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Abstract As a large river connected lake, Dongting Lake is
influenced by anthropogenic activities and the discharge from
its upstream tributaries in the lake basin and by the water
recharge via a connection to the Yangtze River (YR) outside
the basin. This makes the lake phosphorous cycle more com-
plex than that in other disconnected lakes. Here, we calculated
section fluxes and ran a hydrodynamic model to investigate
the phosphorus (P) variations in response to the changing
interactions in the water and sediment between the YR, four
tributaries, and the lake. Results show that particulate P was
the dominant form with a significant linear relationship with
suspended sediment (+* = 0.906). The sediment input reduc-
tion from the YR through three water inlets, which is closely
related to the Three Gorges Reservoir operation since 2003,
led to a decrease in the total P (TP) concentration in the west-
ern Dongting Lake. However, the impact and range of this
decrease were fairly limited. Compared with the limited effect
of the YR, the raised TP flux from the Yuanjiang tributary
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controlled the TP concentration at the outlet of the western
Dongting Lake. Apart from the influence of the YR and the
tributaries, anthropogenic activities (sand dredging) in the
eastern Dongting Lake also contributed to a high TP concen-
tration around the S10 area through sediment resuspension.
We suggest that, compared with the reduction in TP flux and
sediment load from the connected Yangtze River outside the
basin, the elements within the basin (increased TP input from
tributaries and sand dredging) have a greater effect on the
variations of TP in Dongting Lake.

Keywords Dongting Lake - Phosphorus - Composition -
Suspended sediment - Three Gorges Reservoir - Yangtze River

Introduction

The continuous increase in nutrient loads has led to the dete-
rioration of water quality over the past decades, which has
accelerated the process of eutrophication (Withers and Jarvie
2008) and threatened the health of aquatic ecosystems
(Conley et al. 2009). According to monitoring data, the inci-
dence of water eutrophication in China has reached 57.5% (Jin
et al. 2005), and the eutrophic area has increased from 135 to
8700 km? (Ni and Wang 2015), which has overtaken Europe,
Africa, and the USA, and made China the world’s most
eutrophicated region (Nyenje et al. 2010). Phosphorus (P) is
the limited nutrient in the lake systems of China, with a mean
total nitrogen/total phosphorus value of 19 (Ni and Wang
2015). Therefore, managing the P concentration can be an
effective means of reducing the primary production that drives
eutrophication (Elser et al. 2007). P is mainly affected by
weathering under natural conditions (Chen et al. 2008).
Almost 90% of river-borne P transported into lakes and estu-
aries exists as the particulate P species that is easily absorbed
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on the surface of sediment (Withers and Jarvie 2008; Meybeck
1982; Jensen et al. 2006) and migrates and transforms be-
tween the water and sediment phases under changing hydro-
dynamic and environmental conditions (Kronvang et al.
1997). The effect of river sediment as an important source of
P has been highlighted in the delivery and cycling of P (Pan
et al. 2002, 2013; Jarvie et al. 2005; Wang et al. 2009).
However, anthropogenic activities, such as the operation of
dams and large-scale sand dredging, can alter the hydrodynamic
conditions and the hydrological sediment processes of rivers via
sediment resuspension/deposition (Xia et al. 2016). This could
further affect the concentrations, composition, fluxes, and cy-
cles of P and accelerate P enrichment (Teodoru and Wehrli
2005; Yao et al. 2016). Previous studies have shown that the
construction of dams and reservoirs have changed the fluxes of
sediment and nutrients in rivers and caused sediment and nutri-
ent retention, for example, at the Wilson, John Redmond, and
Kanopolis Reservoir in the USA (Cunha et al. 2014), which
traps between 64 and 83% of sediment, and the Iron Dam,
Saidenbach Reservoir in Germany, and the Seine River
Reservoir in France, which retain between 12 and 60% of TP
(Bukaveckas et al. 2005; Bocaniov 2002; Sherman et al. 2001;
Josette et al. 1999). As the largest hydroelectric dam in the
world, the impoundment of the Three Gorges Reservoir
(TGR) has caused a 70% reduction of sediment flux (Dai
et al. 2014) and 86% reduction of TP flux (Gong et al. 2006)
into the sea. Compared with most dams in the world, the reduc-
tion of sediment load and TP flux from Yangtze River into the
estuary caused by TGR are relatively high, which has altered the
hydrological regime and behavior in the downstream of the
Yangtze River. As a result of sediment reduction, the riverbed
in the TGR downstream area of the Yangtze River has changed
from a depositional before the TGR impoundment to an ero-
sional pattern afterwards (Dai and Liu 2013) and decreased
along the Yangtze River channel (Mei et al. 2015). As such,
although the river runoff showed no significant change, the
water level along the river decreased accordingly (Dai and Liu
2013; Mei et al. 2016). The associated issues, including water
environmental and ecological impacts, have received consider-
able concern worldwide (Mueller et al. 2008; Chai et al. 2009).
It is thought that the sediment and nutrient transportation and
fluxes in the downstream of the Yangtze River have been dis-
turbed (Dai et al. 2011), altering the composition, structure, and
fluxes of nutrients and the habitat conditions downstream (Chai
et al. 2009; Yao et al. 2009; Chen et al. 2012; Dai et al. 2011).
However, whether the composition and fluxes of nutrients of
the lakes that are connected to the Yangtze River in the area
downstream of the TGR are affected by the dam is unclear.
Dongting Lake is the first large lake in the area downstream
of the TGR, which is connected to the Yangtze River, and it
exhibits a highly dynamic hydrological regime and high tur-
bidity (Dai et al. 2005). The watershed covers an area of ap-
proximately 2.62 x 10° km? and accounts for about 14% of the

