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Abstract: Seasonal water-level fluctuations (WLF) play a dominate role in lacustrine ecosys-
tems. River-lake interaction is a direct factor in changes of seasonal lake WLF, especially for
those lakes naturally connected to upstream and downstream rivers. During the past decade,
the modification of WLF in the Poyang Lake (the largest freshwater lake in China) has caused
intensified flood and irrigation crises, reduced water availability, compromised water quality
and extensive degradation of the lake ecosystem. There has been a conjecture as to whether
the modification was caused by its interactions with Yangtze River. In this study, we investi-
gated the variations of seasonal WLF in China’s Poyang Lake by comparing the water levels
during the four distinct seasons (the dry season, the rising season, the flood season, and the
retreating season) before and after 2003 when the Three Gorge Dam operated. The Water
Surface Slope (WSS) was used as a representative parameter to measure the changes in
river-lake interaction and its impacts on seasonal WLF. The results showed that the magni-
tude of seasonal WLF has changed considerably since 2003; the seasonal WLF of the Poy-
ang Lake have been significantly altered by the fact that the water levels both rise and retreat
earlier in the season and lowered water levels in general. The fluctuations of river-lake in-
teractions, in particular the changes during the retreating season, are mainly responsible for
these variations in magnitude of seasonal WLF. This study demonstrates that WSS is a rep-
resentative parameter to denote river-lake interactions, and the results indicate that more
emphasis should be placed on the decrease of the Poyang Lake caused by the lowered water
levels of the Yangtze River, especially in the retreating season.

Keywords: seasonal water-level fluctuations in lakes; slope of water surface; river-lake interactions; Poyang Lake

1 Introduction

Water-level fluctuations (WLF), which reflect the cycles and energy flow in lakes, play an
important role in the structure and function of lacustrine ecosystems (Coops et al., 2003;
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Poff et al., 2010). WLF, in particular the extent, frequency and duration, affect not only
physical processes (e.g. the geomorphological processes of erosion and sedimentation) but
also biological processes (e.g. changes within biological populations and communities,
variation of biodiversity and habitats) (Leira et al., 2008). The biological effects of WLF are
most pronounced in shallow lakes, where even small changes in water levels can result in
the transformation of an aquatic environment to an exposed environment, or vice versa
(Hudon et al., 2006). Moreover, the biological consequences of WLF in lakes are typically
reflected in the shifting dynamics of wetland communities, productivity and spatial distribu-
tion (New et al., 2008; Su et al., 2012; Zhang et al., 2012), the dynamics of water quality in
accordance with the natural WLF pattern across time (White et al., 2008), as well as the
modification of resilience and vulnerability in wetlands, meadows and aquatic ecosystems
around the lake (Naselli-Flores et al., 1997). Recently, the pattern of WLF in lakes and their
corresponding ecological effects have been found to greatly impact the health of lacustrine
ecosystems.

Water levels in shallow lakes naturally fluctuate intra- and inter-annually depending on
regional climatic conditions and anthropogenic activities (Coops et al., 2002; Gafny et al.,
1999). Hence, WLF occur on different time scales ranging from short-term to annually, in-
ter-annually and inter-decadally (Coops et al., 2003; Hofmann et al., 2008). Although WLF
in lakes have been studied on the inter-annual (Lenters, 2001; White et al., 2008) and in-
tra-annual scale (Nishihiro et al., 2009), most previous studies have focused on regulated
lake water levels rather than natural, and very few studies have highlighted the ecological
responses to the changing pattern of long-term seasonal cycles of lake water levels. Al-
though some seasonal changes in WLF have been noted, e.g. earlier spring runoff due to
long-term increases in springtime temperatures in The Great Lakes (Bolsenga et al., 1993),
only one specific period of seasonal WLF has been assessed rather than the entire seasonal
cycle. Furthermore, lake hydrologic regime in most previous studies was represented by the
data collected from only one hydrological station, with no consideration of spatial heteroge-
neity. Thus, understanding the long-term alternations of seasonal WLF in natural lakes with
higher temporal and spatial resolution is essential for further investigation of the associated
ecological effects.

