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An understanding of the quantitative relationship between watershed non-point source (NPS) pollution and lake
nutrient enrichment is essential for the environmental management of water bodies. However, a lack of data
availability and integration limit our understanding of this relationship. The most critical bottlenecks are the
lack of adequate support for watershed-lake integrated data, a lack of data of the nutrient loading from watersheds into a lake as NPS, and the long-term time series data of lake nutrient concentrations. Since lake
sediment is the ultimate destination of watershed nutrients, this study aimed to reveal the relationship between
watershed phosphorus (P) concentrations that are transported into lakes and lake P concentrations by using inlet
sediments as an indicator. Three typical sub-basins within Hongze Lake, China were selected as the study site,
and 30-year dataset was calculated using the technology integration of remote sensing, sediment chemical
analysis and SWAT model assessment. It can be concluded that, ﬁrst, the Mineral-P (Min-P) accounted for nearly
65% of the watershed Total P (TP) loss, which varied over diﬀerent basins and temporal periods. Second, the
relationship between watershed P loss into lakes and sediment P concentrations represented obvious variation
among diﬀerent basins, sediment depths and P states. With respect to diﬀerent basins, the highest correlation
appeared in Basin 1, which had a R2 value of 0.65 for Min-P. With respect to diﬀerent P states, the Inorganic-P
(IP) showed a closer relationship between watershed and lake P than Organic-P (OP), and the correlation
coeﬃcient (r) was higher than 0.6 in Basin 1 and Basin 3 for IP. In addition, the calcium-phosphorus ratio (Ca-P),
which is largely sourced from watershed rock detritus by eroded runoﬀ, played the most critical role among
diﬀerent Min-P states in the relatively ideal relationship of IP. With respect to diﬀerent sediment depths, a
stratiﬁcation phenomenon existed in Basin 2 and Basin 3, which diﬀered at speciﬁc depths. In particular, the
ideal relationship only existed within the 7 cm depth from the bottom in basin 2, and this value expands to 10 cm
for basin 3. This diversity was inﬂuenced by the integration roles from external and endogenous sources. All the
ﬁndings indicated that lake surface sediment can be used as a proxy to represent NPS P loading under speciﬁc
conditions. The relationship between watershed P loss and lake sediment P concentration was largely decided by
land use/cover change (LUCC), meteorological conditions, and lake resuspension.

1. Introduction
Phosphorus (P) is an essential element for crop growth and a primary nutrient involved in the eutrophication of aquatic ecosystems
(Norton et al., 2012). Recently, soil P loss via watershed agricultural
non-point source (NPS) pollution has been recognized as a severe threat
to the aquatic environment, and a signiﬁcant portion (80%) of lost P
exists in particulate form (Evanylo et al., 2008; Castoldi et al., 2009).

Therefore, watershed NPS P pollution governance could have signiﬁcant beneﬁts for lake ecology and environmental protection. Determining the relationship between NPS P loads and lake nutrient enrichment becomes a priority (Ouyang et al., 2013).
Currently, watershed non-point source (NPS) phosphorus (P) pollution monitoring and lake P concentration trend studies are two independent and separate research subjects. With respect to NPS P load
monitoring, numerous physically-based (e.g., SWAT, ANSWERS, and
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the drastic land-use changes and massive amount of watershed nutrient
losses (Erol and Randhir, 2013).
Therefore, the watershed NPS P assessment and Lake P monitoring
are the two critical issues for the research of watershed nutrient
transportation and are also important for watershed-lake integrated
management (Lin et al., 2016). However, studies focusing on lake water
and those focusing on watershed nutrients have been relatively separate
from each other, which can be considered as the most critical technical
bottleneck for watershed-lake integrated research (Amiri et al., 2012;
Yang et al., 2012). A quantitative analysis of the inﬂuence of NPS P
outputs on lake TP concentration is urgent. Such analysis could be
largely dependent upon the long temporal series data acquisition of
watershed NPS P modelling and lake sediment P analysis.
Several typical sub-basins within the Hongze Lake basin were selected as the study site. Agricultural non-point source (ANPS) pollution
is acknowledged as the most important major exogenous source contributor to lake nutrient enrichment because the selected basins are
largely dominated by traditional agriculture and have been aﬀected by
drastic land use/cover changes (LUCC) in the last 30 years (Zhou et al.,
2013). The objectives of this study were: i) To assess the temporal and
spatial variation tendencies in watershed NPS P loads and lake sediment P concentrations, based on SWAT model and sediment analysis,
where the organic and inorganic P are introduced respectively; and ii)
To explore the relationship between watershed P outputs and lake sediment P concentrations within diﬀerent basins and discuss the suitability of using lake sediments to reﬂect the watershed NPS P ﬂux.