entire Yangtze River Basin (Hayashi et al. 2008). Dongting
Lake is home to an important international wetland that pro-
vides multiple ecological functions. In recent years, Dongting
Lake has experienced the accumulation of nutrients (e.g., TP)
and serious deterioration of the lake ecosystem (Mueller et al.
2008; Wang et al. 2006). Over 80% of the pollutant loads in
Dongting Lake are from three inlets and four tributaries (Tian
et al. 2014). The water quality of Dongting Lake Basin is
influenced by the anthropogenic activities and the discharge
from the upstream tributaries in the lake basin and by the water
recharge via the connection to the Yangtze River outside the
basin. This has formed complex interactions between the
Yangtze River, its tributaries, and the lake (Feng et al. 2013).
Howeyver, the construction of the dam and the intensification
of human activities have altered the interactions, which have
great impacts on the water regime and mass balances (Lai
etal. 2014; Gao et al. 2013). In particular, the water discharge
and sediment load from the three inlets, as well as the ex-
change interface between the Yangtze River and the
Dongting Lake, have already changed after the impoundment
of the TGR since 2003 (Zahar et al. 2008; Chang et al. 2010;
Sun et al. 2012; Li et al. 2004). However, how the concentra-
tions and characteristics of the P in the lake body respond to
the changes of water and sediment conditions in the upper
rivers have rarely been discussed. In addition, large-scale sand
dredging activities have gradually moved to Dongting Lake
since they were prohibited in the mainstream of the Yangtze
River in 1998 (Yang et al. 2007). This has caused an increase
in the suspended sediment concentrations (SSCs) in water via
sediment resuspension, resulting in a series of environmental
problems (Wu et al. 2015; Zheng et al. 2016). However, the
effects of SSC changes caused by sand dredging on P have
been overlooked. It is therefore important to study the spatial
and temporal variations in P concentrations and its forms in
the basin system that are subject to a range of artificial drivers
to help solve the eutrophication problem in lakes.

Using annual data over a period of 20 years for Dongting
Lake, the main aims of this study were (1) to analyze the
temporal and spatial distribution of P in Dongting Lake and
its upper rivers and (2) to discuss the causes of the trends and
variations in P under the influence of anthropogenic activities
in the water, the upstream tributaries in the Dongting Lake
Basin, and the connected Yangtze River outside the basin to
prevent further eutrophication and to provide water quality
management strategies.

Study area and methods
Study area and water sampling

Dongting Lake is located along the middle and lower reaches
of the Yangtze River (111° 53'-113° 05" E; 28° 44'-29° 35’ N)
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in China, with a water surface area of approximately 2625 km?
and a volume of about 1.78 x 10'° m®. The lake has a mean
water depth of approximately 6.39 m and a maximum depth of
about 18.67 m during the flood season. Dongting Lake re-
ceives discharge from the Yangtze River through three inlets
located in the northwest (the Songzi, Taiping, and Ouchi water
inlets) and four tributary rivers, the Lishui and Yuanjiang riv-
ers in the west and the Zishui and Xiangjiang rivers in the
south, which control 91% of the recharge entering the lake.
The water network of the Yangtze River, the four tributaries,
and Dongting Lake result in complex interactions between the
Yangtze River and the lake and also between the four tribu-
taries and the lake. In general, the surface area of Dongting
Lake can be divided into the following: East Dongting (ED,
1217 km?), South Dongting (SD, 897 km?), and West
Dongting (WD, 284 km?) (Gao et al. 2001).

In this study, surface water samples were collected from a
depth of 0.5 m at 18 representative sites (S1-S18), and each
site had three sampling points (left, middle, and right). The
samples were divided into four spatial groups that covered the
water quality of the entire basin: S1-S7 represent flows from
the three water inlets and the four tributaries, S8—S12 repre-
sent ED, S13-S15 represent SD, and S16—S18 represent WD.
Water samples were collected every 3 months (January, May,
September) from 1966 to 2004 and monthly from 2005 to
2015 and analyzed for total phosphorus (TP). Water samples
for soluble reactive phosphorus (SRP), total dissolved phos-
phorus (TDP), and SSCs were collected in 1996 and 2015.

Water samples were collected with pre-cleaned poly-
ethylene bottles. All the samples were poisoned by
chloroform to inhibit bacterial activity. Samples for
SRP and TDP were filtered through a 0.45-pum
cellulose-acetate filter and preserved in polyethylene
bottles. Samples for TP were directly preserved
(unfiltered) in polyethylene bottles. All samples were
stored in a cool room at 4 °C. SPR was analyzed by
ammonium molybdate spectrophotometric method
(Murphy and Riley 1962). TDP and TP were analyzed
by ammonium molybdate spectrophotometric method af-
ter digestion with potassium persulfate in an autoclave
(2 h) (APHA 1998). The concentrations of dissolved
organic phosphorus (DOP) were the difference between
dissolved total P (DTP) and SRP. The concentrations of
particulate phosphorus (PP) were the difference between
TP and DTP. The detection limit for SRP, TDP, and TP
was 0.01 mg/L, and detection error was less than 3%.
Samples for SSCs were filtered through the pre-weighed
0.45 wm cellulose-acetate filter. The filters were dried at
45 °C in the laboratory. The dried filters were weighed
and SSCs were determined by subtracting original filter
weight. Sediment load data for the three water inlets
and four tributaries were obtained from the Yangtze
River Sediment Bulletin (Fig. 1).

@ Springer

Upper river flux calculation method

The TP flux in each upper river was calculated using the
following equation, which has been reported in previous stud-
ies examining other materials (Liu et al. 2010)

Fi:CixQ[

where F; is the flux of TP (g/s), C; is the annual concen-
tration of TP (mg/L), and Q; is the annual discharge of the
upper river (m>/s).