The pattern and causes of WLF, which would indirectly generate subsequent ecological
consequences, have also been investigated. Recent studies have suggested that seasonal
WLF are a natural phenomenon in natural lakes caused by climate (e.g., distribution of an-
nual precipitation and evaporation), morphometry and catchment characteristics (e.g. lake
size, depth, basin origin) (Altunkaynak, 2007; Sellinger et al., 2007; Xu et al., 2009). In ad-
dition to the inherent environmental variability, WLF have also been influenced by human
activities, e.g. land use, land cover alteration via deforestation, urbanization and agricultural
expansion associated increased demand on limited groundwater and surface water resources
(Guo et al., 2008; Tang et al., 2005) and manipulations of current flow (Coops and Hosper,
2002; Xu and Milliman, 2009). Currently, river-lake interactions, as a direct influence of
seasonal lake WLF, have been proposed for lakes naturally connected with upstream and
downstream rivers (Guo et al., 2012; Hu et al., 2007). As of yet, the link between river-lake
interactions and variations of seasonal lake WLF is not fully understood. The potential rea-
sons may be that 1) the hydraulic characteristics of the lake-river systems are too complex,
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and 2) naturally fluctuating lakes are rare in today’s world (Wantzen et al., 2008), particu-
larly those lakes with wide ranging seasonal WLF.

The Poyang Lake, the largest fresh water lake in China, is a natural lake that is connected
downstream with the Yangtze River, the longest river in China. The dramatic seasonal WLF
of the Poyang Lake, including the difference between low water levels in winter and high
levels at the height of the summer flood season during which the lake can grow to a stag-
gering eleven meters depth, has formed a unique wetland landscape. The well-known Poy-
ang Lake wetland was one of the first to be included in The Ramsar Convention List of
Wetlands of International Importance (The Ramsar Convention, 2012). The lake has multi-
faceted functions and plays an important role in south China. It is of great value for domestic,
agricultural and industrial needs, acts as a commercial fishery and also is essential for eco-
system conservation. Currently, due to limited water supplies, especially in the dry season
and other water issues (Jiao, 2009), the Poyang Lake was involved in the National Basic
Research Program of China (*973” Program) entitled “Environmental and Ecological Ef-
fects and Regulation of the Evolution of River-lake Interaction in the Middle Reach of the
Yangtze River” implemented in 2012. These studies have discovered a decrease in size and
annual mean water level and a disturbance in the temporal dynamics of the lake level
throughout the year. Therefore, it is essential to measure the variation in lake levels on a
seasonal scale to predict its future status. Additionally, effects of climate, morphometry and
outflow discharge of the Poyang Lake have been detected. Previous studies have suggested
that precipitation (reflected in lake inflow) has not resulted in any significant change and the
lake volume has remained relatively stable since the 1970s (Liu et al., 2013). Therefore, it is
of great value to identify the river-lake interaction effects on seasonal WLF by blocking or
reverting lake outflow in an effort to restore natural seasonal hydro-ecological processes as a
part of an integrated “973” program of the Poyang Lake Watershed.

WLF in the Poyang Lake are a function of water exchange between the lake and the
downstream river in a unique setting composed of rivers downstream and lakes upstream.
Particularly, the water holding capacity of the lake mainly depends on its interaction with the
downstream river. Previous studies have seldom considered the lake and the downstream
river as a whole system on a catchment level, which has overlooked the impact of river-lake
interactions on variations in seasonal WLF. Currently, it is a challenge to study river-lake
interaction quantitatively with a reliable variable since semi-distributed or distributed hy-
drological river-lake models for this complex setting with lakes upstream and rivers down-
stream are not yet available (Guo et al., 2012). Guo and Hu (Guo et al., 2011; Hu et al.,
2007) defined two situations: the impact of the lake on the river and the river’s influence on
the lake, by exploring conditions composed of a combination of observational data. Clearly,
the application of discrete and qualitative variables has a limited ability to represent physical
processes. Zhao et al. (2011) constructed a composite indicator I,, also referred to as a
river-lake water exchange coefficient, which includes discharge of the lake empting into
downstream river and duration of the river flowing back into the lake in the year. This
semi-quantitative coefficient cannot directly demonstrate the cause-effect relationship be-
tween the lake and the downstream river. Lenters (2001) described river-lake interaction
from a hydrological water balance perspective by the fluctuation of lake levels responding to
exchanges between bodies of water upstream and downstream. Dai et al. (2015) studied
river-lake interaction by measuring the stage-discharge relationship. However, all of these
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methods lack precision and are indirect. Hence, it is critical to construct a representative
parameter to more precisely measure river-lake interaction.

