Town : 32-North River-Sijiachang Town North River Sijiachang Town :

SRS /18X
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&l Legend

INEEEER U R
Rivers in the Xiaonanhai Lake watershed

division result is shown in Table 4. Control Unit 5, 18, 19, 21,
28, and 31 impact the water quality of Xialnanhai Lake the

most.

4.2 Pollution Load Calculation Results

According to the pollution source analysis and pollution

o © T, EF
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load calculation method presented in Section 3.3, the loads of
different pollutants into the Xiaonanhai Lake watershed were
figured out and shown in Table 5. It indicates that the non-point



Fi iy e R T RS g, ECrb g YRS Y R O A T A, Sl A
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5.1 A& E Rt R AR
BE T /INEa 0 A TS Y s e BT A S, RS AT X 45 2 e R 4R
IR AE BB ERIE, DR E Sk K R IE 8 5 K AE BB R AL
o BRSSO TR TR . ARRNEH TR | Y /KRE T
T WG il TR AOK A TR (%6) .
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WIEKIREE o HEAb, 00T R 7K b i b 1 BT 4655 04075 e ) BB HE AT
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x5 IVESHREFRRRASRAR (t/a)
Table 5: Different types of pollution load of the Xiaonanhai Lake watershed (t/a)

beE S ESi]
. coD TN NH;-N TP
Types of pollution source
RIFETESK
S 46 5.1 49 058
Rural domestic sewage
RS RUFE
Non-point source - 655.1 54.6 17.5 4.1
Agriculture
pollution
PHEREBFE
AEES . 70.4 71 52 27
Scattered livestock and poultry breeding
WA TESK
. 1923 40 208 38
Urban domestic sewage
SRIRSR
n =
Point source AU EETE 0.6 0.2 0.1 0
. Industrialized livestock and poultry breeding
pollution
K= F5E
200 16 8.2 6.9
Aquaculture
SRAEEE 1,164.4 123 56.7 18.3
Total amount of pollution load T ) )
*6: BETEESHERER
Table 6: Information on Ecological Restoration Measures
&S EE FREEFIRTRS FHANSRIR
Ecological restoration measures Control unit(s) to treat Target pollution
ZHATEBTRE 18. 20. 23 VRS
Three-stage constructed wetland project o Point source pollution
BAREH TR 19 RS
Natural wetland project Non-point source pollution
ERKBETRE 19. 28. 31 [EPEES
Clean water corridor project S Non-point source pollution
HREAT IR ” [EPAEES
Lakeshore buffer zone project Nonpoint source pollution
AR EAEYTE TR _ WA RE SRR
Emerged and floating plant belt project Nutrients in the lake

source pollution caused mainly by agriculture accounts for a
larger proportion than the point source pollution caused mainly

by urban domestic sewage and aquaculture.

5 Arrangement of the Ecological Restoration Measure
System and Its Performance Evaluation

5.1 Arrangement of the Ecological Restoration Measure System
Based on the pollution load calculation of the Xiaonanhai

Lake watershed, the study proposed 5 different ecological

restoration measures, namely the three-stage constructed wetland,
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the natural wetland, the clean water corridor, the lakeshore
buffer zone, and the emerged and floating plant belt, to deal

9. EKBEIRETEHE . e .
10, WA with specific pollutant for better water environment treatment

and water ecological restoration.
7. Spatial arrangement of the
three-stage constructed
wetland project
8.  Spatial arrangement of the
natural wetland project
around the Haozigang

5.1.1 The Three-Stage Constructed Wetland Project
Both of the tail water from the sewage treatment plant
via the inverted siphons installed in the Honggqi Canal and

River
9. Spatial arrangement of

. the initial rainwater runoff with pollutants aggravate the

Secohd-gtage
L vetiand =

the clean water corridor . . . .

project water pollution and ecological damage to Xiaonanhai Lake.
10. Spatial arrangement of

the lakeshore buffer zone

project constructed wetland project to purify the wastewater and

To deal with this problem, the study proposed the three-stage

B

~ o T,

reduce the pollutants discharged. The first-stage wetland of
this project is a compound of the surface flow wetland and
horizontal subsurface flow wetland with a stabilization pond to
regulate and intercept initial rainwater runoff; the second-stage

i

urai{ ;

wetland which has the same structure as the first-stage wetland
is transformed from existing fishponds to treat tail water from
the first; and the third-stage wetland is a surface flow wetland
to treat the tail water from the second. The spatial arrangement
of the three-stage constructed wetland planned on Control Unit
18, 20, and 23 is shown in Figure 7.