Load and water quality response calculation method

The quantitative calculation between the pollutant load and wa-
ter quality response was derived from our previously
established, calibrated, and validated 2D model for Dongting
Lake (Tian et al. 2016). The model is based on a 2D hydrody-
namic model linked to a dye tracer approach using the MIKE 21
code. The MIKE 21 code has been extensively applied in vari-
ous studies (Li and Yao 2015). The study area and bathymetry of
the hydrodynamic model of Dongting Lake were presented in
the Supporting information (Fig. S1). A 2D grid system with an
unstructured triangular grid was adapted to capture the complex
bathymetry, and the wetting and drying processes were associ-
ated with the considerable variations in the lake area. A higher
mesh resolution was applied to the deep and narrow flow chan-
nels, whereas a coarse mesh covered the relatively flat plain
areas. The grid therefore had 55,778 triangular elements with
approximate minimum and maximum element sizes of 25 and
600 m, respectively. The unstructured grid and the variable mesh
resolution were presented in the Supporting information (Fig.
S2). Daily observed inflows from the three inlets and four trib-
utaries were specified as upstream boundary conditions, and a
daily series of observed water levels at the Chenglijing gauging
station (connected to the Yangtze River) was specified as the
downstream boundary condition in the model. Details of the
model building process and parameter settings are described in
our previous research on the hydrodynamic model of Dongting
Lake (Tian et al. 2016). The quantitative calculation between the
pollutant load and water quality response was measured using a
concentration of 1 kg/m® for the calculated boundary and an
initial concentration of zero throughout the lake and any other
boundaries. Finally, the water quality response field was obtain-
ed when the model was run until it reached equilibrium state.

Results
Spatial and temporal distributions of TP in Dongting Lake

The TP concentrations ranged from 0.027 to 0.238 mg/L, with
an average of 0.099 mg/L from 1996 to 2015. The main
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Fig. 1 Map of Dongting Lake
and water sampling sites
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polluted area migrated from the western to the eastern area,
with the high pollution point occurring at the intensive dredg-
ing region near S10 (Fig. 2). The temporal and spatial pattern
changes can be divided into three stages based on the TP
fluxes of the upper rivers and the spatial distribution charac-
teristics of TP concentrations. The first stage refers to the
period from 1996 to 2000, when the TP fluxes is dominated
by the three inlets from the Yangtze River, and the TP con-
centrations decreased from the entrance of the three inlets in
WD (0.192 + 0.03 mg/L) to SD (0.088 + 0.026 mg/L) and
further to the outlet in ED (0.071 = 0.031 mg/L). The second
stage is the period from 2004 to 2008, when the TP fluxes is
dominated by the Yuan River, and the TP concentrations de-
creased from the entrance of Yuanjiang in WD
(0.211 + 0.042 mg/L) to SD (0.16 + 0.06 mg/L) and further
to the outlet in ED (0.117 +0.023 mg/L). The third stage is the
period from 2013 to 2015, when the TP fluxes is dominated
by the Xiang River, and the TP concentrations decreased from
the eastern (0.159 £ 0.053 mg/L) to the western
(0.091 + 0.163 mg/L) region, with the highest value occurring
at S10 (0.194 + 0.062 mg/L). In addition, the variations of TP
in the lake body had a clear response to the TP fluxes in the
upper rivers. If we take the three inlets as an example, the TP

concentrations at the entrance of the three inlets decreased in
line with the reduction of the TP flux in the three inlets.

The results of Mann-Kendall (Table 1) showed that the TP
concentrations in the three inlets decreased, whereas those in
the four tributaries increased significantly. The TP concentra-
tions at the entrance of the three inlets (S16) in WD decreased,
while those at the outlet of WD (S17) increased significantly.
Most sections of ED had increasing trends, especially the sec-
tions near the outlet of the lake.

Spatial and temporal distributions of phosphorus
fractions in Dongting Lake

The spatial variation of the P composition in Dongting Lake in
1996 and 2015 is presented in Fig. 3. PP was the major form
of P in Dongting Lake in 1996, which accounted for between
51.08% (S11) and 81.17% (S16). The ratios of PP/TP in 1996
decreased in the following order: WD > SD > ED. The highest
value of PP concentration appeared at the three inlets
(0.189 mg/L), which accounted for 85.74% of TP. PP concen-
trations in the lake body ranged from 0.037 to 0.173 mg/L and
had an average value of 0.074 mg/L.
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Fig. 2 Spatial distribution of TP concentrations (mg/L) and section fluxes of TP (g/s) in Dongting Lake from 1996 to 2015

However, in contrast to the distribution characteristics
in 1996, the ratios of PP/TP in 2015 decreased in the
following order: ED > SD > WD, with averages of
64.45, 56.78, and 32.29%, respectively. PP concentrations
in the lake body ranged from 0.026 to 0.182 mg/L, with
an average value of 0.105 mg/L. The concentrations were
significantly positively correlated with TP concentrations
(r =0.86, p < 0.01) and showed similar spatial variations.
Compared with 1996, the concentrations and proportions
of PP in the three inlets and at S16 decreased significantly
in 2015, while those in the ED sections clearly increased
(Fig. 3).

The major fraction of DTP was SRP and, on average,
accounted for 68.58% in WD, 77.85% in SD, and 57.49% in
ED. SRP concentrations ranged from 0.023 to 0.065 mg/L,
with an average value of 0.044 mg/L, and decreased from the
three inlets in WD to the outlet in ED.

Spatial and temporal distributions of SSCs in Dongting
Lake

The P mainly exists as particulate species that are easily
absorbed onto the surface of solid particles (Yao et al.
2016). Therefore, as the main carrier of phosphorus,
suspended sediment (SS) plays an important role in the
process of phosphorus transport and migration through
adsorption/desorption (Ellison and Brett 2006). Unlike
algal-type lakes, such as Taihu, Dongting Lake is a
sediment-dominated lake with high turbidity and low
chlorophyll a (Chl.a) concentrations (Wu et al. 2015;
Zheng et al. 2016). Results of the correlation analysis

@ Springer

show that the TP concentrations were highly correlated
with SSCs but had little correlation with Chl.a (Table 2).
This indicates that SS was an important source of P in
Dongting Lake.