AGNPS) and empirical models (e.g., RUSLE, and PLOAD) have been
developed in recent decades and have been widely used to evaluate
spatial P pollution loads under speciﬁc environmental conditions
(Bechmann et al., 2009; Blair and Aller, 2012; Laurent and Ruelland,
2011). The Soil and Water Assessment Tool (SWAT), the most widely
used physically based model, is frequently used to estimate basin-wide
sediment and nutrient ﬂuxes for regional planning (Neitsch et al., 2011;
Arnold et al., 2012; Gassman et al., 2014). The SWAT model considers
several management practices, e.g., considering land use change, pollutant transport and reservoirs (Vigiak et al., 2017); therefore, several
important sources of sediments, such as gully erosion or landslide
movements can be explicitly assessed by SWAT (de Vente et al., 2013).
Regular and periodic lake monitoring and laboratory measurements
are critical for the acquisition of lake P concentration data. Long-term
monitoring has been advantageous for researching lake environments
in some European countries (Mogan et al., 2012). In China, research
started relatively late, compared with European and American countries. Lake monitoring in China has rapidly increased since the 1990s,
and research has largely been carried out in typical eutrophic lakes
including Taihu Lake, Chao Lake and Hongze Lake (Zhu et al., 2003).
For instance, the total Phosphorus (TP) concentrations in a severely
eutrophic section of Hongze Lake ranged from 0.10 to 0.38 mg L−1,
whereas values were less than 0.05 mg L−1 in the less polluted lake
center (You et al., 2015). However, it should be noted that data publicity and availability have remained at relatively low levels. The lack of
data records is considered the most important factor limiting the development of monitoring and analysis for the lake water environment.
The lack of existing monitoring data limits our ability to assess the
relationship between NPS P loads and lake P concentrations over long
time periods (Yang et al., 2012). Nevertheless, lake sediment is the
ultimate destination of watershed nutrients and can, therefore, be an
ideal supplement and substitute for lake P data (Guildford and Hecky,
2000; Morgan et al., 2012; Ahmed et al., 2012).
For the acquisition of lake P concentration data, regular and periodic lake monitoring and laboratory measurements are critical. Longterm monitoring has been conducted in some European countries that
are advantageous for lake environment research (Mogan et al., 2012).
In China, the research has begun relatively late, compared with
European and American countries. Lake monitoring in China has been
rapidly developed since the 1990s, and research has largely been carried out in typical eutrophic lakes including Taihu Lake, Chao Lake and
Hongze Lake (Zhu et al., 2003). For instance, the TP concentrations in
the severely eutrophic section of Hongze Lake ranged from 0.10 to
0.38 mg L−1, whereas values were less than 0.05 mg L−1 in the less
polluted lake centre (You et al., 2015). However, it should be noted that
data publicity and availability have remained at a relatively low level.
The lack of data records is considered the most important factor limiting the development of lake water environment monitoring and analysis. It suggests that the existing monitoring data cannot meet the requirements of the scale consistency between data of NPS P loads and
lake P change in a long temporal sequence (Yang et al., 2012). Nevertheless, the lake sediment can be designated as an ideal supplement and
substitution for lake P data acquisition (Guildford and Hecky, 2000;
Morgan et al., 2012).
Previous research has observed a relationship between TP concentrations in lake sediment and lake water. A study found that the TP
concentration in the surface sediment column (0–15 cm) varied from
0.60 to 0.98 g kg−1 in the river–lake edge area of Hongze Lake. This
value was not only larger than that at the lake center but also larger
than those in the lake sediments of some pollution-free inland lakes in
Europe, including Loch Leven and Lake Windermere (He et al., 2005;
Xue et al., 2007; Rothwell et al., 2010). These results showed that the
spatial pattern of TP concentration in sediments was consistent with
those in lake water. Nevertheless, sediment TP concentrations were
larger than those of the lake water. Moreover, the spatial variations of
TP concentration in lake sediment and lake water were primarily due to

2. Materials and methods
2.1. Study site
Hongze Lake is located in Huaian and Suqian Cites, Jiangsu
Province, China, and the lake belongs to the Huaihe River Basin. The
monsoon climate leads to abundant rainfall in the watershed, with an
average annual precipitation of 1145 mm in the study area. The main
rainfall season is from June to September. The major soil types are
yellow brown soil and paddy soil, where TP concentrations range from
0.2 to 1.3 g/kg and soil organic matter (SOM) ranges from 5 to 30 g/kg.
The watershed is an important production base of traditional agriculture and animal husbandry, with arable land accounting for more
than 65% of the whole watershed. For this case, ANPS is regarded as the
main watershed pollution source, causing lake quality degradation.
Some research has indicated that soil phosphorus (TP) loss into lakes
from the surrounding watershed is largely sourced from NPS pollution
and that the proportion exceeded 80% (You et al., 2015; Yang, 2009).
Nutrient enrichment has resulted in acute ﬂuctuations in the water
quality of Hongze Lake, degrading from grade II to grade III and IV over
approximately thirty years (Li and Pu, 2003).
Importantly, the rapid development of socioeconomic standing and
drastic land-use management has taken place since 1990, and unbalanced patterns and spatial diversity features have also been noticeably exhibited, within diﬀerent regions or sub-basins. Therefore, three
sub-basins, which represented three typical land use/cover change
patterns, were selected in this study. The ﬁrst is the watershed of
Gaosong River tributary (basin 1), representing a rapid urbanization
area. According to the land use dataset developed by Data Center for
Geography and Limnology Science, Chinese Academy of Science, CAS
(the more speciﬁc information of the land use dataset was showed in
Table. 1), the proportion of construction land has increased 22.12%
during the last 30 yrs; ii) the second is the watershed of Bian River
tributary (basin 2), representing a wetland reserve area and located in
the transition zone from the land to the lake; iii) the third is the watershed of Weiqiao River tributary (basin 3), representing an area with
diﬀerent land use types including construction land, arable land, forestland, bare land and water.
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Three stages:
Stage 1: 1987–2004:
Stage 2:
2005–2011:
Stage 3:
2012–2015

1988–2010

Weather data
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0.2°×0.2°

Stage 1: soil types
Stage 2:
1 km grids
Stage 3:
Field samples

Climate Forecast System Reanalysis (CFRS)
http://globalweather.tamu.edu

Stage 1: Harmonized Word Soil Database
Stage 2: The second geochemical survey data in Jiangsu
Province (processed from 2005 to2007)
Stage 3: Field sampling and measurements (processed in
2013 and 2014)

Data Center for Geography and Limnology Science, Chinese
Academy of Science, CAS

30 m

1990, 1995,
2000, 2005
2010, 2015

Land use

Soil properties

Shuttle Radar Topography Mission (SRTM)a

90 m

–

Digital elevation model

Source

Resolution

Year

Data

Table 1
Overview of data for sediment load modelling and P ﬂux simulation.