The overarching goal of this research is to address how seasonal WLF have changed and
how these changes have been impacted by river-lake interaction in the case of the Poyang
Lake and the downstream Yangtze River. Results of this study will help water resource
managers make informed decisions about how to conserve the largest freshwater lake wa-
tershed in China. It is our hope that it will provide reference for further studies on the health
of river-lake relationships as well as evaluations of the dynamic water security of lakes as-
sociated with river-lake water exchanges in similar watershed systems. Our study devised a
methodology to link WLF and river-lake interactions that could be useful for further water-
shed management not only in the China’s Poyang Lake region but also in other similar areas
around the world.

To investigate seasonal WLF in China’s Poyang Lake and the related river-lake interac-
tions, the following steps were taken: (1) L-function was used to detect the spatial point pat-
tern of hydrological stations to ensure spatially random samplings that reflected the overall
water level of the lake; (2) the surfaces of the lake during different seasons of the year were
interpolated using the Ordinary Kriging model at the randomly distributed stations, and the
lake levels were compared during the same season in different years (2003-2011 and
1980-2002) to determine the seasonal WLF patterns; (3) the Water Surface Slope (WSS) in
various areas of the lake was compared; (4) the variation in river-lake interaction and its
impacts on the seasonal WLF were analyzed.

2 Datasets and methods
2.1 Study region

The Poyang Lake (115°49'E-116°46'E, 28°24'N-29°46'N), with a drainage area of 162,225
km?, is located at the southern bank of the middle reaches of the Yangtze River. The lake
receives inflow from five major tributaries and then drains north into the Yangtze River at
Hukou (Figure 1). The lake receives backflow from the Yangtze River at the height of the
flood season. The climate is typically warm, humid subtropical and prone to monsoons. It
has an annual mean temperature of 16.5-17.8°C and an annual mean precipitation of
1400-1700 mm. The complex processes of inflow, outflow and backflow lead to dramatic
seasonal water-level fluctuations. Therefore the water surface of the lake ranges from 907.7
to 3752.7 km?, with a mean of 2388.0 km? and one standard deviation of 735.0 km? ac-
cording to available Landsat images (from 1973 to 2010) (Liu et al., 2012; Liu et al., 2013),
leading to the unique landscape that has been described as “flooding like the sea, drying like
thread.”

The Poyang Lake is characterized by seasonal WLF that can be divided into four distinct
periods, the dry season (from December to March,), rising period (from April to June, the
rising season), the flood season (peak period, from July to September) and retreating period
(from October to November). For example, at Xingzi station from 1951 to 2011 (Figure 2),
the mean water level in the dry season was 9.85 [9.81, 9.89] m (the range inside the paren-
thesis represents the 95% confidence intervals), while the mean water level during the flood
season was 16.73 [16.67, 16.79] m. The annual water level amplitude averaged up to 11.01
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Figure 1 Location and geological map of the Poyang Lake
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(Map showing the setting of the Poyang Lake and its five tributaries and the river-lake system. The monthly mean temperature

and precipitation of the lake basin (represented by data from the Poyang meteorological station) during 1957—2010 is also shown

by the inset.)
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Figure 2 The monthly mean water level at Xingzi Station during 1951-2011

m (p<0.001). During the transition periods between these two seasons, lake levels rose or
fell rapidly. The water level in the retreating period was 13.17 [13.09, 13.24] m, and 14.53
[14.47, 14.59] m in the rising period. Since 2003, the magnitude of seasonal WLF have
changed profoundly, e.g. the driest time with the lowest water level is occurring earlier each
year and the lowest water level record (since 1951) continues to drop (Yang, 2012).