The spatial pattern of SSCs changed markedly (Fig. 4).
The SSCs in 1996 ranged from 27.56 to 285.51 mg/L,
with an average of 164.54 mg/L, and decreased from the
three inlets in WD to the outlet in ED. The SSC in the
three inlets (350 mg/L) was higher than that in any other
tributary. Compared with 1996, the SSC decreased in
2015 (117.51 mg/L), especially in WD (Fig. 4). The
SSCs in 2015 increased in the following order:
WD < SD < ED, with averages of 29.85 + 11.32,
82.93 + 37.97, and 210.93 + 47.19 mg/L, respectively.
The higher values were concentrated mainly in the area
near S10. The distribution of SSCs was consistent with PP
(Figs. 2 and 4), and the two parameters were highly cor-
related (* = 0.906, p < 0.01). This was mainly because
PP was the predominant P fraction in Dongting Lake, and
the concentration and percentage of PP increased with the
increase in SSCs. This indicates that the spatial difference
of SSCs in the lake body was the major control on the
structure and spatial pattern of P.

Table1 Annual variation trends of TP in the sections of Dongting Lake
Section S1 S2 S3 S4 S6 S8 S9 S10
TestZ 2.01*% 0.88 2.3*% 4.09%* —0.62 2.17* 091 0.38

Section SI11  S12 S13  S14 S15  S16  S17
TestZ 1 —0.49 -033 2.14 112 —-1.24 2.51*
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Fig. 3 Phosphorus fraction compositions and concentrations in Dongting Lake in 1996 and 2015

Discussion

Effect of sediment load changes from the Yangtze River
via the three inlets after the impoundment of TGR

Figure 2 shows that the reduction of the TP flux in the three
inlets from the Yangtze River resulted in the decrease of the
TP concentrations at S16 (Mann-Kendall z = —1.24), the ex-
change interface between the three inlets and WD. The spatial
distribution also changed from a decreasing (1996-2000) to
an increasing (2004-2008) trend from the three inlets to the
central WD. Furthermore, the TP flux was closely related to
the river discharge and TP concentration. Compared with the
decrease of discharge from the three inlets (decrease of
29.54%), the reduction of the TP flux was mainly affected
by the decrease of the TP concentrations in the three inlets
(decrease of 46.11%), especially the decrease of the PP frac-
tion (decrease of 95.57%; Fig. 5). This may have been related
to the changes in the sediment load from the three inlets after
the impoundment of TGR.

Previous studies have reported that the delivery of river
sediment carried a large amount of PP (Wallin and
Haékanson 1992; Nilsson and Jansson 2002). However, the
construction of a dam could cause remarkable changes in the
forms and distributions of nutrients carried by sediment down-
stream owing to the removal of sediment (Cunha et al. 2014,
Zahar et al. 2008; Dang et al. 2010). Dongting Lake connects
with the lower reaches of the Yangtze River through three
inlets, and the three inlets are the main sediment source to
the lake (73.23%). The water and sand transfer properties
between the Yangtze River and Dongting Lake are regarded
as typical river-lake interactions. Before the impoundment of
TGR (1996-2000), the concentrations of sediment and nutri-
ents attached to particles (e.g., PP) in the mainstream of the

Table 2  Correlation coefficients between TP and environmental factors

Yangtze River were high, and PP was the dominant form of
TP, accounting for over 80% (Yao et al. 2009; Duan et al.
2008). Therefore, large amounts of sediment and PP were
delivered to Dongting Lake through the three inlets. After
the impoundment of TGR, the sediment load and concentra-
tion decreased radically because of the interception by TGR
(Dai et al. 2016). For example, the sediment concentration at
Yichang station decreased from 1.1 kg/m® for the period be-
fore the impoundment of TGR to 0.15 kg/m®, which signifi-
cantly altered river-lake interactions (Zhou et al. 2016). As a
result, the sediment load in the three inlets reduced (Fig. 5),
which led to the blocking of PP transportation (Cunha et al.
2014). As mentioned in the “Spatial and temporal distribu-
tions of SSC in Dongting Lake” section, SS was a crucial
agent in the migration and transformation of TP in the basin,
and there was a significant linear relationship between them
(#* = 0.783). Because of the sediment reduction from the three
inlets, the SSC at S16 decreased noticeably from 285.51 to
27 mg/L, and the PP concentration decreased from 0.139 to
0.026 mg/L, which resulted in the decrease in the TP concen-
tration. Furthermore, there was a significant linear correlation
between the sediment load and the TP flux at the S16 section,
with a linear equation of y = 0.6323x + 71.372 (+* = 0.92). The
regression model explained 92% of variation in the TP flux.
This proved that the sediment load had a decisive role in the
TP transport. Previous studies have also reported that the re-
duction in sediment load from the three inlets after the im-
poundment of TGR resulted in the decrease of the TP concen-
tration in WD (Zhang et al. 2016).

Compared with most dams in the world, such as the
Wilson, John Redmond, and Kanopolis Reservoir in the
USA that traps between 64 and 83% sediment (Cunha et al.
2014) and the Iron Dam, Saidenbach Reservoir in Germany as
well as the Seine River Reservoir in France that retain between

Temperature pH Dissolved Permenganate Index of Oxygen Biochemical Oxygen =~ Ammonium TN Chlorophyll a SS
Oxygen  Demand Demand
”? —0.016 —0.022 0.065 0.132 0.003 0.005 —0.050 —0.062 0.783%:
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Fig. 4 Spatial distribution of
SSCs (mg/L) in Dongting Lake in
1996 and 2015

12 and 60% TP (Bukaveckas et al. 2005; Bocaniov 2002;
Sherman et al. 2001; Josette et al. 1999), the reduction in
sediment (about 70%) (Dai et al. 2014) and TP (86%) (Gong
et al. 2006) due to the TGR was more obvious. However,
unlike S16, which is the exchange interface between the three
inlets and WD, the TP concentration at the WD outlet (S17)
increased significantly. This result suggests that although the
retention effects of TGR altered the flux and structure of TP in
the downstream, the influence on Dongting Lake, which was
connected with Yangtze River, was fairly limited. In spite of
the PP flux from three inlets clearly declining after the im-
poundment of TGR, the DTP at S16 instead increased from
0.032 mg/L (accounted for 14.26% of TP) in 1996 to
0.086 mg/L (accounted for 76.83% of TP) in 2015.
Therefore, although the operation of TGR had effectively re-
duced the PP input into WD, it did not reduce the risk of
eutrophication in WD because the SRP concentrations
remained high in this region.