Acquired from http://strm.csi.cgiar.org (Version 4.1), The length factor and slope factor were extracted
from the DEM
The spatial data of land use/cover change(LUCC) were produced by Data Center for Geography and
Limnology Science, Chinese Academy of Science, the
Landsat Thematic Mapper (TM) satellite images covering the study area were downloaded from U. S.
Geological Survey (http://earthexplorer.usge.gov) and used to extract the major land use types,
including original forest, planted forest, agricultural land, construction land, wetland and unutilized
land. The data production work was processed every ﬁve years, and the validation of interpretation
results was conducted by ﬁeldwork (63 samples were located in the study site); the data accuracy could
reach 85%. Currently, the data can be downloaded from http://lake.geodata.cn/.
(1) First stage: the background values of soil organic matter (SOM), Total Phosphorus (TP), and particle
composition were assigned based on diﬀerent soil types, information for which was acquired from
the Harmonized Word Soil Database (HWSD) with 1:100000 resolutions (http://www.fao.org).
(2) Second stage: The spatial maps of SOM and particle composition were developed based on data from
the second geochemical survey in Jiangsu Province, which was conducted from 2005 to 2007. The
1 km grid equidistant sample data were acquired in 2008, and the spatial interpolation was processed
using ArcGIS.
(3) Third stage: The surface soil samples (0–10 cm depth) were collected from Oct. 2013 to Feb. 2014 in
diﬀerent sub-basins, immediately after the freezing period and before the plowing season. The
sampling sites were 150 m to 200 m apart (using a global positioning system) to ensure spatial
uniformity. The samples covered three critical land-use patterns, including forest, arable land and
orchard land. At each site, soils were sampled 9 times within a radius of 20 m from the plot centre and
were then mixed into a single sample. A total of 25 points were sampled in each sub-watershed.
the runoﬀ data and
Temperatures from 1988 were collected over 10-day periods, and the data were processed by monthly
averaged and spatial interpolation.
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Table 2
Sensitivity parameters for water discharge and sediment export in this study.
Parameter

Deﬁnition

Range

Discharge

CN2
ALPHA_BF
GW_DELAY
GWQMN
CANMX
ESCO
SOL_AWC
SURLAG
RCHRG_DP
CH_K2
EPCO
CH_N2
REVAPMN
SFTMP
GW_REVAP
SOL_K

Initial SCS runoﬀ curve number for moisture condition II
Base ﬂow alpha factor (1/days).
The delay time of groundwater
Threshold depth of water in the shallow aquifer required for return ﬂow to occur (mm H2O).
Maximum canopy storage (mm H2O).
Soil evaporation compensation factor.
Available water capacity of the soil layer (mm H2O/mm soil).
Surface runoﬀ lag coeﬃcient
Deep aquifer percolation fraction.
Eﬀective hydraulic conductivity in main channel alluvium (mm/hr).
Plant uptake compensation factor.
Manning's “n” value for the main channel.
Threshold depth of water in the shallow aquifer for “revap” or percolation to the deep aquifer to occur (mm H2O).
Snowfall temperature (°C).
Groundwater “revap” coeﬃcient.
Saturated hydraulic conductivity (mm/hr).

35–98
0–1
0–500
0–5000
0–100
0–1
0–1
0.05–24
0–1
−0.01 to 500
0–1
−0.01 to 0.3
0–500
−20 to 20
0.02–0.2
0–2000

Sediment

USLE_P
SLSUBBSN
HRU_SLP
RSDCO
SPCON
SPEXP
CH_ERODMO
CH_COV1
CH_COV2
BIOMIX

USLE equation support practice factor.
Average slope length (m).
Average slope steepness (m/m).
Residue decomposition coeﬃcient.
Linear parameter for calculating the maximum amount of sediment that can be restrained during channel sediment routing.
Exponent parameter for calculating sediment restrained in channel sediment routing
A value of 0.0 indicates a non-erosive channel while a value of 1.0 indicates no resistance to erosion.
Channel erodibility factor.
Channel cover factor.
Biological mixing eﬃciency.

0–1
10–150
0–1
0.02–0.1
0.0001–0.01
1–1.5
0–1
−0.05 to 0.6
−0.01 to 1
0–1

Ci is the cover management factor; and PLi is the conservation support
practice factor which is based on land uses (Ferro and Porto, 1999;
Capolongo et al., 2008).

2.2. Simulation of sediment and amounts of watershed P loss into lake in
temporal
2.2.1. Hydrological module and sediment erosion in SWAT model
The SWAT model uses the SCS curve number procedure (USDA Soil
Conservation Service, 1972) and the Green & Ampt inﬁltration method
to estimate surface runoﬀ volume for each Hydrological Response Unit
(HRU) (Green and Ampt, 1911). At the same time, a modiﬁed rational
method is used to calculate the peak runoﬀ rate, which is an important
indicator of the erosive power of a storm and is used to predict sediment
loss. In this model, Manning’s equation is used to deﬁne the rate and
velocity of ﬂow. The water is routed through the channel network using
two kinds of kinematic wave models: the variable storage routing
method (Williams, 1969) and Muskingum River routing method (Cunge
1969). Details of kinematic wave model can be seen in Saleh and Arnold
(2000).

Qsurf = (Rday − −Ia )2 /(Rday − −Ia+ S)

2.2.2. SWAT input data
The ArcSWAT interface for SWAT version 2012 is an extension of
ArcGIS/ArcMap to compile the SWAT input ﬁles. The basic datasets
required to construct the model include topography, land use, soil, and
weather data. The details of the data source and description are given in
Table 1. To meet the requirements of the entire temporal scale from
1990s to 2015, the land use data of six periods (1990/1995/2000/
2005/2010/2015) were used to simulate sediment of diﬀerent periods,
respectively.
2.2.3. Sensitivity analysis of parameter
LH-OAT (Wei et al., 2009) global parameter sensitivity analysis was
used to analyze the sensitivity of the model. LH-OAT assumed that each
parameter is divided into N spaces, then a random sample of these
sample spaces (the probability of being drawn in each space is 1/N) was
selected. All parameters were combined randomly, and the model results were analyzed using multi-parameter linear regression or correlation analysis method after running the model run N times.