The dramatic seasonal fluctuations of water levels are influenced by both runoff from the
upstream watershed via five major tributaries and the water interchange with the Yangtze
River. Particularly, the water holding capacity of the Poyang Lake mainly depends on the
varying water exchange between the lake and Yangtze River. Usually the rainy season in the
Poyang Lake Watershed and the upstream Yangtze River is not synchronized. During the
rainy season, Poyang is flooded from the five sub-watersheds which feed into the lake and
rapidly increase its water level (Shankman et al., 2006), which also has a strong impact on
the river. During the rainy season upstream from the Yangtze River, i.e. the flood season for
the lake, the rising river level blocks the outflow of the Poyang Lake (Guo et al., 2011),
leading to peak lake levels and flooding. The seasonal migration of the rain belt is primarily
due to the Asian monsoons (Ding, 1994; Wang et al., 2002). In the retreating season, the
declining water level in the Yangtze River weakens its blocking effect on the lake, which
could eventually cause the lake to recede. From December to the following March, i.e. the
dry season for the lake, the lake level falls even lower. This dryness does not subside until
late March and early April when rainfall increases the lake watershed. The pattern of
river-lake interactions varies according to the seasons, leading to seasonal water-level fluc-
tuations of the lake. Above all, the effective mechanism of river-lake interaction is that the
altering of the Yangtze River level can change the blocking force of the river on the outflows
from the Poyang Lake (Chen, 1994; Hu et al., 2007; Shankman et al., 2006; Wang and
LinHo, 2002).

2.2 Data sources

Data required in this study included daily water level observations of the Poyang Lake from
1980-2011 derived from twelve hydrological stations as well as the meteorological data of
the basin, which were obtained from the Hydrological Bureau of Jiangxi Province and the
National Meteorological Information Center(http://www.nmic.gov.cn/), respectively. The
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water levels were measured using the reference elevation system of Wusong (approximately
1.97 m as.l., level Huanghai National Height Datum elevation system). The locations of
these hydrological stations are shown in Figure 1: Hukou station is located at the outlet of
the Poyang Lake, the five stations (Xingzi, Duchang, Kangshan, Wucheng, Yintang) are lo-
cated at the main lake, while six stations (Waizhou, Lijiadu, Meigang, Hushan, Dufengkeng)
are control stations for the five main tributaries.

These daily data were used to calculate corresponding seasonal mean values, which were
applied to interpolate corresponding seasonal lake water surfaces and were further adopted
to represent the lake level in order to take spatial heterogeneity into account. Circumstances
in 1980-2002 were taken as benchmarks against which to explore the variation of seasonal
WLF in 2003-2011, since our previous study discovered an abrupt change in lake levels in
2003 compared to a period of 21 years (from 1980 to 2011) (Dai et al., 2015).

Moreover, those daily water levels in Hukou, Xingzi, Duchang and Kangshan stations
were used to calculate the WSSs of different areas of the Poyang Lake, which were used to
detect variations in river-lake interaction. The lake is divided into two regions by the Song-
menshan Mountain. The northern region, Hukou-Xingzi of the lake is the water channel
which joins the Yangtze River. It has a length of 40 km and the width of 3-5 km (the nar-
rowest point is 2.8 km). The southern region, Duchang-Kangshan, is the main lake area. It
has a length of 133 km and the furthest width of 74 km. WSS of Hukou-Xingzi is directly
affected by interactions between the Yangtze River and the Poyang Lake, while the WSS of
Duchang-Kangshan lake region is directly impacted by the river-lake interactions via varia-
tion in water storage volume.