Effect of TP load changes from tributary (Yuanjiang)

The “Effect of sediment load changes from the Yangtze River
via the three inlets after the impoundment of TGR” section
explained that the decline of sediment load from the three
inlets caused an effective reduction in the TP concentration
at S16; however, those at the outlet of WD (S17) clearly in-
creased (Mann-Kendall z=2.51). The water network in WD is
complex because it receives pollution load from Yuanjiang,
Lishui, and the three inlets from the Yangtze River (Fig. 1).

Correlation analysis showed that the TP concentration at S17
was positively correlated with Yuanjiang (+* = 0.847, p < 0.01)
but had little correlation with the three inlets (r2 = —0.403,
p>0.05) and Lishui (* = 0.414, p > 0.05). These relationships
suggest that the TP load from Yuanjiang had more of an effect
on the TP concentrations at the outlet in WD.

To further quantify the degree and the scope of the TP
response of the lake to external loading changes, the response
coefficient and the response field of the pollutant load per unit
of TP were calculated with a 2D hydrodynamic model linked
to a dye tracer approach, which is an effective method for the
quantitative evaluation of pollutant response. The modeling
results showed that the affected scope of Yuanjiang loading
in WD was from the river estuary to the outlet of WD, and the
TP response coefficient at S17 reached 0.8 (Fig. 6). The TP
concentration at the outlet in WD was therefore mainly con-
trolled by the TP load from Yuanjiang, whereas there was little
response to the load from the three inlets and Lishui (Table 3).

Based on the mean annual discharge, Yuanjiang is the larg-
est river entered WD (639.71 x 10® m®), which occupies
49.4% of the total discharge in WD. In addition, the
Yuanjiang Basin is rich in P resources and many P industries
are located in the basin (Tian et al. 2014). The P wastewater
discharge from the P industries has caused the increase in TP
in Yuanjiang (Mann-Kendall z = 2.3). The mean annual TP
concentration in Yuanjiang (0.118 + 0.037) was higher than
that in the three inlets (0.096 + 0.029) and Lishui
(0.078 + 0.016), with the maximum value at some sections
exceeding the standard by 213 times (Huang et al. 2005). The

Fig. 5 Sediment load from the 20000 E=sediment load from four tributaries 1200
three inlets and four tributaries C—sediment load from three inlets
and sediment depositing 15000 b, total sedimen load - 1000
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Lishui

Undefined Value

Fig. 6 Response field of the unit load from Yuanjiang, Lishui, and the three inlets on the TP in Dongting Lake

TP concentration at S17 increased under the load increase in
Yuanjiang, whereas the decrease in TP at S17 since 2008 was
attributed to the implementation of pollution control policies
in the upstream of Yuanjiang. In addition, compared with the
significant reduction in PP at S16, the composition of P at S17
had no clear change (PP/TP 56.34% in 1996 and 55.89% in
2015). Therefore, although the discharge from the three inlets
could reach the S17 section, most of the SS transported by the
discharge had deposited onto the lake bottom before reaching
S17 and therefore made little contribution to the TP
concentration.

Effect of anthropogenic activities (sand dredging)
within the lake

The main phosphorus polluted area migrated from the western
to the eastern area, and the TP concentrations in the region

Xiangjiang

Fig. 7 Bed elevation in the S10 area in 1995 and 2013
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near the outlet in ED (S8, S9, and S10) showed a clear in-
crease since 2008 (Fig. 2; Table 1). Based on the concentra-
tions of the P fractions, the increase in TP occurred mainly in
the PP fraction (Fig. 3), and the ratio of PP/TP increased from
51.08 to 76.36%. This may have been related to the increase in
SSCs in this region.

Previous studies have suggested that the SSC in the shal-
low lake, such as Dongting Lake, is vulnerable to the sediment
discharge from rivers and the sediment resuspension resulting
from disturbances. However, although the sediment inflow in
Dongting Lake declined after the impoundment of TGR, the
sediment outflow increased, and the amount of sediment out-
flow was higher than that of the inflow since 2008 (Fig. 5).
The intensive sand dredging and the sailing vessels in the area
from S10 to the outlet may have been the main reason for the
increase in the SSCs in this region. In addition, the obviously
increased topographic gradient (Mei et al. 2015) and hydraulic
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Table 3 Response coefficient matrix of sections in WD

Xinjiangkou  Taipingkou  Ouchikou Lishui  Yuanjiang
S16  0.62 0 0 0.36 0
S17  0.06 0 0 0.04 0.80
S18 0 0 0 0 0.96

gradient (Yang et al. 2016) between the Dongting Lake and
Yangtze River caused by the TGR impoundment has acceler-
ated lake drainage (Mei et al. 2015) and thus induced more
suspended sediment discharge from Dongting Lake to
Yangtze River, which is probably responsible for the increase
of the sediment outflow in Dongting Lake. Compared with
1995, the bed elevation in the S10 area declined significantly,
reducing by up to 8 m at the region of the most severe sand
dredging (Fig. 7). The disturbance caused by sand dredging
resulted in sediment resuspension and directly led to the in-
crease in SSCs in this region (Fig. 4). Our results were in
accordance with those reported in previous research (Wu
et al. 2015; Zheng et al. 2016). As the SSCs increased, the
TP concentration (especially in the PP fraction) increased
accordingly.

