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Abstract: The drivers that determine the hydrological connectivity (HC) are complex and interrelated,
and disentangling this complexity will improve the administration of the river–lake interconnection
system. Dongting Lake, as a typical river–lake interconnected system, is freely connected with the
Yangtze River and their HC plays a major role in keeping the system healthy. Climate, hydrology, and
anthropogenic activities are associated with the HC. In this study, hydrological drivers were divided
into the total flow of three inlets (T-flow) and the total flow of four tributaries (F-flow). To elucidate the
HC of the Dongting Lake, HC was calculated by geostatistical methods in association with Sentinel-2
remote sensing images. Then, the structural equation model (SEM) was used to quantify the impacts
of hydrology (F-flow, and T-flow) and meteorology (precipitation, evaporation, and temperature)
on HC. The geostatistical analysis results demonstrated that the HC showed apparent seasonal
change. For East and West Dongting Lake, the dominant element was north–south hydrological
connectivity (N–S HC), and the restricted was west–east hydrological connectivity (W-E HC), but the
dominant element was E–W HC and the restricted was N–S HC in South Dongting Lake. The results
of SEM showed that N–S HC was mainly explained by T-flow (r = 0.49, p < 0.001) and F-flow (r = 0.28,
p < 0.05). T-flow, temperature (r = 0.33, p < 0.05), and F-flow explained E–W HC. The finding of this
work supports the management of both the Dongting Lake floodplain and other similar river–lake
floodplain systems.

Keywords: floodplain wetland; hydrological connectivity; Dongting Lake; SEM; Sentinel-2

1. Introduction

Floodplain wetlands are crucial ecosystems that not only regulate flooding and provide
water and food but also support habitats for animals [1]. The floodplain wetlands system
is characterized by complicated topography which includes the seasonal lake, main lake,
floodplain, and channel. Hydrological connectivity (HC) can affect flood inundation,
nutrient transport, the evaporation process, and biodiversity protection [2–6]. HC, which
plays an important role in transferring matter and energy, is usually regarded as a vital
driving force of aquatic ecosystem structure and function [7,8]. The health of HC in
freshwater ecosystems has far-reaching impacts on ecosystem integrity, species persistence,
and human well-being [9]. The condition of HC is tightly related to the biodiversity health
of fish and waterbirds in floodplain wetlands. However, due to the complex topography
and vast area of floodplains, HC study becomes a challenging task. Consequently, it is
worth deeply investigating the relationship between HC and floodplain wetlands.
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At present, HC within floodplains can be evaluated by the hydrodynamic model based
on the result of a hydrological model and the geostatistical method based on the remote
sensing image [2,10]. The results of the hydrological model (MIKE 21 HD model) were
utilized to map the inundation and calculate the connectivity duration in northern Australia
(Flinders and Gilbert River catchments) and HC in Poyang Lake [11,12]. The results of the
MIKE 21 HD model can support long-term continuous floodplain inundation information.
Unfortunately, as for complex topography and large area drainages, the resolution of the
HD model ranging from 70 m to 1500 m cannot be precisely delicate in the inundation map.
More importantly, the precise bathymetry data, (i.e., 10 m or 20 m) and large extended
floodplains increase the difficulty of study. Previous works have selected the remote
sensing data and geostatistical connectivity methods to calculate the HC in Poyang Lake in
China and the Chao Phraya River catchment in Thailand [2,13]. The remote sensing images
include the MODIS images, the Earth Observing-1images, and the Landsat images, and
the resolutions are 250 m (16 d), 30 m (200 d), and 30 m (16 d), respectively. Nevertheless,
the specific spatiotemporal resolutions and clouds covering water inundation limited the
use of these images. The inaccurate inundation map will lead to the inaccurate HC. With
the rapid development of remote sensing, Sentinel-2 with a spatial resolution of 10 m and
temporal resolution of 5 days provides an opportunity to accurately describe fine-scaled
water inundation and calculate the accurate HC. Furthermore, Connectivity Assessment
Tool 1.0 (CAST 1.0) based on hydrodynamic parameters (water depth, water temperature,
and water flow rate) was used to evaluate the HC of Poyang Lake [12]. Consequently,
CAST 1.0 based on Sentinel-2 images supplies a productive method to analyze HC.