2.3 Determining spatial point pattern of the hydrological stations

The spatial point pattern of the sample points must be determined before they can be used to
calculate the estimated variance and sample support effects in certain areas. Since clustered
sample points may lead to a spatially-biased result with high bias, these hydrological sta-
tions utilized to interpolate the overall lake water surfaces should be spatially randomly
sampled to ensure the smallest possible bias in the estimates. There are many techniques for
statistical analysis of spatial point patterns, including density-based methods (such as the
guadrant analysis and the Two-Dimensional Kernel Density Estimation) and distance-based
methods (such as nearest neighbor indicator, G function, F function and K function). Each
has its own strengths and limitations for detecting spatial point patterns (Gelfand, 2010).
However, L(r), the transformation of Ripley’s reduced second moment function K(r), can
test point patterns of different scales by using a stabilizing variance of the estimator, even
with increasing distance r. Therefore, L(r) is one of the most widely used spatial point pat-
tern detection methods and is therefore highly recommended (Besag, 1977). The general
steps for utilizing the L-function are as follows:
For a stationary point process X, within a distance r, the estimates of L(r) are of the form:

L(r) =sqrt{(a/(n*(n—l)))*sum[i,j] I(d[i,j] < r) e[i,j])/;z} @
where a is the window area, n is the number of data points, and the sum is taken over all

ordered pairs of points i and j in X. The term d [i, j] is the distance between the two points,
and I(d[i, j] =< r) is the indicator that equals 1 when the distance is less than or equal to r.
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Here e [i, j] is the edge correction weight (The translation correction method (Ohser, 1983)
was applied to achieve edge correction).

The estimate of L should be compared to the true value of L for a complete spatial random
(CSR) point process, when L(r) = r. Deviations between the empirical and theoretical L
curves may suggest spatial clustering or spatial regularity. A grouping of summary statistics
was calculated based on simulations. In this paper, 99 simulations of CSR with the same
intensity as the pattern were generated; that is, a significant level of 0=0.05 was used. If
Lons(r) is greater than the Lieo(r) at a distance r, X would be more clustered than a CSR
process within the distance r, and vice versa. Additionally, if Lops(r) is greater than the upper
critical grouping, Lpi(r), at a distance r, X would be a cluster point process well within the
distance r. Otherwise, if Lqps(r) is less than the lower critical grouping, Lio(r), at a distance r,
X would be a regular point process well within the distance r.

2.4 Interpolation of lake water surfaces

Based on the CSR test at the hydrological stations, the water level data collected from these
twelve randomly distributed stations (noted in the first part of the Results section) were used
to interpolate the lake water surface for spatial analysis. There are two main types of inter-
polation techniques: deterministic and geostatistical. Deterministic interpolation techniques
create surfaces from measured points based on either the extent of similarity (Inverse Dis-
tance Weighted) or the degree of smoothing (Radial Basis Functions). Geostatistical inter-
polation techniques (Kriging) utilize the statistical properties of the measured points; thus,
they are capable of not only producing a prediction but also the error rate of that prediction.
For this reason, the Kriging model was applied in this study. The model is expressed in the
following simple mathematical formula:

Z(s)=u(s)+e(s) )
where z(s) is the variable water level of the lake, classified into trend wx(s) and a random,
auto-correlated error form &(s). The symbol s simply indicates the location. According to
properties of fluids, the lake water surface is homogeneous and the value of the water levels
at different points in the lake should be a simple constant; that is, x«(s)=m for all locations s,
and pis unknown. This is the model on which ordinary Kriging is based. Therefore, the Or-
dinary Kriging Model was used in this study. Errors of prediction were accessed by Mean
Standard Error (MSE). The basic principle of the method is introduced in the following
equation:

)= At ©

where z; is the measured water level at s;, and A; is the undetermined coefficient, which can
be calculated by the following equation set:

Z’Ij7(zi12j)+ﬂ:7(zi12j)
’ @)

i
where vy is the semivariogram:
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n(h)

Zn(h) z[ (sp)—2Z(s, +M)] ()

where n(h) is the number of point pairs whose distance is equal to h. The Spherical model
was used to estimate the semivariogram in this study.

2.5 WSS and river-lake interaction

As mentioned above, currently, a challenge of river-lake interaction research is to establish a
reliable variable to quantify this interaction. In this study, river-lake interactions were meas-
ured employing the WSS, which reflects direct and continuous interactions between the river
and the lake. Therefore, it should be a suitable method for quantitatively determining the
level of the river-lake interaction. Moreover, WSS is practical, since it only requires the ob-
servation data of water levels essentially. Thus, WSS is a better choice than the other
parameters mentioned above. The principle of WSS is explained in the equation below.