Because the P concentration in the sediments in ED
had a high value of 862 mg/kg, SS with a high P
concentration entered the water through the resuspension
due to the disturbance by sand dredging and sailing
vessels (Pan et al. 2013). This directly led to the in-
crease in PP (Cunha et al. 2014), with the high TP
pollution appearing in the S10 area (Fig. 2). In addition,
the sedimentation types of ED were mostly shaly sand-
stone and tufaceous limestone with a finer grain size
(Jin et al. 1995), which had high absorption capacities
for SRP. The disturbance by sand dredging promoted
the resuspension of SS, which increased the SSCs in
the water and further absorbed large amounts of SRP
(Pacini and Gichter 1999; Reynolds and Davies 2001).
Therefore, the high SSC directly led to the increase in
the PP concentration by unit volume. The disturbance
caused by sand dredging through sediment resuspension
was therefore the major control on the increase in TP in
ED. ED is located close to Yueyang City, the large
economic center of Hunan Province, and therefore large
amounts of pollutants entered ED from intensified hu-
man activities, which also led to the increase in TP
concentrations to a certain extent.

Conclusions
This study analyzed the spatial and temporal variations in the

concentration and forms of TP in Dongting Lake during
19962015 and discussed the causes of the variations with

@ Springer

section flux calculations and a hydrodynamic model. The re-
sults show that the main polluted area of TP migrated from
WD to ED, with the highest pollution occurring at the inten-
sive dredging region near S10 in ED. The TP variations in
WD were attributed to the changes in TP flux and sediment
load from the connected YR and the upstream tributaries (the
Yuanjiang river and the Lishui River). Although the reduction
of TP flux and sediment load from the connected Yangtze
River via three inlets resulted in the decrease of SSC and TP
concentrations at S16 in WD after the impoundment of TGR,
the extent and range of the impact were fairly limited. The TP
concentration at the outlet in WD was mainly controlled by
the TP load from the Yuanjiang River, whereas there was little
response to the load from the three inlets and the Lishui River.
Since 2008, the sediment resuspension caused by the distur-
bance from the intensive sand dredging and sailing vessels has
been the major control on the increase in TP at the S10 area in
ED.

On the whole, the concentrations and compositions of P in
a large river-connected lake, like Dongting Lake, are influ-
enced by three kinds of main elements, namely the regulation
of the water-sand regime in the connected Yangtze river
caused by the retention effect of large reservoirs, such as
TGR, the P flux from the tributaries and the anthropogenic
impact within the lake (sand dredging). They had different
impacts on the different lake areas of total phosphorus change.
We therefore recommend that the local government should
aim to control the pollutant input from Yuanjiang as a priority
to control the water pollution in WD and that attention is
directed towards sand dredging problems to alleviate the high
TP pollution in ED.

Acknowledgements This work was supported by National Natural
Science Foundation of China (No. 51609225) and National Basic
Research Program of China (2014CB417004).

References

APHA (1998) Standard methods for the examination of water and waste-
water. American Public Health Association, Washington, DC
Bocaniov S (2002) Hydrodynamics and sediment-related nutrient reten-
tion in the lower reach of the Iron Gate 1 reservoir (Danube River,
Romania), Virginia Polytechnic Institute and State University, USA

Bukaveckas P, Guelda D, Jack J, Koch R, Sellers T, Shostell J (2005)
Effects of point source loadings, sub-basin inputs and longitudinal
variation in material retention on C, N and P delivery from the Ohio
River basin. Ecosystems 8(7):825-840

Chai C, Yu Z, Shen Z, Song X, Cao X, Yao Y (2009) Nutrient character-
istics in the Yangtze River Estuary and the adjacent East China Sea
before and after impoundment of the Three Gorges Dam. Sci Total
Environ 407(16):4687-4695

Chang J, Li J, Lu D, Zhu X, Lu C, Zhou Y, Deng C (2010) The hydro-
logical effect between Jingjiang River and Dongting Lake during the
initial period of Three Gorges Project operation. J Geogr Sci 20(5):
771-786



Environ Sci Pollut Res (2017) 24:23250-23260

23259

Chen M, Chen J, Sun F (2008) Agricultural phosphorus flow and its
environmental impacts in China. Sci Total Environ 405(1):140—152

Chen Y, Liu R, Sun C, Zhang P, Feng C, Shen Z (2012) Spatial and
temporal variations in nitrogen and phosphorous nutrients in the
Yangtze River Estuary. Mar Pollut Bull 64(10):2083-2089

Conley DJ, Paerl HW, Howarth RW, Boesch DF, Seitzinger SP, Havens
KE, Lancelot C, Likens GE (2009) Controlling eutrophication: ni-
trogen and phosphorus. Science 323(5917):1014-1015

Cunha DGF, do Carmo Calijuri M, Dodds WK (2014) Trends in nutrient
and sediment retention in Great Plains reservoirs (USA). Environ
Monit Assess 186(2):1143-1155

Dai Z, Liu JT (2013) Impacts of large dams on downstream fluvial sed-
imentation: an example of the Three Gorges Dam (TGD) on the
Changjiang (Yangtze River). J Hydrol 480:10-18

Dai S, Yang S, Zhu J, Gao A, Li P (2005) The role of Lake Dongting in
regulating the sediment budget of the Yangtze River. Hydrol Earth
Syst Sci Discuss 9(6):692—698

Dai Z, Du J, Zhang X, Su N, Li J (2011) Variation of riverine material
loads and environmental consequences on the Changjiang (Yangtze)
Estuary in recent decades (1955-2008). Environ Sci Technol 45(1):
223-227

Dai Z, Liu JT, Wei W, Chen J (2014) Detection of the Three Gorges Dam
influence on the Changjiang (Yangtze River) submerged delta. Sci
Rep 4(1). https://doi.org/10.1038/srep06600

Dai Z, Fagherazzi S, Mei X, Gao J (2016) Decline in suspended sediment
concentration delivered by the Changjiang (Yangtze) River into the
East China Sea between 1956 and 2013. Geomorphology 268:123—
132

Dang TH, Coynel A, Orange D, Blanc G, Etcheber H, Le LA (2010)
Long-term monitoring (1960-2008) of the river-sediment transport
in the Red River Watershed (Vietnam): temporal variability and
dam-reservoir impact. Sci Total Environ 408(20):4654-4664