Owing to global climate change and human activity, the floodplain lakes have suffered
considerable challenges [14–17]. Increases in near-surface temperature have responsibility
for the more frequent and severe droughts [18,19]. However, rainfall could be an impor-
tant influence on connectivity and frequency of inundation in northern Australia [11].
Meanwhile, dam construction, land reconstruction, and other human activities are strongly
affecting hydrological cycling [20–22]. Recent studies also demonstrated that inlet flows
from the surface and ground affected the water level or HC in interconnection river–lake
floodplain systems [23,24]. Hence, the health of the floodplain wetland ecosystem and
water recycling are closely related to hydrology, climate, and human activity.

Past studies demonstrated that climate, hydrology, and human activity were tightly
associated with the HC [11,25]. In the Poyang Lake floodplain wetland, the larger catchment
inflow leads to higher HC [26]. Rainfall changes may have large impacts on the duration of
the connectivity and the frequency of inundation in the floodplain wetlands of northern
Australia [11]. Unfortunately, under the combined influence of hydrology drivers and
meteorology drivers, the impacts of the two kinds of drivers on HC are still indistinct [11,26].
Here, we identified the crucial drivers of the HC in the complex river–lake floodplain system
and determined how these drivers affected HC both directly and indirectly. Attribution
analysis methods are selected to explicate the direct or indirect impact of drivers on HC. For
example, the S-HYPE model, probability distribution model, and other attribution analysis
methods can analyze the relationship between measured data and potential variables.
Unfortunately, these methods fail to identify the direct or indirect impact of drivers [27].
The structural equation model (SEM) can represent the direct and indirect relationship
among variables and quantify the relative importance of various driving factors [28,29].
Zhang et al. (2020) studied the direct and indirect influence of hydrological drivers and
water properties on Ba-IBI by using SEM. SEM results showed that hydrology and climate
affected the food availability of wintering waterbirds in the Dongting Lake wetland [30].
Hence, SEM was selected to explore the indirect and direct influences of meteorological
and hydrological variables on HC.

HC was recognized as a crucial factor to protect water safety and ecosystem sus-
tainability. Here, we pay attention to exploring the relationship between surface HC and
surface flows (ignoring the influence of turbulence and groundwater). However, the pat-
tern of how climate, hydrology, and human activity affect HC is still unclear. The current
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research, which combined geostatistical analysis and SEM methods to explore the relative
importance of hydrology and climate on HC can fill the knowledge gap. Hence, this re-
search is necessary as it provides useful knowledge that will help to manage and protect
floodplain wetland systems. Therefore, the objects of this paper are to (1) analyze the HC
characteristics of the whole and three sub-lakes of the Dongting Lake, and (2) investigate
the effects of hydrology and meteorology drivers for HC. This work will contribute to
a better understanding of the complex river–lake interconnected systems, including the
influence of hydrological and meteorological factors on HC.

2. Materials and Methods
2.1. Study Region

Dongting Lake (28◦44′–29◦35′ N; 111◦53′–113◦05′ E), the second-largest fresh-water
lake in China, is situated on the south bank of the middle Yangtze River (Figure 1). It
covers an area of 2625 km2 and has a volume of 1.67 × 1010 m3 which is comprised of East
Dongting Lake, South Dongting Lake, and West Dongting Lake [23]. As a complicated
river–lake interconnected system that receives Yangtze River inflows from three inlets, (i.e.,
Songzi River, Taiping River, and Ouchi River), four tributaries, (i.e., Xiangjiang River, Zishui
River, Yuanjiang River, and Lishui River), and discharges to the Yangtze River through the
northern outlet of the lake via Chenglingji [31]. The lakebed terrain is high in the west but
low in the east, leading to about 5 m deviations in the water level between West Dongting
Lake and East Dongting Lake. The elevations of western Dongting Lake are more than
40 m, while the eastern’s are less than 25 m [32]. After the impound of the Three Gorges
Dam (TGD), the water level of Dongting lake decreases, and the zero-flow duration of three
inlets slightly increases [33].