5.1.2 The Natural Wetland Project
Water from the Haozigang River into Xiaonanhai Lake is

© ©Ti¥, EBFER

heavily polluted with the CODcr concentration of the Surface
Water Class V and BODS and TP concentration of the Surface
Water Class IV. As a mountain river, the Haozigang River
suffers mainly from non-point source pollution caused by heavy
rainfall erosion in the flood season. It is suggested to introduce
a natural wetland project along the river to establish a wetland
ecosystem with healthy and stable aquatic flora and fauna to

purify the water and protect water resources with beautiful

BER

landscape. The arrangement of this type of wetland on Control
Unit 19 is shown in Figure 8.

~° © T, |

5.1.3 The Clean Water Corridor Project

The clean water corridors could play several roles such
as pollutant filtration, water and soil erosion reduction, and
flood control exactly applicable to the farmlands and fishponds
located along the banks of the Zhongcaogou River and
Haozigang River to effectively intercept pollutants brought by
rainfall runoff into rivers and lakes, so that the water quality

of Xiaonanhai Lake could be improved and the flood drainage

o Lo channels can work better. The arrangement of the clean water

i Grassland [ |
A Shrub "
FEAFIEH Tree and grassland [J
/BN 57 Boundary of Xiaonanhai Lake ——

corridor planned on Control Unit 19, 28, and 31 is shown in

Figure 9.
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5.1.4 MR TR

/N ) P e S 1 0 P AR TE I X, % DTS A T
B, AT AN R E B RO, 24 S e ol Al A
T S X B Z T KIS S A R, AR A A 1 5 K B Al R T Y
FLCHEAWY, FEE MK, PG, AT 8 el 4 o T RS
Hozs A R AN 10FT 7R, SN2 1 S F il BT [

5.1.5 WoAKOR AR T AR

ANE R PR S Y AR R B NHL-NSE, [ 7EAS K
HAb T e R R R SR AR o R K A AR T 0B A s e
M, KB, ERE WK ARSI R KA
MRS G IR JKIRER | K AR R A B K TR S T b B ) 75 G )
(£7) , WFCECE KT (Thalia dealbata) | fif{€ ( Nelumbo
nucifera) . BEYE (Nymphaea spp.) . fTHHRF3E (Potamogeton
wrightii ) | R ( Potamogeton crispus ) . TR HR 12 ( Potamogeton
maackianus ) SFALRAKAERE YR, LA A SR an B L LR .

El%) Legend ¥ KM Thalia dealbata

%54 Contour 37.90 - FLHEE Nelumbo nucifera and ﬁ
%®&% Contour 37.30 Nymphaea spp. I
&4 Contour 37.00 - AMERFSE Potamogeton wrightii #
- ZZ% Contour 36.57 SEE Potamogeton crispus g

Z£5% Contour 36.42 HERTFH Potamogeton maackianus  171_¢

%l Legend K% Thalia dealbata

—— %% Contour 37.90 ¥ A% Nelumbo nucifera and {ﬁ
~—— %@ Contour 37.30 .'.'.| Nymphaea spp. '
£&% Contour 37.00 [ 75T HIHERF Potamogeton wrightii &

%&% Contour 36.57
&% Contour 36.42

SEE Potamogeton crispus °
UERFSE Potamogeton maackianus 11

052

R7: BIUKEEMBEKRR ARSI

Table 7: Suitable planting depths and target pollutants for common aquatic plants

istyESid) k= BEKR AIRMESHAY
Plant type Scientific name Suitable planting depth Target pollutant
EKEY EISHES 0~ 60 & BEEK
Emergent plant Thalia dealbata -ovem Sewage with N and P
T 40-120 A BSK, INEBRERS
satay Nelumbo nucifera - em Sewage with N and P (better removal effect for TN)
Floating-leaved plant e N
HE 30-80 &, BEEK, % W0 FF
Nymphaea spp. -evem Sewage with N and P, and Cr, Cu, and Zn
RT3 & BEBK
R 60 ~120 cm .
Potamogeton wrightii Sewage with N and P
UK mE 120 150 B BEEK, TPEBRERS
Submerged plant Potamogeton crispus - em Sewage with N and P (better removal effect for TN)
MR T3 & BEBK
. 350 ~ 400 cm .
Potamogeton maackianus Sewage with N and P

5.1.4 The Lakeshore Buffer Zone Project

There are several villages located in the scattered flow
area in the southwest of the Xiaonanhai Lake watershed with
no river flowing into the lake. In this area, the pollutants are
mainly brought into the lake by rainwater runoff. The lack of
sewage collection and treatment facilities aggravates the problem
caused by the rural domestic sewage and agriculture pollution
discharging directly into the lake. This lakeshore buffer zone
could be constructed on Control Unit 21 to control the non-
point source pollution (Fig. 10).