Duan S, Liang T, Zhang S, Wang L, Zhang X, Chen X (2008) Seasonal
changes in nitrogen and phosphorus transport in the lower
Changjiang River before the construction of the Three Gorges
Dam. Estuar Coast Shelf Sci 79(2):239-250

Ellison ME, Brett MT (2006) Particulate phosphorus bioavailability as a
function of stream flow and land cover. Water Res 40(6):1258—1268

Elser JJ, Bracken ME, Cleland EE, Gruner DS, Harpole WS, Hillebrand
H, Ngai JT, Seabloom EW, Shurin JB, Smith JE (2007) Global
analysis of nitrogen and phosphorus limitation of primary producers
in freshwater, marine and terrestrial ecosystems. Ecol Lett 10(12):
1135-1142

Feng L, Hu C, Chen X, Zhao X (2013) Dramatic inundation changes of
China’s two largest freshwater lakes linked to the Three Gorges
Dam. Environ Sci Technol 47(17):9628-9634

Gao JF, Zhang C, Jiang JH, Huang Q (2001) Changes in sediment depo-
sition and erosion and their spatial distribution in the Dongting Lake.
Acta Geograph Sin 56(3):269-277 (in Chinese)

Gao B, Yang D, Yang H (2013) Impact of the Three Gorges Dam on flow
regime in the middle and lower Yangtze River. Quat Int 304:43-50

Gong GC, Chang J, Chiang KP, Hsiung TM, Hung CC, Duan SW,
Codispoti L (2006) Reduction of primary production and changing
of nutrient ratio in the East China Sea: effect of the Three Gorges
Dam? Geophys Res Lett 33(7):3716-3730

Hayashi S, Murakami S, Xu K, Watanabe M (2008) Effect of the three
gorges dam project on flood control in the Dongting Lake area,
China, in a 1998-type flood. J Hydro Environ Res 2(3):148-163

Huang B, Sun L, Wan X (2005) Analysis of Yuan River water quality
with a forecast of TP concentration in Wu Qiangxi Reservoir. J Saf
Environ 5(6):96-99 (in Chinese)

Jarvie HP, Jiirgens MD, Williams RJ, Neal C, Davies JJ, Barrett C, White
J (2005) Role of river bed sediments as sources and sinks of phos-
phorus across two major eutrophic UK river basins: the Hampshire
Avon and Herefordshire Wye. J Hydrol 304(1):51-74

Jensen HS, Bendixen T, Andersen F@ (2006) Transformation of particle-
bound phosphorus at the land—sea interface in a Danish Estuary.
Water Air Soil Pollut Focus 6(5-6):547-555

Jin X, Liu S, Zhang Z (1995) Lake environment in China. China Ocean
Press, Beijing (in Chinese)

Jin X, Xu Q, Huang C (2005) Current status and future tendency of lake
eutrophication in China. Sci China Ser C Life Sci 48:948-954
Josette G, Leporcq B, Sanchez N, Philippon X (1999) Biogeochemical
mass-balances (C, N, P, Si) in three large reservoirs of the Seine

Basin (France). Biogeochemistry 47(2):119-146

Kronvang B, Laubel A, Grant R (1997) Suspended sediment and partic-
ulate phosphorus transport and delivery pathways in an arable catch-
ment, Gelbaek stream, Denmark. Hydrol Process 11(6):627—642

Lai X, Liang Q, Jiang J, Huang Q (2014) Impoundment effects of the
Three-Gorges-Dam on flow regimes in two China’s largest freshwa-
ter lakes. Water Resour Manag 28(14):5111-5124

LiY, Yao J (2015) Estimation of transport trajectory and residence time in
large river—lake systems: application to Poyang Lake (China) using
a combined model approach. Water 7(10):5203-5223

Li J, Qin J, Wang K, LIANG C, YUAN H (2004) The response of
environment system changes of Dongting Lake to hydrological sit-
uation. Acta Geograph Sin Chin Ed 59(2):239-248

Liu G, Wang J, Yuan R, Sun B, Zhu L, Wang Y (2010) Estimating the
submarine groundwater and nutrients discharge of Yellow River
delta with cross-section method. Water Sci Technol 62(2):394-402

Mei X, Dai Z, Du J, Chen J (2015) Linkage between Three Gorges Dam
impacts and the dramatic recessions in China’s largest freshwater
lake, Poyang Lake. Sci Rep 5:18197. https://doi.org/10.1038/
srepl8197

Mei X, Dai Z, Wei W, Gao J (2016) Dams induced stage—discharge
relationship variations in the upper Yangtze River basin. Hydrol
Res 47(1):157-170

Meybeck M (1982) Carbon, nitrogen, and phosphorus transport by world
rivers. Am J Sci 282(4):401-450

Mueller B, Berg M, Yao ZP, Zhang XF, Wang D, Pfluger A (2008) How
polluted is the Yangtze river? Water quality downstream from the
Three Gorges Dam. Sci Total Environ 402(2):232-247

Murphy J, Riley JP (1962) A modified single solution method for the
determination of phosphate in natural waters. Anal Chim Acta 27:
31-36

Ni Z, Wang S (2015) Economic development influences on sediment-
bound nitrogen and phosphorus accumulation of lakes in China.
Environ Sci Pollut Res 22(23):18561-18573

Nilsson P, Jansson M (2002) Hydrodynamic control of nitrogen and
phosphorus turnover in an eutrophicated estuary in the Baltic.
Water Res 36(18):4616-4626

Nyenje P, Foppen J, Uhlenbrook S, Kulabako R, Muwanga A (2010)
Eutrophication and nutrient release in urban areas of sub-Saharan
Africa—a review. Sci Total Environ 408(3):447—455

Pacini N, Géchter R (1999) Speciation of riverine particulate phosphorus
during rain events. Biogeochemistry 47(1):87-109

Pan G, Krom MD, Herut B (2002) Adsorption—desorption of phosphate
on airborne dust and riverborne particulates in East Mediterranean
seawater. Environ Sci Technol 36(16):3519-3524