Figure 1. (a) Map of Dongting Lake, including three inlets, (i.e., Songzi River, Taiping River, and
Ouchi River), four tributaries (i.e., Xiangjiang River, Zishui River, Yuanjiang River, and Lishui
River), Yangtze River, hydrometeorological stations ((Xiangtan (XT), Taojiang (TJ), Yuanjiang (YJ),
Changde (CD), Taoyuan (TY), Shimen (SM), Xinjiangkou (XJK), Shadaoguan (SDG), Mituosi (MTS),
Kangjiagang (KJG), Guanjiapu (GJP), Yueyang (YY)) and flow directions. (b) Observations of flow
and water level from 2017 to 2021: water level of Chenglingji (CLJ-WL), flow of Chenglingji Station
(CLJ-flow), total flow of four tributaries (F-flow), and total flow of three inlets (T-flow).
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The Dongting Lake has an East Asian monsoon climate, with a mean annual tem-
perature of 16.5–17.2 ◦C and annual precipitation of 1289.8–1556.2 mm. As an important
seasonal floodplain lake, it suffers from a severe turn in which the area changes from
500 km2 to 2520 km2, and water levels fluctuate by as much as 12–14 m [34]. In normal
years, the water level increases in early March and reaches the highest water level in July.
The lake supplies water for crop irrigation, production, and residential life. As a Ramsar
site located in the wintering habitats and migration routes for the migratory birds of East
Asia–Australia, it plays a crucial role in protecting wintering waterfowls and other ani-
mals [32]. There are more than 1428 plant species, 217 bird species, and 114 fish species in
Dongting Lake National Preserve [34].

2.2. Data Sources

Remote sensing data were downloaded from Copernicus Open Access Hub (https:
//scihub.copernicus.eu/, accessed on 5 March 2021) [35]. The Sentinel-2 Multispectral
Instrument (MSI) holds 13 spectral bands which include the visible, red-edge, near-infrared
(NIR), and short-wave infrared (SWIR) wavelengths. The two satellite sensors were
launched in June 2015 (Sentinel-2A) and March 2017 (Sentinel-2B) which have higher
temporal frequency (up to 5 days) and much finer spatial resolution (10 m–20 m) [36].
Sentinel-2 data were broadly used in the fields of agricultural monitoring, landcover classi-
fication, and disaster management [37,38]. The missed data were replaced by these images
which have the same water level or phenological period in the previous or next year [39].
Finally, 86 Sentinel-2 remoting sensing images during 2017–2020 were obtained. SNAP 8.0
(The sentinel Application platform) and Sen2Cor (Sentinel 2 Atmospheric Correction) were
taken to pre-process the Sentinel-2 images. SNAP is used for the Sentinel product process
and Sen2Cor is used as a Sentinel-2 Level2A processor which processes Sentinel-2 Level-1C
(L1C) top-of-atmosphere (TOA) image to Level-2A (L2A) bottom-of-atmosphere (BOA) by
pre-processing tasks [40]. In the process, all Level-1C images were processed to Level-2A by
Sen2Cor algorithm firstly, then all image bands were resampled to 10 m by S2 Resampling
processor of SNAP and modified normalized difference water index (MNDWI) water index
was calculated in ENVI 5.3.

The hydrological data (2017–2020) of the water level and discharge were collected from
the Hunan Hydrology and Water Resources Survey Center (https://www.hnsw.com.cn,
accessed on 8 March 2021) [24]. We selected the flow (at 8:00 AM) as the inlet hydrological
data and the water level (at 8:00 AM) of the Chenglingji (CLJ) station as the level of the
whole lake. To keep the same geomatics system with the elevation data of the basin, the
water level at Chenglingji Gauge Station is converted from the Wusong Datum (WSD) to
the 1985 National Elevation Datum (NED) by subtracting 1.94 m [41]. To comprehensively
consider the effect of three inlets and four tributaries on HC, the total flow of three inlets
(T-flow) and the total flow of four tributaries (F-flow) were used to explore their relationship
with HC.

Compared with different evaporation estimation methods, actual evaporation of the
ground station was selected to present the lake evaporation condition [42]. Meteorological
data were collected by ground stations in Dongting Lake basin. The daily climate data
(2017–2020), which consists of precipitation, evaporation, and temperature, were obtained
from China Meteorological Data Center (http://data.cma.cn, accessed on 5 March 2021) [30].
The average climate in Yueyang, Changde, and Yuanjiang Weather stations represented the
climate of the whole lake.