(1)

Where Qsurf is accumulated runoﬀ or excess rainfall (mm); Rday is the
rainfall depth on a day (mm); Ia is the initial losses (mm), including
ground ﬁll, plant retention and inﬁltration before the runoﬀ; S is the
retention parameter (mm).
The SWAT model uses the Modiﬁed Universal Soil Loss Equation
(MUSLE) (Williams, 1975) to calculate erosion caused by rainfall and
runoﬀ. MUSLE is a modiﬁed version of Universal Soil Loss Equation
(USLE) developed by Wischmeier and Smith (1987). Rainfall energy
factor is used to predict average annual gross erosion, which is replaced
by runoﬀ factor in MUSLE because rainfall energy factor can only represent energy used in detachment while runoﬀ factor represents energy used in detaching and transporting sediment. In addition, other
factors used in MUSLE include soil erodibility factor, cover and management factor, support practice factor, topographic factor, and coarse
fragment factor.

Ai = Ri × Ki × LSi × Ci × Pi

S=

ΔR
P
× i
ΔPi
R

(3)

Where S is the sensitivity index, R is the model outputs, Pi is the model
outputs factor, ΔPi is the variation of model inﬂuence factor (parameter), ΔR is the variation of the model outputs. Sensitivity parameters
and their speciﬁc conditions were described in Table. 2
2.2.4. Calibration and validation of SWAT
The SUFI-2(Abbaspour et al., 2007) procedure in SWAT-CUP
(Abbaspour, 2011) software was used to calibrate and validate the
model. The deterministic coeﬃcient (R2) and the Nash-Sutcliﬀe coefﬁcient (NSE) were used to evaluate the model.

(2)

where Ai is the soil erosion modulus (kg·km−2·yr−1), Ri is the rainfallrunoﬀ erosivity factor (MJ mm· (ha h yr)−1); Ki is the soil erodibility
factor (Mg h MJ2−1mm−1); LSi is the slope length and steepness factor;

n

n

⎞
⎛
Ens = 1 − ⎜∑ (Yobs,i − Ysim,i)2 / ∑ (Yobs,i − Yobs,av)2⎟
i=1
⎠
⎝ i=1
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Table 3
Classiﬁcation of the SWAT model performance.
Classes

R2
2

R = 1.00
0.80 ≤ R2 < 1.00
0.60 ≤ R2 < 0.80
R2 < 0.60

Very good
Good
Satisfactory
Unsatisfactory

t=
NSE

2

n

S

λ

where DR represents the deposition rate, and the DS represents the sediment burial depth, the t is the deposition time, the I0 is the initial
speciﬁc activity concentrations of 210Pb, and Is means the speciﬁc activity concentrations of 210Pb after t years, and the speciﬁc historical
hydrology and meteorology data (ﬂooding and strong rainfall) were
used to correct the geochronology estimated by 210Pbex. Finally, the
particular years that corresponding to each sliced cores can be acquired
by the calculation results of deposition rates. The results showed that
the deposition rate of No. 1, No.2 and No. 3 cores were 0.40 cm/a,
0.413 cm/a and 0.42 cm/a, respectively. This result is consistent with
previous studies, which showed that the deposition rate within Hongze
Lake is approximately 0.40 cm/a (He et al., 2005).
In addition, the TP concentrations of each slice of three sediment
cores were measured with inductively coupled plasma (ICP) methods at
the State Key Laboratory of Soil and Sustainable Agriculture, Institute
of Soil Science, Chinese Academy of Sciences. The Standard
Measurement Test (SMT) method was applied to acquire the chemical
speciation of phosphorus including organic (OP) and inorganic (IP)
phosphorus, constituting mainly of iron (Fe-P), aluminum (Al-P), and
calcium-bound phosphors (Ca-P). The SMT is a sediment phosphorus
fractionation method harmonized and validated in the frame of the
‘standards, measurements and testing programme’ of the European
Commission (Ruban et al., 1999) The Al-P, Fe-P, OP, Ca-P were extracted by 0.5 mmol/L NH4F, 1 h, 0.1 mmol/L NaOH, 0.5 mmol/L
NaOH, 16 h and 1.0 mmol/L NaAc-HAc, 6 h consecutively. The SMT
protocol has also been tested on three sediments (calcareous, siliceous,
organic-rich) and the results reported were considered satisfactory
(Wang et al., 2013).

0.75 < NSE ≤ 1.00
0.65 < NSE ≤ 0.75
0.40 < NSE ≤ 0.65
NSE ≤ 0.40

⎞
⎛
∑i = 1 (Yobs,i − Yobs,av)(Ysim,i − Ysim,av)
R2 = ⎜
⎟
n
n
∑i = 1 (Yobs,i − Yobs,av)2 ∑i = 1 (Ysim,i − Ysim,av)2
⎠
⎝

ln I0

(4)

The Nash–Sutcliﬀe coeﬃcient (Ens) was used to assess the performance of the model in this study. Where Yobs, i is the measured value,
Ysim, i is the simulation value, Yobs, av is the measured average value, and n
is the number of observations. Ens ranges from −∞ to 1. The model
evaluation criteria area presented in Table 3 (Moriasi et al., 2015;Santhi
et al., 2010).
The monitoring data from 2006 to 2011 were collected from Yaowei
hydrological station located in Sihong County. The model calibration
and validation were conducted based on the land-use map of 2010.
Therefore, the calibration period was selected from 2006 to 2009, and
the validation period was from 2010 to 2011.
The model validation results in Fig. 2 indicate that the simulation
results of water discharge and sediment export are highly related with
their respective observed values in the entire calibration period (Fig. 2),
in which the values of NSE and R2 for calibration and validation were
greater than 0.77. This result implied that the SWAT model can be used
to eﬀectively simulate the water discharge and sediment export in
Hongze Lake Basin. Therefore, the Mineral-P (Min-P) and OP (OrganicP) loss amounts into lake from 1987 to 2015 can be simulated based on
the hydrological models that are established by the land-use data of
their corresponding periods.