WSS is defined as a vertical gradient per unit of horizontal length in the downstream di-
rection, usually denoted in units of millionths of a meter (0/000). It can be calculated from the
drop in water surface elevation between two points (i.e. stations) divided by the horizontal
distance between the two points. Since water surface profiles are not available for the Poy-
ang Lake, the WSS was calculated by the following mathematical formula:

S :#uoooo (6)
where S is the WSS (in O/000); Z, and Z, are the water levels (in meters) obtained at the up-
stream station and the downstream station, respectively; | is the distance between the two
stations.

Additionally, seasonal mean lake levels were used here since short-term effects (such as
seiches induced by wind) and transverse slope of water surface caused by flood current can
be eliminated through the use of seasonal mean (rather than daily) lake levels, which were
found to be positively correlated with the results.

3 Results and discussion
3.1 Spatial point pattern of hydrological stations

The detection result of hydrological stations spatial distribution pattern is shown in Figure 3.
The Lops(r) is less than Lieo(r) and Lio(r) within the distance 18.5 km, which suggests sig-
nificant spatial regularity within these hydrological stations. Beyond the range of 18.5 km,
the Lops(r) is less than Lieo(r) in the grouping, which indicates that these hydrological sta-
tions follow a random point process with a slightly scattered trend.

Obviously, these twelve hydrological stations in our study are spatially randomly distrib-
uted around the Poyang Lake. Moreover, in terms of the complexity of the river-lake system,
five of these stations are located at the main lake area, and the rest are either the control sta-
tions of tributaries or the outlet control stations of the lake. To summarize, these stations in
the interpolation model are highly representative, so even with a small sample, the water
level data derived from these stations can be used to predict the lake water surface with high
accuracy.



DA Xue et al.: Non-stationary water-level fluctuation in China’s Poyang Lake and its interactions with Yangtze River 283

S — Lu()

8 ................ L., (r)

© _ Ly ()

L, e

S | a e
287
NS

=

S

S

S

e T T T T

0 10000 20000 30000
7 (m)

Figure 3 The spatial point pattern of hydrological stations in the Poyang Lake tested by the L-function

3.2 Variation of seasonal WLF in the Poyang Lake

Water level variations in different seasons are depicted in Figure 4. It should be noted that
only the variations in lake levels were shown, without considering the corresponding area of
the water surface. The lake water surface images, which were extracted from the Normalized
Difference Water Index (NDWI) by means of remote sensing (Liu et al., 2012; Liu et al.,
2013), were placed over static contour maps to show the mean water level of corresponding
seasons. For example, the lake water surface during the low water level period on January
28, 2003 was 10.5 m, which was close to the mean for this period. The same situation
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occurred on March 10, 2003 during the rising period in which the mean level was 12.8 m,
16.5 m on September 13, 2003 for the peak period and 13.3 m on October 25, 2003 for the
retreating period. The outline indicates the largest overflow of the Poyang Lake (Liu et al.,
2012; Liu et al., 2013).

The interpolation results (Figure 4) show that during each of the four seasons, lake levels
experienced a significant downward shift in 2003-2011 compared to 1980-2002. Specifi-
cally, since 2003 they have dropped by 0.69 [0.39-0.99] m, 1.30 [0.92-1.48] m, 1.49
[0.97-2.00] m and 0.64 [0.35-0.93] m during the rising, flood, retreating, and dry season,
respectively. It is important to note that a different magnitude of variation over the seasons
indicates important changes in the seasonal WLF of the Poyang Lake. The water level varia-
tion during the retreating season was the most significant, followed by that of the flood sea-
son, the dry season and the rising season. These changes have impacted the shape of the hy-
drograph depicting annual flow.

The magnitude of variation of lake-levels was most pronounced between the upper and
lower regions of the Poyang Lake. The contours with lower values are usually found farther
upstream than the contours with higher values during all four periods. These negative trends
(the dropping of the lake level) for each season weakened quickly upstream of the Poyang
Lake and nearly diminished in the southern region, indicating that river-lake interaction
rather than the inflow from main tributaries has more of an impact on the shift of the sea-
sonal WLF. This result is consistent with those obtained in previous studies (Liu et al., 2013),
which indicates that the precipitation in the lake watershed did not undergo any significant
change.