2.3. Data Pre-Processing

The MNDWI water index and Otsu’s histogram shape-based method was selected to
extract surface water from Sentinel-2 data [2,43]. The accuracy and kappa efficiency ranged
from 82–96% and 0.80–0.98, respectively.

In this work, the connectivity function was selected to quantify the HC. For any
distance, the connectivity function (CF) uses binary data to estimate the probability of any

https://scihub.copernicus.eu/
https://scihub.copernicus.eu/
https://www.hnsw.com.cn
http://data.cma.cn


Water 2022, 14, 1836 5 of 17

two points that are connected [44]. Trigg et al. (2013) use the CF method to evaluate the HC
for a severe flood disaster that took place in 2011 in Bangkok of Thailand [2]. This analysis
is effective for using wet–dry binary data, (e.g., 0 or 1) to quantify the connectivity. These
binary data are generally derived from the water inundation of remote sensing or outputs
of the hydrodynamic model. This method selects 8-way connectivity, which permits cells
to connect by corner vertex or edge.

CF(n; Zc) = Pr

{
n

∏
j=1

I
(
Uj; Zc

)
= 1

}
(1)

If Z (Uj) > Zc, I (Uj; Zc) = 1. (2)

If Z (Uj) ≤ Zc, I (Uj; Zc) = 0. (3)

where n is the total number of points; Π represents the product operator; Zc represents
the threshold value; I (Uj; Zc) is a connectivity indicator; Pr is the calculated probability.
The connectivity function (CF) statistic shows a probability distance function for Dongting
Lake (Figure 2). The individual wet cell is always connected to itself, and the wet cells
are the connection of wet cells when wet cells are connected by edge and corner vertex.
The value of the CF at any given distance is the fraction of wet cell pairs at that distance
that are connected (Figure 2b). After processing the dry–wet binary raster data of each
month, a connectivity function graph can be obtained (Figure 3b). The average of CF values
presents the HC. Due to the specific bathymetry, river network distribution, and polder
distribution, the flow directions were dominated by the west to east in South Dongting
Lake and south to north in East Dongting Lake [34]. Therefore, the wet–dry binary raster
derived from Sentinel-2 images was chosen to calculate the north–south and west–east
probability distance function by CAST 1.0 [12]. HC was calculated from the probability
distance function by MATLAB (Figure 3).

Figure 2. Illustration of the connectivity function (CF) in the west–east direction. (a) The connection of
wet cell (CC) and disconnection of wet cell (DC). (b) The statistics and analyses of probability-distance
function (CF).
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Figure 3. Schematic path of the methodology for the hydrological connectivity (HC) (the example
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function in 2020. (c) Monthly variation of HC in 2020.

2.4. Statistical Analysis

The Pearson correlation coefficient which was processed by the Origin 2021b was used
to detect the significant correlation between the hydrological drivers and the meteorolog-
ical drivers on HC. Ordinary least squares (OLS) regressions were used to evaluate the
significant linear relationships between hydrological variables, meteorological variables,
and HC. Two hydrological factors (T-flow (m3/s) and F-flow (m3/s)) and three climate
factors (temperature (◦C), precipitation (mm), and evaporation (mm)) were recognized as
the explanatory factors of HC. Structural equation models (SEM) were constructed to infer
the relative importance of hydrology (T-flow and F-flow) and climate (temperature, precipi-
tation, and evaporation) on HC. SEMs are statistical programs used to verify measurement,
function, prediction, and causal hypotheses [29]. The construction of SEM includes the
selection of the variables and the construction of path analysis. SEMs are composed of
measured data and potential variables, which are real but unknown averages of the under-
lying data [45]. Combined with the existing studies, the potential correlation equations of
these observations and latent factors were constructed with the “piecewiseSEM” R package
(https://github.com/jslefche/piecewiseSEM, accessed on 12 January 2021) [46]. Standard
path coefficient (r-value) was used to describe the potential effects of measured data on
latent variables. The p-value represents the level of significant impact.

https://github.com/jslefche/piecewiseSEM
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3. Results
3.1. HC and Temporal and Spatial Inundation Characteristics

It is clear from Figure 1b that there is an apparent seasonal pattern for the flow
and water level. HC (Figure 4b) was calculated by the wet–dry binary data which was
transferred by the water inundation map. Water inundation was tightly correlated with
the Chenglingji water level (CLJ-WL) (Figure 4a) and hydrological regime (Figure 1b). As
predicted, the water area was characterized by a significant seasonal change. The water
area ranged from 573 km2 to 2364 km2 and the corresponding water level ranged from
20.1 m to 34.4 m (Figure 4a).
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north–south (N–S) HC during 2017–2020 and the threshold value of high and low HC.