3. Results
3.1. Simulation of watershed P amount loss into lake.

2.3. TP concentrations in lake sediment
The amount of phosphorus transported into the aquatic system,
including OP and Min-P, were assessed by the SWAT model. Fig. 3
compares the concentration loss of diﬀerent P states, within three subbasins in the past 30 yrs. In general, the three sub-basins represent similar spatial tendencies, in which a notable ﬂuctuation trend can be
found within all the three basins. In particular, four phases can be
summarized as follows:
i) The ﬁrst phase ranged from 1985 to 1991; during this period
Hongze Lake experienced severe NPS P pollution, as well as increasing
P deposits. The peaks within basin 1 and basin 2 appeared in 1987 and
1989, respectively. The average TP concentrations exceeded 2 t/a, even
reaching 9.63 t/a within basin 3 in 1991. ii) The second phase ranged
from 1992 to 1995, with a notable downward trend found within all the
three basins, especially in basin 1 and basin 2, where the TP amounts
were almost less than 0.6 t/a. iii) The third phase, ranging from 1996 to
2007, deposition rates of TP into the lake experienced ﬂuctuating increasing trend. The peaks appeared in some discontinuous years such as
1998, 2000, 2003 and 2006. Interestingly, the TP concentrations decreased signiﬁcantly in the other years. iv) The fourth phase ranged
from 2008 to 2014. A steady and continuous decreasing trend can be
found in this phase. The TP loss into the lake remained approximately
0.6 t/a, 0.7 t/a and 4.1 t/a for the three basins since 2011.
Diﬀerent basins also presented notable diﬀerences for NPS P loss
into the lake. In general, the TP loss into the lake within basin 3 showed
signiﬁcantly higher values than the other two basins, where values
rarely exceeded 2 t/a in most of the years. Conversely, the TP amount
within basin 3 even approached 10 t/a in certain years such as 1991,
1998, 2003 and 2006. The proportions of Min-P (IP) were higher than
OP in the three basins. For instance, the average Min-P amount within
basin 1 in the whole temporal sequence was 0.55 t/a, compared to

In order to ensure the minimum disturbance of the sediment–water
interface, the sediment locations were selected in lake inlets about 50 m
distance to the corresponding watershed outlets. Moreover, four columns were collected for each watershed for the purpose of comprehensive sample coverage, and then the four columns were mixed into
one sediment core, representing the corresponding sub-basin.
Therefore, a total of twelve columns were collected using a gravity-type
corer in situ in March 2015 (Fig. 1), and ﬁnally three 25 cm long and
4 cm diameter sediment cores were generated for laboratory measurements.
The sediment cores were pre-treated in the laboratory of School of
Geographic Science, Nanjing Normal University. The sediment cores
were sliced into 1 cm segments from top to bottom, and the sliced layers
were sealed in polyethylene bags and immediately transported to the
laboratory. The samples were air-dried in a lyophilizer, grounded with
a mortar and pestle (XPM-120x3, China), and passed through a 100meshnylon sieve.
The speciﬁc activity concentrations of the sliced cores were dated
using the activity of an 210Pb (210Pbex) radiometric technique based on
the method suggested by Mizugakia et al. (2006), and the radiometric
measurements were operated with gamma spectrometer (ORTEC.,
USA). The deposition rate of the sediment cores was determined by the
following algorithms, which is made up by speciﬁc activity concentrations and buried depth of sediment:

DR =

DS
λDS
=
I
t
ln I0

Is = I0

e−λt

S

(5)
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Fig. 1. The study sites.

requirements of the temporal scale in this study, ranging from 1987 to
2015. IP concentrations are consistently higher than OP in all sediments
regardless of location or depth (Fig. 4). IP concentrations largely varied
from 300 to 500 mg/kg while the OP concentrations rarely exceeded
100 mg/kg.
Importantly, the IP concentrations also represented more notable
variations in trends throughout the whole temporal series (Fig. 4).
Several extreme high values for IP appeared alternately over a relative
short period, mostly in basin 1. Conversely, OP concentrations are more
consistent over the entire period, with the most stable trend-line in

0.36 t/a for OP. A similar trend can be found in basin 2 and basin 3,
simultaneously, where the average Min-P amount was nearly 1.5 times
the OP amount in general.

3.2. Lake P concentration trends over the last 30 years
According to the 210Pb radiometric measurements, the deposition
rate of Hongze Lake remained at approximately 0.40 cm/a; this indicates that each 1 cm slice can represent 2–3 years historically, and the
geochronology of the sediment core (0–15 cm) can meet the

Fig.2. Simulated and observed water discharge and sediment export in Yaowei station during the calibration period and validation period.
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Fig. 3. The multi-states P loss amounts into lake within diﬀerent basins.