Since the movement of water is continuous, there will be constant variations in WLF
throughout the year. At different times there will be different magnitudes of variation since
the last major disturbance. Therefore, taking the order of variations in magnitude into ac-
count, we can infer that transformation from a gradual reduction to a rapid reduction of wa-
ter during the retreating period was the major disturbance of seasonal WLF of the Poyang
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Lake since 2003. More specifically, rapid reduction of lake-levels in the retreating period
has led to the expansion and increased severity of the dry season. Furthermore, this change
has resulted in a decrease of water levels in the following rising period and lowered peak
water levels in the next flood season.

These results revealed that (1) the magnitude of seasonal WLF have changed considerably
since 2003: The largest water level reduction occurred during the retreating season which
could not be offset during the rising or flooding seasons, resulting in further reduction of
annual mean water level; (2) the Poyang Lake shows a pronounced seasonal WLF with later
rising and earlier reduction and a lower flood water level (on an annual basis), which re-
sulted in a very distorted shape and magnitude of the diurnal hydrograph than it was in 1980
to 2002; (3) the alteration of hydrologic regime in the retreating season triggered these series
of changes; and (4) river-lake interactions, rather than inflow from tributaries, was mainly
responsible for these variations in magnitude of seasonal WLF. The question of how the
variations in magnitude of seasonal WLF have responded to the varying river-lake interac-
tions is delineated in the next section.

3.3 Variations of river-lake interaction and the corresponding seasonal WLF

Before describing the river-lake interactions it is important to discuss the physical impact of
WSS in various areas of the lake. In the southern Duchang-Kangshan, the main lake region,
WSS reflects the rate of water storage change. A steeper WSS causes a sharp reduction in
water storage capacity and vice versa. While in the northern Hukou-Xingzi region in which
the water channel joins the Yangtze River, WSS reflects the force that the Yangtze River and
the Poyang Lake exert on each other. Generally, the WSS of Hukou-Xingzi is positive,
which forces lake water into the river. In this case, considering the decline of the lake level
mentioned above, gentler WSS indicates that both river and lake levels have dropped, and
the magnitude of the drop in lake levels is greater than that of the river. However, the WSS
of Hukou-Xingzi can be zero or even negative during flood season when the rising river
flow and water level exert large amounts of pressure on the lake which reduces its outflow
or even reverses the flow. In this case, WSS increasing to a positive value would mean that
the impact of the river on the lake would abate due to reverse flow. Additionally, the varia-
tion in WSS of the Duchang-Kangshan region of the lake is primarily associated with the
Hukou-Xingzi area. In other words, the WLF of the Poyang Lake is strongly influenced by
the varying river-lake interactions.

Effects of the river-lake interactions on seasonal WLF of the Poyang Lake are shown in
Figure 5. Daily WSS from 1980-2002 (green dashed line) and 2003-2011 (red solid line)
are also compared in Figure 5. During 2003-2011, no significant change of WSS occurred
during the flood season. While WSS dramatically steepened from the beginning of the re-
treating season in the Duchang-Kangshan lake region, which means an accelerated reduction
in the Poyang Lake which increased water velocity and outflow. At this time, there was also
a severe drop in WSS in the Hukou-Xingzi lake region, meaning that lowered water levels in
the Yangtze River would weaken the blocking effects on the lake outflow, resulting in addi-
tional lake water flowing into the river and a sizable drop in the lake level. Obviously, the
river-lake interaction pattern would be the driving force of the variation in hydrologic re-
gime of the lake.

This river-lake interaction pattern, mentioned above continued until the following rising
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season. However, there was significant variation trend of WSS in the two regions of the lake.
The largest shift of WSS in the Duchang-Kangshan lake region ranged from roughly
0.11%00 in 1980-2002 to 0.49%00 in 2003-2011 during the retreating season, then the range
shrank in the following dry season. The drop in the Hukou-Xingzi lake region continued
from the very beginning of the retreating season until late into the dry season. These phe-
nomena indicate that in the following dry season, the Poyang Lake lost a great deal of its
water storage capacity and reduced lake water flow to the Yangtze River, because the
river-level remained much lower in this season than in previous years and lake water con-
tinued to flow into the river at a rapid pace.