Pan G, Krom MD, Zhang M, Zhang X, Wang L, Dai L, Sheng Y,
Mortimer RJ (2013) Impact of suspended inorganic particles on
phosphorus cycling in the Yellow River (China). Environ Sci
Technol 47(17):9685-9692

Reynolds C, Davies P (2001) Sources and bioavailability of phosphorus
fractions in freshwaters: a British perspective. Biol Rev 76(1):27-64

Sherman B, Ford P, Hatton P, Whittington J, Green D, Baldwin DS,
Oliver R, Shiel R, Van Berkel J, Beckett R (2001) The Chaffey
dam story. Final report for CRCFE projects B 202

Sun Z, Huang Q, Opp C, Hennig T, Marold U (2012) Impacts and impli-
cations of major changes caused by the Three Gorges Dam in the

@ Springer


http://dx.doi.org/10.1038/srep06600
http://dx.doi.org/10.1038/srep18197
http://dx.doi.org/10.1038/srep18197

23260

Environ Sci Pollut Res (2017) 24:23250-23260

middle reaches of the Yangtze River, China. Water Resour Manag
26(12):3367-3378

Teodoru C, Wehrli B (2005) Retention of sediments and nutrients in the Iron
Gate I Reservoir on the Danube River. Biogeochemistry 76(3):539-565

Tian Z, Wang L, Li X, Zheng B, Li L, Jin J (2014) Characteristics analysis
of pollutant influx and outflux in Dongting Lake. Res Environ Sci
27(9):1008-1015 (in Chinese)

Tian Z, Wang L, Zheng B, Li X (2016) Impact of the Chenglingji hy-
draulic project on hydrodynamics of Dongting Lake. Acta Sci
Circumst 36(5):1883—1890 (in Chinese)

Wallin M, Hékanson L (1992) Morphometry and sedimentation as regu-
lating factors for nutrient recycling and trophic state in coastal wa-
ters. Hydrobiologia 235(1):33—45

Wang S, Jin X, Zhao H, Wu F (2006) Phosphorus fractions and its release
in the sediments from the shallow lakes in the middle and lower
reaches of Yangtze River area in China. Colloids Surf A
Physicochem Eng Asp 273(1):109-116

Wang Y, Shen Z, Niu J, Liu R (2009) Adsorption of phosphorus on
sediments from the Three-Gorges Reservoir (China) and the relation
with sediment compositions. J Hazard Mater 162(1):92-98

Withers P, Jarvie H (2008) Delivery and cycling of phosphorus in rivers: a
review. Sci Total Environ 400(1):379-395

Wu G, Cui L, Liu L, Chen F, Fei T, Liu Y (2015) Statistical model
development and estimation of suspended particulate matter concen-
trations with Landsat 8 OLI images of Dongting Lake, China. Int J
Remote Sens 36(1):343-360

Xia X, Dong J, Wang M, Xie H, Li H, Zhang X, Mou X, Wen J, Bao Y
(2016) Effect of water-sediment regulation of Xiaolangdi reservoir
on the concentrations, characteristics, and fluxes of suspended sed-
iment and organic carbon in the Yellow River. Sci Total Environ.
https://doi.org/10.1016/j.scitotenv.2016.07.015

@ Springer

Yang S, Zhang J, Dai S, Li M, Xu X (2007) Effect of deposition and
erosion within the main river channel and large lakes on sediment
delivery to the estuary of the Yangtze River. J Geophys Res Earth
Surf 112(F2)

Yang G, Zhang Q, Wan R, Lai X, Jiang X, Li L, Dai H, Lei G, Chen J, Lu
Y (2016) Lake hydrology, water quality and ecology impacts of
altered river—lake interactions: advances in research on the middle
Yangtze river. Hydrol Res 47(S1):1-7

Yao QZ, Yu ZG, Chen HT, Liu PX, Mi TZ (2009) Phosphorus transport
and speciation in the Changjiang (Yangtze River) system. Appl
Geochem 24(11):2186-2194

Yao QZ, Du JT, Chen HT, Yu ZG (2016) Particle-size distribution and
phosphorus forms as a function of hydrological forcing in the
Yellow River. Environ Sci Pollut Res 23(4):3385-3398

Zahar Y, Ghorbel A, Albergel J (2008) Impacts of large dams on down-
stream flow conditions of rivers: aggradation and reduction of the
Medjerda channel capacity downstream of the Sidi Salem dam
(Tunisia). ] Hydrol 351(3):318-330

Zhang G, Lu S, Tian Q (2016) Analysis of spatial-temporal variations of
total nitrogen and total phosphorus concentrations and their
influencing factors in Dongting Lake in the past two decades.
Environ Chem 35(11):2377-2385 (in Chinese)

Zheng Z, Ren J, Li Y, Huang C, Liu G, Du C, Lyu H (2016) Remote
sensing of diffuse attenuation coefficient patterns from Landsat 8
OLI imagery of turbid inland waters: a case study of Dongting
Lake. Sci Total Environ 573:39-54

Zhou Y, Jeppesen E, Li J, Zhang Y, Zhang X, Li X (2016) Impacts of
Three Gorges Reservoir on the sedimentation regimes in the
downstream-linked two largest Chinese freshwater lakes. Sci Rep
6:35396. https://doi.org/10.1038/srep35396


http://dx.doi.org/10.1016/j.scitotenv.2016.07.015
http://dx.doi.org/10.1038/srep35396

	Effects of river-lake interactions in water and sediment on phosphorus in Dongting Lake, China
	Abstract
	Introduction
	Study area and methods
	Study area and water sampling
	Upper river flux calculation method
	Load and water quality response calculation method

	Results
	Spatial and temporal distributions of TP in Dongting Lake
	Spatial and temporal distributions of phosphorus fractions in Dongting Lake
	Spatial and temporal distributions of SSCs in Dongting Lake

	Discussion
	Effect of sediment load changes from the Yangtze River via the three inlets after the impoundment of TGR
	Effect of TP load changes from tributary (Yuanjiang)
	Effect of anthropogenic activities (sand dredging) within the lake

	Conclusions
	References