degree between watershed NPS P loads and lake sediment P concentrations in three basins are shown in Table 4, in which the diﬀerent
P states such as TP, Organic-P and Inorganic-P were contained. In addition, ‘integrated’ means that all the available data items were considered together, without the classiﬁcation of diﬀerent basins. Further
detailed information is given in scatter plots, and the OP and IP are
represented (Fig. 5).
In general, the basin 1 provides the greatest correlation coeﬃcient
between the amount of watershed P loss into lakes and lake sediment P
concentrations under all P states, particularly with respect to IP
(r = 0.77). IP always has a much higher correlation coeﬃcient when
compared with OP. Speciﬁcally, the r for IP also achieved 0.6 for basin
3, yet the correlation degree of OP was below 0.2.
The correlation between lake TP and watershed TP was relatively
poor both in basin 2 and basin 3. In particular, the r value for basin 2
was approximately 0.2, degrading the general correlation degree that
considered all the basins together (Table 4). It is also notable that the r

basin 2. Nevertheless, the OP concentrations have increased gradually
since 2001 in basin 3, where the maximum value reached 108.65 mg/
kg in 2009. The opposite trend is found in basin 1, where the OP
concentrations have decreased to some extent since 2003, and the
lowest concentration of 40 mg/kg corresponds to 2005.
3.3. Relationship between sediment P and watershed NPS P loads
The relationship between the amount of watershed P lost into lakes
and sediment P concentration in the entire temporal sequence was
calculated based on diﬀerent P states including OP, IP and TP in different basins. In addition, previous studies have shown that the IP accounted for nearly 80%-90% of watershed Min-P composition (Beck
and Sanchez, 1996; Sun et al., 2011), meaning watershed Min-P loss
can be related to lake sediment IP concentration. A two-year interval
was deﬁned and averaged from 1987 to 2015, with 15 available items
generated for each basin. The basic statistical data of the correlation
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Fe/Al-P are the most important P states of sediment IP (Andrieux, 1997;
Ruban et al., 2001; Wang et al., 2008). Previous research has indicated
that these two states accounted for nearly 90% of IP in Hongze Lake
(Wang et al., 2011), which is consistent with the results of this study. In
addition, this study further indicated that the Ca-P concentrations accounted for nearly 60% of the sediment IP, which proportions are
greater than Fe/Al-P in a majority of sediment slices in Hongze Lake
(Fig. 6). For instance, the sediment Ca-P concentrations of basin 1 and
basin 3 are consistently around 170–240 mg/kg for diﬀerent sediment
slices, while the Fe/Al-P concentrations seldom exceeded 110 mg/kg.
Moreover, it is noteworthy that the activity and susceptibility of the CaP and Fe/Al-P are signiﬁcantly diﬀerent (Hisashi, 1983). This suggests
that the Ca-P and Fe/Al-P concentrations in diﬀerent sediment slices
and diﬀerent basins need to be considered separately, and correlated
with watershed IP outputs in the corresponding years represented by
that the sediment layer. A total of ﬁfteen data items can be achieved in
each basin, to cover the entire temporal sequence (Fig. 7).
Importantly, the ﬁtting eﬀect of sediment Ca-P and watershed Min-P
outputs were much better than that of Fe/Al-P, and most were prominently represented in basin 1 (R2 up to 0.7). Therefore, an interesting
inference can be concluded, which was rarely mentioned in previous
studies: the Ca-P is the most important sediment inert P component in
the relationship between watershed Min-P and sediment IP. Ca-P is
diﬃcult to combine with other lake suspended substances (Camargo
and Alonso, 2006; Burley et al., 2001), and the lake sediment Ca-P is
mainly sourced from watershed rock detritus eroded during runoﬀ, as
well as the decomposition of lake algae and microbial residues (Tang
et al., 2017). Hongze Lake is located in the midstream of Huai River,
one of the seven large rivers in China, and has two speciﬁc features that
diﬀerentiate it from other large eutrophic lakes such as Taihu and
Chaohu Lakes. These are more frequent surface water exchange and
relatively high suspended particulate matter (SPM) concentrations,
which can reach up to 100 mg/L (Cao et al., 2018). Both of these features directly contribute to the increasing turbidity of Hongze Lake and
further inhibit the lake algae growth and microbial reproduction (Zhu
et al., 2004). This suggests that the endogenous sources are not the
primary source of sediment Ca-P. Instead, exogenous sources, such as
watershed outputs, contributed the greatest to lake sediment Ca-P
concentrations. In actual fact, the Hongze Lake basin is dominated by
agricultural land that is processed with large quantities of urea and
calcium superphosphate fertilizer (Andrieuxf, 1997). The higher watershed soil Ca-P concentrations are associated with greater Min-P loss
into lakes, and most likely existed in Ca-P state in lake sediment. This
explains the positive relationship between the watershed Min-P and
sediment Ca-P within Basin 1 and Basin 3.
The Fe/Al-P showed a relatively poor relationship to watershed
Min-P outputs, compared with Ca-P, with an R2 < 0.2. The most likely
explanation is that Fe/Al-P has high activity, and is, therefore, likely to
combine with other lake substances such as suspended solids and
aquatic vegetation under certain nutrient concentrations and hydrological conditions (Young and Ross, 2001; Rubak et al., 2013). The
distribution observed in Fig. 5 supports this assertion. The Fe/Al-P

Fig. 4. The tendency of sediment IP and OP concentrations in the entire temporal scales within diﬀerent basins (eg: IP-B1 represented the IP concentrations
with Basin 1, as well as OP-B1 represented the OP concentrations with Basin 1).