Parallel (E–W) and perpendicular (N–S) HC of four consecutive years are shown in
Figure 4b. The HC also showed an obvious seasonal change in the inundation area, which
varied between 0.43 and 0.97. The increases in HC were corresponding with the increased
water level and inundation area in spring and early summer, with the highest HC usually
occurring in middle or later July. After the peak of the water level, the HC declined from late
August to December. Therefore, a small inundation area was accompanied by a low water
level, leading to a low HC. According to the water level, inundation, and HC plots, low
HC, (i.e., HC < 0.7) occurred during low water levels, and high HC, (i.e., HC > 0.82) usually
occurred in the high-water level and area periods, while medium HC, (i.e., 0.7 < HC < 0.82)
arose in other water levels (Figure 4b). The threshold of HC was corresponding to the
specific inundated area and water level. The N–S HC was larger than W–E HC in the wet
season, and N–S HC also showed a broader range than W-E HC. This result indicated that
the HC of Dongting Lake was dominated by the N–S HC in wet seasons and restricted in
dry seasons.

Figure 5 shows the seasonal trend of the HC in the three sub-lakes in 2017–2020. The
seasonal changes of HC impacted the three sub-lakes, including the whole of Dongting
Lake. However, the three sub-lakes presented specific characteristics, which were distinct
from the whole lake. The average N–S HC was larger than E–W HC in East Dongting Lake
(Figure 5a). However, other sub-lakes showed the opposite situation, in that the E–W HC
was higher than N–S HC, especially for South Dongting Lake (Figure 5b,c). As for East
Dongting Lake, the HC was dominated by the N–S HC, and W-E HC was the restricted
element. On the contrary, for South Dongting Lake and West Dongting Lake, HC was
restricted by the N–S HC and W–E HC was the dominant element. In South Dongting Lake,
it was worth mentioning that in the two directions HC showed a larger discrepancy, the
average discrepancy of E–W HC and N–S HC was greater than approximately 0.3, and the
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discrepancy was about 0.1 when the HC reached the maximum in the summer. Accordingly,
the HC of the three sub-lakes was different from the whole lake.
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east Dongting Lake, SDTL represents south Dongting Lake, WDTL represents west Dongting Lake).

During this study period (2017–2020), the highest HC was 0.97, when the water level
was 34.36 m and the water area was 2364 km2 accounting for 87% of the study area except
for the high lake stage zone (Figure 6a); the lowest HC was 0.43 when the water level was
20.08 m (water shrunk for the main stream and main lake) and the water area was 584 km2

accounting for 21.5% of the study area (Figure 6d); on the high HC threshold (HC = 0.82),
the water level was 28.9 m and the water area was 1534 km2 accounting for 56.7% of the
study area (Figure 6b); on the low HC threshold (HC = 0.70), the water level was 24.29 m
and the water area was 842 km2 accounting for 31% of the study area (Figure 6c). With the
decrease in HC, the water inundation map gradually transferred from the broad area zone
to the slimline when the seasonal lakes nearly disappeared.

3.2. Direct and Indirect Effects of the Hydrological and Meteorological Factors on HC

Correlation analysis (Figure 7) showed that HC (E–W HC and N–S HC) were positively
correlated with T-flow (r = 0.77, p < 0.05) and F-flow (r = 0.57, p < 0.05). Temperature was
positively correlated with E–W HC (r = 0.78, p < 0.05) and N–S HC (r = 0.74, p < 0.05).
Meanwhile, temperature was positively correlated with F-flow (r = 0.48, p < 0.05) and T-flow
(r = 0.69, p < 0.05). Ordinary least squares (OLS) regressions (Figure 8) were conducted
to examine whether there was a significant linear relationship between hydrological and
meteorological variables on HC. As predicted, T-flow and F-flow were positively linear
correlated with E–W HC and N–S HC, but climate effect varied among components: the
temperature was positively related with E–W HC and N–S HC, while precipitation and
evaporation were not related to E–W HC and N–S HC.
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Figure 6. Water inundation: (a) in the highest water level, (b) in the threshold of high HC, (c) in the
threshold of low HC, (d) in the lowest water level.