5.1.5 The Emerged and Floating Plant Belt Project

Currently, Xiaonanhai Lake is mainly polluted by N, P,
and NH;-N, and will be in moderate or severe eutrophication
during the dry season. Planting aquatic plants could reduce these
pollutants effectively and enrich the plant community to restore
the ecological environment gradually. Considering the current
pollution situation, water depth of the lake, suitable planting
depth, and the pollutants they can treat (Table 7), this study
proposed an aquatic plant belt consisting of Thalia dealbata,
Nelumbo nucifera, Nymphaea spp., Potamogeton wrightii,
Potamogeton crispus, and Potamogeton maackianus (Fig. 11).

5.2 Performance Evaluation of the Ecological Restoration
Measures
5.2.1 Concentration Control of the Pollutants

Using the water environment system model, this study
simulated the condition of the Xiaonanhai Lake watershed
in 2016 and evaluated the performance of the five ecological
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. Spatial arrangement

of the aquatic plants
planted in the north
(Fig. 11-1) and south
(Fig. 11-2) of Xiaonanhai
Lake

Pollutant concentration
comparison between
Scheme 1 and Scheme
2 in Xiaonanhai Lake
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restoration measures presented in Section 5.1 (Scheme 2) in
pollutant reduction by comparing its result to the situation with
no measures applied (Scheme 1). It can be seen from Figure 12
that these five measures can effectively reduce the concentration
of COD, TN, TP, and NH;-N all year round to meet the Surface
Water Class III Standard.

5.2.2 Total Load Control of the Pollutants

(1) Calculation of Water Environmental Capacity of
Xiaonanhai Lake

This study calculated the water environmental capacity
of COD according to Formula (2), and calculated the water
environmental capacity of TN, TP, and NH;-N by the Dillon
model according to Formula (3).

w :(inCs _inCo;j+kVCs (2)
jl

i=1

In Formula (2), Q; is the flow of the j-th river out of the
lake, m’/s; Cy is the target concentration of COD, g/m’; Q;is
the flow of the i-th river into the lake, m*/s; C,; is the average

© T, BFR
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T (g/m’) 5 VAR RN RS (') |, kR
CODZEA R 4.

P=L,(1-R,)/Bh
e (3)
R, =1-W, /W,

Hr, PRHBIATTN, TPENH NIV (g/m’) 5 LR
WIAHTN . TPENH-NA S AL AT (g/m® - a) 3 RWTN, TPEE
NH,-NTE#NA P B R A (1/a) 5 B R/KIIvhI RS (1/a) 5 hhib)
PR (m) 5 QBIAMEIRFIKE (mYa) 5 VRRIZAET/N
SIS (m®) 5 W, TN, TPENH,-NAYAE W (ta) ;
W, HTN, TPEUNH,-NA4EAMNE (ta) .

WA EFSE, RBEVNEBBIRECOD, TN, TPHINH,-N
FEH K T 2K bRl bR R kIR 2 (3R8)

(2) A B ACR AL

FELHZC AN B 1 5152 M LK 5T 19 64 42 1l B350 e 5 /K AL 38T 5
Pl AT S UNROPITR o ML A5 20 A A S 1R it i S 5 — RSt 2
B, TR T R, AR E AR R R 10N . RS, R
OFNZRIOFT A, SRIBUAS SCHR D (0 A B S 1 it J5 K BT #RCOD . TN, TP
FINH,-NA A S5 495 10a, 21.00a, 1.81/af120.4t/a, FEAMET
/NEEEI I K AR A i, AT ORBRE K TR B 2K TN K Bibs i

6 &iig

BT /NPl T AL R K K PR S K AR AR AL, ASBIR S F2 EARGR AT I
DRI K 53 DA /N R P T U ek ) 23 DA 32l BT, W 1 /N T
WA TS e DT TG e fr, SAZE AT T IR TS e A R TR
et fif, HEMHE AR =R TR TR . FAR AR TR | W /KR
TR R Gl TR S R/KOK A A TREAE N Y AR S E 2 it
TRZ, IR AN [ 75 R VBRI RE 25 24 A A48 S A0t A Jm 7 /) Pl T I
BN TR AP BT b o BB 23 e A K BRI R SRR B K PR A
B, XA RERCR TG . 48RRI, TSP TR
ARG . /Nra TSI/ BT AT A b 2K 28K Bbnif:

E AR I3 AR B S Y 15 e B AECR 0T/ v T 7 e
15 Gt PR 5 I SR A MO R B B S i T R H0
R 7K PR A BN AT S A 54 A, SO b 7 SIS /K BR AR [R5 3
0. SZBORITER , WP OO T20164F KRB A, (H il Tk
SCEAT AR WA T ) 7K PRI A b RN R [ K SCAF (34T 18 AR BRI 7%
BR/NERNER, BOTAE A 5 BT S h Al it — PR K SCRERE, #R5E
AR T 2 FLE R R 15 R I HIECR . LAF
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concentration of COD of the i-th river, g/m’; V is the designed
volume of the Xiaonanhai Lake, m’; and k is the composite
degradation coefficient of COD.

P=L,(1-R,)/Bh
B=0.1V (3)
R, =1-W../ W,

In Formula (3), P is the average concentration of TN, TP,
or NH;-N in the lake, g/m’; L, is the annual load of TN, TP, or
NH,-N per unit area, g/m”a; R, is the retention coefficient of
TN, TP, and NH;-N in the lake, 1/a; B is the hydraulic erosion
coefficient, 1/a; h is the average water depth of the lake, m; Q,
is the annual outflow volume of the lake, m*/a; V is the designed
volume of the Xiaonanhai Lake, m’; W, . is the annual amount of
TN, TP, and NH;-N out of the lake, t/a; W,, is the annual amount
of TN, TP, and NH;-N into the lake, t/a.

According to the calculation conditions and parameters,
Xiaonanhai Lake’s water environmental capacity of COD, TN,
TP, and NH;-N under the control target of Surface Water Class
III Standard was calculated and shown in Table 8.

(2) Performance Evaluation of the Measures

Table 9 shows the amount of pollutants discharged into the
lake by the six control units and the sewage treatment plant
that heavily impacts the water quality. Table 10 presents the
total pollutant reduction of each ecological restoration measure
according to their application scales and general practical effect.
With an analysis of Table 8, 9, and 10, it could be concluded
that the total amount of COD, TN, TP, and NH;-N into the lake
were 495.1 t/a, 21.0 t/a, 1.8 t/a, and 20.4 t/a after implementing
the ecological restoration measures proposed in this study, which
can ensure the water quality to meet the Surface Water Class III
Standard.

6 Conclusions

To deal with the water environmental and ecological
problems of the Xiaonanhai Lake watershed, this study first
divided the watershed into 32 control units according to the
administrative division and catchment zones. Second, the
pollution source and load of the watershed were analyzed and
calculated by the water environment system model, indicating
that the non-point source pollution was severer than the point
source pollution. On this basis, the study proposed five ecological
restoration measures including the three-stage constructed
wetland, the natural wetland, the clean water corridor, the
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Table 8: Water environmental capacity of the Xiaonanhai Lake (t/a)
under the Surface Water Class IIl Standard

KR coD TN TP NH;-N
Water quality index 3
KFERE
AREE 511.76 52.27 1.56 25.49

Water environmental capacity

£R9: 6MEHIBTRITKLGETSRYNTR (t/a)
Table 9: The amount of pollutants discharged by the six control units
and the sewage treatment plant into river (t/a)

ISRIIKIR
cop ™ v NH,;-N
Pollutant sources

BI85
Control Unit 5 84.3 7.4 0.7 3.4
EHBITI8
Control Unit 18 169.6 14.7 1.8 63
= BT19
Control Unit 19 256.5 221 2.5 8.8
B8
Control Unit 21 46 4 0.5 16
= $IT28 510 . L y
Control Unit 28 . . R X
EH 8731
Control Unit 31 32.9 2.9 0.4 1.3
TSIKAREE

192.3 40 38 20.8
Sewage treatment plant
it

962.8 106.4 1.3 481
Total

F10: SRESESHESTMEIRDE (t/a)

Table 10: The total pollution reduction of each ecological restoration measure (t/a)

& ESEE
. . coD TN TP NH;-N

Ecological restoration measures
ZHATEBTRE
Three-stage constructed wetland project 1923 40 38 208
BRERH TR

. 275.4 22.4 2.4 6.4

Natural wetland project
HERE S LR
Lake shore buffer zone project / 1.2 02 05
KK EEYETRR
: ; . / 218 35 /
Emerged and floating plant belt project
BRI EST
Total pollution reduction 467.7 854 9.5 2r1

3=

TR BT A X SR RIS TR TR TR, E AR RN HIS BRI # 71T,

NOTE

This study did not evaluate the pollution reduction effect of the clean water corridor project as the models
cannot simulate its operating conditions.
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lakeshore buffer zone, and the emerged and floating plant belt
onto specific control units in the watershed. The following
performance evaluation of these measures, utilizing the water
environment system model to calculate water environmental
capacity, proved that they were effective to improve the water
quality to meet the Surface Water Class [II Standard.