value was still close to 0.5 when the plots for diﬀerent basins were
integrated and passed the test for p < 0.01. These ﬁndings showed that
there are strong linkages between watershed and lake sediment P under
certain circumstances. A deep analysis and discussion are needed.
4. Discussion
The lake sediment P has rarely been linked with watershed P outputs in the previous studies, due to the lack of long-term data support
(Hoﬀmann et al., 2009; Ouyang et al., 2013). Several related studies
have indicated that watershed NPS P pollution leads to lake quality
degradations through watershed nutrients delivery from inﬂowing
rivers into lakes (Ahearn et al., 2005). This implies that lake sediment
can be an ideal repository and suitable recorder of watershed NPS P
representation. Moreover, these issues also provide a useful theoretical
basis for this study, which aimed to link NPS P outputs and lake P accumulation. From the correlation results shown in Table 4, we believed
that some interesting issues needed a deeper discussion and analysis.
Firstly, why did the ideal correlation can be observed in the relationship
between watershed Min-P loss and lake IP? Secondly, why did such
relationship in basin 1 seem to be the best among diﬀerent basins? And
why did such relationship in the basin 2 was the poorest? For this case,
the various sediment P states, as well as diﬀerent sediment layers can be
proposed as suitable explanations.
4.1. The impact of diﬀerent sediment P fractions
The correlation coeﬃcients of IP were much better than that of OP
(Table 4), and the only exception existed in basin 2 (the poor relationship can be found for IP and OP simultaneously). Therefore, the
inﬂuence mechanisms of IP between watershed and lake sediment
should be focused on basin 1 and basin 3.
Diﬀerent P fractions are complicated in lake sediment P. Ca-P and

Table 4
Statistical data of the relationship between watershed NPS P loads and lake sediment TP concentrations in three basins.
Indicators#

Basin 1
Basin 2
Basin 3
Integrated
*

TP

Organic-P

correlation coeﬃcient (r)

RMSE

0.69**
0.22
0.32*
0.47*

0.22
0.93
0.87
1.22

@

Inorganic-P

correlation coeﬃcient (r)

RMSE

0.46**
0.14
0.19
0.40*

0.12
1.72
0.33
0.98

@

correlation coeﬃcient (r)

RMSE@

0.77**
0.30
0.60**
0.58**

1.01
0.89
0.67
1.01

: p < 0.05; **: p < 0.01
@
: Root Mean Squared Error.
#
: the relationship between watershed loss amount into lake (TP/Organic-P/Inorganic-P) and the lake sediment concentrations (TP/Organic-P/Inorganic-P).
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Fig. 5. The scatter plots of watershed P loss amounts into lake and sediment P concentrations for the whole temporal scales (eg: R2 (B1/B2/B3) represented the R2 value
for the plots belonging to each basin).

Fig. 6. The sediment Ca-P and Fe/Al-P concentrations within basin 1 and basin 3.

Fig. 7. The scatter plots of watershed Ca-P and Fe/Al - P loss amounts and sediment P concentrations within basin 1 and basin 3.

(Fig. 6). Therefore, the high Fe/Al-P concentrations did not associate
with the good relationship between watershed Min-P and sediment Fe/
Al-P. A similar explanation can be also applied to the OP, which also
had high activity and was poorly related to watershed P outputs.

concentrations of basin 1 did not maintain the increasing trend with
more Min-P loss when the sediment Fe/Al-P concentrations reached
150 mg/kg. Similarly, basin 3 had shown a weaker relationship than
basin 1. This can be ascribed to the data from 2007, 2009, 2011 and
2015, which were furthest from the trend line. Interestingly, basin 3
possessed higher Fe/Al-P concentrations than basin 1, particularly from
2007 to 2013, in which the Fe/Al-P concentrations reached 200 mg/kg,
and the proportions of Fe/Al-P in IP are also approaching that of Ca-P
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Fig. 8. The scatter plots of watershed Min-P loss amounts and sediment IP
concentrations within basin 2.
Fig. 9. The box charts of the wind speed data in the entire temporal scales
within diﬀerent basins.

4.2. The sediment stratiﬁcation phenomenon occurred by the integrated
roles from internal and external sources

resuspension in basin 2 expanded into 9 cm from the sediment surface,
representing the time since 1999. This diﬀerence further revealed that
the inﬂuences of external sources outside the watershed cannot be neglected.
Anthropogenic activities play an important role in watershed nutrient delivery and deposition for lake sediment. The land use/cover
change (LUCC) is an important indicator of human disturbance
(Petrosell et al., 2014) because human activities which aﬀect the land
surface directly can lead to nutrient loss (Maanan et al., 2014; Ouyang
et al., 2016). It is acknowledged that arable land, forestland, and inbuilt land are likely major sources of NPS P pollution and transportation
(Ahearn et al., 2005). Therefore, the spatial distributions of these typical land-use patterns in the three sub-basins are presented in Fig. 10.
The most drastic land use change can be found in basin 1. The
conversion from forest to arable land, as well as the conversion of
arable land to in-built land, occurred throughout the temporal scale.
Nevertheless, the rate of change varied largely within diﬀerent temporal intervals. For instance, despite the substantial urbanization that
has occurred since 1990, the rate of urbanization unexpectedly slowed
between 2010 and 2015. Moreover, basin 1 has been undergoing land
consolidation and rehabilitation since 2010 (Hu et al., 2012), in which
several land consolidation and reclamation projects took place, for the
control of agricultural pollution and improvement of the environmental
(Cao et al., 2017). Therefore, the notable ﬂuctuation features of NPS P
loss into the lake (Fig. 3), especially the decreasing tendency for IP loss
within basin 1 since 2010, can be explained by the reduction in the rate
of urbanization and more eﬀective arable land protection.
In contrast, relatively stable and uniform land use types can be
found in basins 2 and 3. These stable LUCC features were inconsistent
with the notable ﬂuctuations of NPS P loss tendency. Although there
was a decrease in arable land which corresponds to the increase in inbuilt land area, the magnitude of this land use change was much lower
than that in basin 1. For instance, the arable land area in basin 3 remained approximately 155 km2 to 162 km2, and the in-built land has
ranged from 22 km2 to 30 km2 since 1990. However, an increasing
trend of in-built land has occurred between 2010 and 2015, with a
nearly 9 km2 increase during the 5-year period. The increase in impermeable land surface area and continuous agricultural chemical fertilization in these areas have impacted surface inﬁltration and resulted
in the increased loss of P from watershed soil. In addition, higher P loss
occurred in basin 3 largely due to the undulating topography in the
southern part of the basin, which experiences higher velocity stream
ﬂows and sediment loading.