Figure 7. Pearson’s correlation coefficient between the environmental factors and HC. The num-
ber in each square represents the correlation coefficient between the two corresponding variables.
“*” represents p < 0.05 (Pre represents precipitation, Evp represents evaporation, and Tem represents
temperature).
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Figure 8. Ordinary least squares (OLS) regression between various environmental factors and
hydrological connectivity. (a) Relationships between F-flow, T-flow, Pre, Evp, Tem, and E–W HC.
(b) Relationships between F-flow, T-flow, Pre, Evp, Tem, and N–S HC. There were no significant
linear relationships between HC and Pre or Evp. The red fitted lines are from OLS regression. Only
significant fitted lines are displayed on the graphs. Shaded areas show a 95% confidence interval of
the fit.

According to the SEM analysis results (Figure 9), T-flow and F-flow were the more
crucial factors than precipitation and evaporation variables for HC (temperature also played
a direct positive impact on E–W HC), and T-flow was the dominant element. The SEM
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results revealed the pathways that the climate and hydrological variables impacted HC
in Dongting Lake (Figure 9). T-flow had a positively direct impact (r = 0.49, p < 0.001) on
the N–S HC, and F-flow also had a direct impact (r = 0.28, p < 0.05) on the N–S HC. On the
contrary, the evaporation, precipitation, and temperature have shown a positive indirect
effect on N–S HC, and the standard path coefficients were 0.04, 0.07, and 0.24, respectively.
For E–W HC, T-flow and F-flow also had a significant positive direct influence, and the
standard path coefficients were 0.44 (p < 0.001) and 0.25 (p < 0.05), respectively. Compared
with the results of N–S HC, the temperature played a significant positive direct effect on
E–W HC (r = 0.33, p < 0.05), while precipitation and evaporation showed a positive indirect
effect on E–W HC.

Figure 9. Direct and indirect impacts of hydrological drivers and meteorological drivers on hydrolog-
ical connectivity based on structural equation models. “*” represents p < 0.05, “**” represents p < 0.01,
“***” represents p < 0.001.

4. Discussion
4.1. Relative Importance of Hydrological and Meteorological Factors on HC

Inflow fluctuations directly modify the hydrological regime and HC. In Poyang Lake,
catchment inflow influenced the HC, where higher flows led to larger HC [23]. The results
showed that the inflow represented a more important influence on the HC during Phase I
than in Phase II and Phase III. In this study, T-flow exerted a more significant positive impact
on Dongting Lake HC than F-flow. Due to upland tributaries and rainfall inputs filling
the main lake before the whole lake flooded, the water level at the floodplain gradually
increased [47]. Seasonal sub-lakes were easily affected by streamflow under a changeable
climate. The previous study also demonstrated that the three inlet flows played a key role
in changing the water level in Dongting Lake from the 1990s to the 2010s [24]. Additionally,
the change of three inlet flows reduced water levels by about 0.5 m and 0.67 m during
June–August and September–November.

Rainfall, temperature, and human activity are important parameters that affect hy-
drological cycling. Particularly, temperature or rainfall controls the HC of the floodplain
system during the dry season when flow decrease. In addition, climate variability was
responsible for the streamflow alteration from 1981 to 2002 in Dongting lake [16]. In this
study, temperature plays a direct impact on HC, but evaporation and precipitation do not
show a direct impact on HC. The relationship between HC and temperature is linear. The
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linear correlation cannot identify actual causal links from dependencies resulting from
confounding factors [48]. Indeed, dependencies between two variables could result from
a third confounding cause influencing both. Hence, the dependencies of climate factors
may lead to the discrepancy in driving factors analysis. Compared with the temperature
in Dongting Lake, the average evaporation and precipitation (Yueyang, Changde, and
Yuanjiang Weather stations) condition can not represent the whole lake, which may lead
to the discrepancy in driving factor analysis. During the dry year and wet year of the
Poyang Lake, the high HC (HC values approach to 1) occurs during the high-temperature
seasons (June-August), while low connectivity (CF approach to 0) occurs during low-
temperature months (December–January), whereas intermediate connectivity arises during
other months of the year [13,49]. The climate affects the hydrological regimes and HC via
rainfall and temperature. Temperature and precipitation influence the water yield, surface
runoff, and groundwater [15,50]. In particular, the decrease in rainfall and the increase in
temperature exert a more prominent influence on hydrological regimes in dry seasons. In
addition, the temperature warming, which leads to severer drought, breaks the continuity
and connectivity rule of streams and endangers the endangered fishes [9]. Rainfall exerts
a more important influence on HC than potential dams in the Flinders and Gilbert River
catchments [11]. However, the more dams built on main tributaries, the more connectivity
of the river network decline in the Pearl River basin [51]. Dam construction leads to an
increase in river network fragmentation and worse stream continuity. In conclusion, hydro-
logical variables, meteorological variables, and human activities jointly affect the HC of
floodplain wetlands.