This type of quantitative analysis of the pollutant reduction
performance of different ecological restoration measures
provides important support for the pollution load quantification
and control in the Xiaonanhai Lake watershed. Moreover,
the control-unit-based watershed management could assign
responsibility more efficiently to identify water environmental
problems and implement these measures. This study only
calculated the water environmental capacity of 2016 due to
the data limitation. However, the water environmental capacity
changes significantly under different hydrological conditions.
Thus, future studies could be conducted with more hydrological
data to explore the pollution reduction effects of different
ecological measures. LAF

REFERENCES

[1]  Peng, W. (2018). Research on river and lake health assessment indicators, standards and methods.
Journal of China Institute of Water Resources and Hydropower Research, 16(5), 76-86, 98.
doi:10.13244/j.cnki.jiwhr.2018.05.008

[2] Deng, F,Jin, T., Ma, L., Lin, T., Li, Z.,, & Yuan, Y. (2016). Dividing method of control units for
watershed environmental management in the 13th national five-year plan. Advances in Water
Science, 27(6), 909-917. doi:10.14042/j.cnki.32.1309.2016.06.014

[3]  United States Environmental Protection Agency. (2005). Handbook for developing watershed plans
to restore and protect our waters. Retrieved from https://www.epa.gov/nps/handbook-developing-
watershed-plans-restore-and-protect-our-waters

[4] Fang, Y., Wan, J., Luo, D., Sun, S., & Chen, C. (2015). Study on Control Unit Division Technology for
Total Amount Control in Gangjiang Basin. Research of Environmental Sciences, 28(4), 540-549.
d0i:10.13198/j.issn.1001-6929.2015.04.08

[5] Chen, S. (2016). Study on present situation analysis and prediction of water quality based on
Control Unit in the Mao Zhou River Basin (Master’s thesis, Shenzhen University, Shenzhen, China).
Available from CNKI database.

[6] 0’Hogain, S., & McCarton, L. (2018). Nature-based solutions. In A Technology Portfolio of
Nature Based Solutions: Innovations in Water Management (pp. 1-9). Dublin, Ireland: Springer
International Publishing. doi: 10.1007/978-3-319-73281-7

[7]  Wang, J. (2012). Research on the Rainstorm Runoff Effect of Mountainous City and Measures of
Ecological Reconstruction Based on SWMM (Master’s thesis, Chongging University, Chongging,
China). Available from CNKI database.

[8] Chang, J. (2017). Evaluation for the effectiveness of best management practices (BMPs) based
on SWAT model — A case study of West Tiaoxi Watershed (Master’s thesis, Zhejiang University,
Hangzhou, China). Available from CNKI database.

[9]1 Geng, R, Liang, X., Yin, P, Wang, M., & Zhou, L. [2019). A review: Multi-objective collaborative

optimization of best management practices for non-point sources pollution control. Acta Ecologica

Sinica, 39(8), 2667-2675. doi:10.5846/stxb201804140860

Yan, J., Feng, J., & Zhang, S. (2019). Effect Analysis of Water Supplement Scheme for Xiaonanhai

Lake Based on MIKE 21. Pearl River, 40(7), 90-96. doi:10.3969/j.issn.1001-9235.2019.07.016

Wang, D., Wang, Y., Xie, Y., Zhao, Y., Liang, T., & Zhao, K. (2012). Methodology and Its Application of

Control-unit Division Served for Watershed Environment Management. Journal of Basic Science

and Engineering, 20(Supplement), 30-37. doi: 10.3969/j.issn.1005-0930.2012.51.003

[12] Xiao, Y., Dong, F., Zhang, X., Huo, F., & Peng, W. (2013). River Ecological Base Flow Based on

Distributed Hydrological Model of SWAT. Journal of Sichuan University (Engineering Science

Edition), 45(1), 85-90. doi: 10.15961/j.jsuese.2013.01.010

Cheng, Y., Ao, T., Li, X., & Wu, B. (2016). Runoff simulation by SWAT model based on

parameter transfer method in ungauged catchments of middle reaches of Jialing River.

Transactions of the Chinese Society of Agricultural Engineering, 32(13), 81-86. doi: 10.11975/

j.issn.1002-6819.2016.13.012

[10

[

[13