More specially, river-lake interaction in the flood season is very dramatic with high water
levels and significant discharge to both the Yangtze River and the Poyang Lake. Although
the WSS is close to zero, even a slight change in WSS could create either a significant in-
flow or backflow. Thus, even though there was no dramatic variation in WSS during the
flood season since 2003 (Figure 5), the trend it revealed was remarkable. During the period
from 2003 to 2011, WSS in the Hukou-Xingzi lake region was steeper than in 1980-2002,
which also indicates the river’s weakening resistance or backflow impact on the lake flow
during flood season.

Depending on the structure of lake and the water flow, the variation on seasonal WLF in
one part of the lake can shift to another. Thus we can infer that the lowered Yangtze River
level leads to weakening of resistance or backflow effects on the lake flow at the junction of
the river and lake throughout the year. This affects the entire lake and creates a severe loss of
lake water storage capacity.

To summarize, these results indicate that in 20032011, the variation of river-lake inter-
action triggered the variation in seasonal WLF. The lowered river levels have depleted the
lake's water storage capacity, especially in the retreating season. The results were found to
be consistent with previous studies (Dai et al., 2008) which suggested that increased the
Poyang Lake outflow into the Yangtze River in the dry season led to the situation that there
was no drought in the drought season in the lower reaches of the Yangtze River in the ex-
treme drought year 2006. Recently, Zhang Qi et al. also demonstrated that, compared to
climate variability impacts on the lake catchment, modifications of the drainage effect of the
Yangtze River have had a much greater impact on the seasonal (September-October) dryness
of the lake (Zhang et al., 2014).

4 Conclusions

A representative parameter, the water surface slope (WSS), was constructed to denote
river-lake interaction. Variation of seasonal water level fluctuations in China’s Poyang Lake
was investigated by comparing the lake levels during each season before and after the year
2003. In addition, the reasons for these fluctuations were explored by comparing the WSS of
various regions of the lake during each season between 2003-2011 and 1980-2002. Ac-
cording to our analysis, the following conclusions can be drawn.

(1) The magnitude of seasonal WLF in the Poyang Lake has changed considerably since
2003. The reduction transformed from steady to rapid during the retreating season, which
was the cause of the changes in seasonal WLF. Specifically, rapid reduction of lake levels
during the retreating season led to more extensive dryness in the following dry season.
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Hence, greater inflow was needed to raise the lake level during the rising season, leading to
lower levels in the rising season as well as the following flood season, which further resulted
in reductions of annual mean lake levels. All the changes above make the peak value lower
and the corresponding slope steeper, which final resulted in a much distorted shape and
magnitude of the diurnal hydrograph than it was from 1980 to 2002.

(2) The changes in the river-lake interaction have been evidenced by an enormous shift of
WSS since 2003, which was the trigger mechanism for the variations in seasonal WLF. More
specifically, the lowered downstream river level has severely decreased the lake's water
storage capacity, which is crucial from the very beginning of the retreating season until late
in the rising season. Moreover, this pattern of river-lake interaction was especially remark-
able in the reduction. To a certain extent, because the underlying decline of the Yangtze
River level may continue, it would be wise to include studies of lowered lake-levels in the
future to aid management planning.

(3) This study demonstrates that WSS is a representative parameter to denote river-lake
interactions. The WSS used in this study took into account the interactions between lake and
river quantitatively, and the change of WSS was inferred to be the cause of variation in sea-
sonal WLF.

The results can enrich the existing knowledge of factors that impact seasonal WLF (e.g.
factors recognized widely, precipitation, evapotranspiration, etc.) and provide reference for
policy makers and regulatory authorities in this largest freshwater lake watershed in China.
Furthermore, it will provide reference of how to promote healthy river-lake interactions and
evaluate methods for studying dynamic river-lake water interchanges in analogous water-
shed systems.
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