4.2. The Threshold of HC and Management Implications

According to this study, low HC, (i.e., HC < 0.7) occurred in winter, and high con-
nectivity, (i.e., HC > 0.82) occurred in summer, while intermediate connectivity, (i.e.,
0.7 < HC < 0.82) occurred in other seasons (Figure 4b) which was corresponding with
the result of Li et al. (2019). Compared with the complicated HC of the whole lake, the
three sub-lake HCs demonstrated a noteworthy difference, especially for South Dongting
Lake. The leading HC was N–S HC and the limiting HC was E–W HC in East Dongting
Lake (Figure 5a). On the contrary, as for South and West Dongting Lake (Figure 5b,c),
the dominated HC was E–W HC and the limited HC was N–S HC, respectively. The
differences between the three sub-lake HCs may account for the complicated HC regime in
the entire lake.

Seasonal floodplain lakes are characterized by recurrent inundation changes. The
water inundation showed an apparent difference in different HC and water levels (Figure 6).
Due to the relationship between HC and water level, the main lake connected the flood-
plain and rivers via the channelized and overbank flow paths when HC increases in the
floodplain of PLNNR [39]. Meanwhile, the threshold of HC changed with different lakes
and hydrological years. HC affected the water storage of the main lake and floodplain. In
addition, the floodplains showed a higher variability inundation and shorter connectivity
duration, and the main lake showed a stable inundation area and longer connectivity
duration [10]. HC increased with the channelized flow through the network in floodplains
until the water level reaches the largest height. In addition, channelized flows, overbank
flows, and other connectivity processes showed different roles in floodplain hydrogeomor-
phology [52]. In Baiyangdian wetland, because of permanent and temporary barriers, HC
became worse [53]. Consequently, the floodplain is a complicated HC system influenced
by the hydrological regime, climate, and lake stage. Surrounding land use and surface
HC also played crucial roles in controlling water quality change [54]. A recent study also
found that improved HC may contribute to improving water quality in seasonal floodplain
wetlands [55]. The HC plays an important role in mass and energy transport in floodplain
lakes. The dominant HC can also enhance the continuity time and the connectivity distance
of the main lake with the season lakes in floodplain wetland. The long continuity time
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and connectivity distance can influence the frequency of water exchange, which in turn
improves the water quality between the main lake and seasonal lakes.

Scientists not only care about the value of HC on hydrology but also pay more at-
tention to the values of HC on ecology and the environment [26,54,56–58]. Dongting lake
supports a crucial habitat for wintering waterbirds migration [32,59]. A previous study
demonstrated that climate changes and worse food availability resulted in waterbirds’
diversity reduction [30]. The results showed that the abnormal water levels could influence
the diversity and quantity of Anatidae, especially for the lesser white-fronted goose. More
natural connectivity sub-lakes attracted much higher diversity and populations of water-
birds which include tuber eaters, sedge foragers, and invertebrate feeders than isolated
lakes [4]. Because of delayed water recession, low EVI value led to poor habitat quality for
wintering geese [60]. HC also impacted fish in the floodplain. Floodplain connectivity, sea-
sonality, and habitat characteristics triggered remarkable structural changes for fish [56,61].
The results showed that HC played a decisive role in the fish structure. The removal of
the road improved the degree of HC, the complexity of the habitat, and improved the
diversity of fish in the Las Cabras floodplain. For Dongting Lake, the river–lake system, the
dominant HC keeps the river–lake connection ecosystem in healthy hydrological connec-
tivity status which is crucial for fish to breed and find suitable habitat [3]. The river–lake
connection is essential for the river–lake migratory fishes. The dominant HC facilitates
the lateral migration of fishes, keeping the ecosystem in hydrological connective status
and maintaining a high concentration of aquatic biodiversity. River floodplain lateral HC
directly influenced the community characteristics of aquatic invertebrates, and it played
profound indirect effects by changing local habitat features [62].