The last section indicated that a better relationship was observed in
the slices close to the sediment bottom for basin 3, which means the
stratiﬁcation phenomenon existed in the relationships between watershed and lake P. It should be noted that this phenomenon can also be
found in basin 2, despite the generally poor results showed in Table 4.
In speciﬁc, the relative ideal positive correlation degree between watershed min-P loss amounts and sediment IP concentrations could be
achieved when only seven plots were taken into consideration
(R2 = 0.65), and these plots represent the successive scales from 1987
to 1999 (Fig. 8). However, the correlation coeﬃcient rapidly decreased
when the other plots were taken into consideration. This stratiﬁcation
phenomenon was similar to that of basin 3, indicating that two phases
need to be considered respectively throughout the entire temporal
series. The explanation can be given both from endogenous and external sources.
With respect to the endogenous source, the notable disparity between the two temporal phases can be interpreted in terms of sediment
resuspension, which is used to describe the substance exchange between the lake sediment surface and overlying water under extreme
meteorological conditions (Wan et al., 2010). Lake resuspension usually
involves the top 5–10 cm of the sediment surface in the mid-lower
Yangtze Lakes, including Taihu Lake, Chaohu Lake, Yangcheng Lake
and Hongze Lake (Qin et al., 2003; Taube et al., 2018). This ﬁnding can
partly explain the reason for the poor relationship within the sediment
core slices near the sediment surface of basin 2 and basin 3. Lake resuspension involves the suspension of particulate matter that has accumulated on the sediment surface under the inﬂuence of wind-wave
disturbances (Schallenberg and Burns, 2004), which indicates that
meteorological information, especially that of wind-speed, plays an
important role in the assessment of lake resuspension. Three national
meteorological stations are located in three sub-basins, and the yearly
wind speed data were acquired from the China Meteorological Data
Sharing Service Platform (http://data.cma.cn/), which covered the
entire temporal scale (1987–2015). The annual average wind speed
(2.0 m/s) appears to be lower in basin 1 than in basin 2 and basin 3, in
which the yearly averaged wind speeds exceeded 2.2 m/s, and the peak
wind speed was 2.8 m/s (Fig. 9). Therefore, the remarkable lake resuspension led by meteorological factors can partly explain the stratiﬁcation phenomenon for basin 2 and basin 3. In addition, the only
diﬀerence between the two basins is the speciﬁc depth of the lake resuspension. The resuspension depth of Basin 3 was approximately the
top 5 cm, which represented the time since 2007. The depth of
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Fig. 10. The spatial features of diﬀerent land use patterns in the entire temporal
scales (the year of 1990, 1995, 2000, 2005, 2010 and 2015 were given).

The wetland distributed in basin 2 provides reasonable explanations
for the poor relationship between watershed P and lake sediment P.
Wetlands are described as “the kidney of the earth”, for their role in the
removal of pollutants and nutrients, including COD, NH4+-N and TP,
in watersheds, (Maltais-Landry et al., 2009; Naylor et al., 2003). Interestingly, a wetland region can be found easily in the critical transition zone between the watershed area of basin 2 and lake aquatic
system since 2000 (Fig. 10). This region is actually the Wetland Nature
Reserve of Hongze Lake (WNR), a constructed wetland, developed in
1999 (Li and Pu, 2003). The majority of constructed wetlands have
been successfully developed for treating domestic, industrial, and
agricultural wastewater, especially for lake water puriﬁcation and eutrophication inhibition. This may explain the weak relationship between watershed P loss and lake sediment P concentrations within
basin 2, as well as the shallower sediment depth for NPS pollution representation, due to the wetland provide eﬀective retention capability
for N and P pollutants in watershed drainage that is favorable for inhibiting lake eutrophication.
5. Conclusions
This study aims to integrate the watershed P outputs and lake P
concentrations, using lake sediment as an important indicative indicator. The study developed a 30-year temporal sequence in three
typical sub-basins within Hongze Lake, with quantitative multi-state
watershed P outputs, as well as lake sediment P concentrations from
1987 to 2015. Most importantly, we found that the relationship between watershed P loss into lakes and sediment P concentrations represented obvious variation among diﬀerent basins, sediment depths
and P states. The results can be concluded that:
First, the watershed TP outputs by ANPS showed a notable ﬂuctuation trend with time. TP composition is proportionally Min-P rather
than OP; nevertheless, the amount of watershed P output to lakes represented diversity among diﬀerent watersheds, which is largely determined by the temporal features of Min-P.
Second, watershed Min-P loss amounts were well linked with lake
inorganic-P concentrations, particularly Ca-P from eroded rock detritus,
during the whole time within diﬀerent basins.
Thirdly, Basin 1 revealed a relatively ideal relationship between
watershed P outputs and lake P concentration. However, such a relationship in the other two basins represented a notable stratiﬁcation
phenomenon, which diﬀered at speciﬁc depths. The notable disparity in
temporal scale can be eﬀectively interpreted in terms of the integration
role of extraneous sources from watershed and the role of endogenous
sources from lake resuspension.
Therefore, the sediment can be designated as an ideal indicator for
the watershed NPS P pollution representation, especially for IP.
Importantly, the top sediment layer may experience lake resuspension
and result in the degradation of the relationship between watershed P
outputs and lake P accumulations. This study provides an important
basis for the linkage between watershed, streamway and lake ecosystem, and introduces a feasible predictive tool to simplify the NPS P,
especially the IP pollution representation assessment. In addition, the
methods used in this research are also needed to further study other
areas to determine whether this linkage between watersheds and lakes
can be universally applied.
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