4.3. Data Limitations and Future Research

Sentinel-2 images are suitable to quantity the HC of Dongting Lake based on the
geostatistical method. However, owing to long-time cloud disturbance, only 43 months
of high spatiotemporal resolution images in four years were suitable to extract water
inundation, which limited the connectivity analysis. Here, this study only paid attention
to the relationship between hydrological factors, meteorological factors, and surface HC.
However, the remote sensing data without water depth and complex lakebed terrain lead
to uncertainties in HC analysis. Additionally, the groundwater and aquifers also play an
important role in affecting floodplain wetland recharge and discharge process; thereby it is
crucial to evaluate the influence of the surface–groundwater recycling on HC and ecological
processes in future research. The water area and water level play crucial roles in protecting
biosystem health [63]. Waterbirds preferred to choose small inundation depth areas as
habitats and fish choose the large inundation area as habitats [12]. Due to the temporal
and spatial distribution differences of rainfall and evaporation and abnormal weather
conditions, the average precipitation and evaporation at the ground station (Yueyang,
Changde, and Yuanjiang) may not represent the real precipitation and evaporation of the
whole lake in the short study period (2017–2020). The discrepancy between the average
value and the real value may lead to the impact of precipitation and evaporation on
HC being weakened. In addition, the analysis was conducted on a monthly scale. In
addition, the hydrology and climate data are the averages of the station data. However, the
HC obtained from the remote sensing image cannot represent the average of the month.
Therefore, the different study time steps (HC and hydrology, and climate drivers) may
lead to the uncertainty of the SEM results [64]. Therefore, it is important to elucidate how
HC affects biodiversity and the environment via long-time climate observation, water
level, and water area in future work. The hydraulic project constructed in the lake outlet
improved the water level during the dry period, but it changed the ecological landscape and
even deteriorated the water quality [65]. Hydraulic project construction not only changes
downstream hydrological characters but also fragments the water habitats of freshwater
organisms [31,50,57]. To improve the water shortage, some studies proposed to structure
inner dikes with sluice gates or structure dams in Chenglingji to increase water levels in the
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dry season [23]. In addition, optimizing the dispatching of the Three Gorges and increasing
the inflow of water from the three inlets may improve the connectivity of Dongting Lake
during the low-water period [31]. Furthermore, the increase in inlet inflow will enhance the
habitat quality of fish and the food availability of birds. Hence, it is a challenge to improve
the HC during a low water level period for the ecosystem process in the future.

5. Conclusions

The floodplain wetlands system is characterized by an important ecosystem that not
only regulates flooding, and provides food and water but also supports habitat for animals.
HC has been a hotspot for hydrologists, ecologists, and environmental scientists. This paper
selected high temporal and spatial resolution Sentinel-2 remote sensing images, which
enhanced the precision of the inundation map to calculate HC. Meanwhile, this paper
extended the previous study by comprehensively considering the influence of hydrology
variables (T-flow and F-flow) and meteorology variables (precipitation, temperature, and
evaporation) on HC. According to the SEM, hydrological variables played a predominant
role in determining the HC than meteorology variables. T-flow (r = 0.49, p < 0.001; r = 0.44,
p < 0.001) had more significant positive direct effect than F-flow (r = 0.28, p < 0.01; r = 0.25,
p < 0.05) on N–S and E–W HC. Temperature played a significant positive direct effect
on E–W HC (r = 0.33, p <0.05). Therefore, regulating the flow of three inlets and four
tributaries may enhance the HC and habitat quality of fish and birds in the dry period. In
the winter, increasing the water supply from the TGD to Dongting Lake via the three inlets
can control the water level and keep the vegetation in a suitable exploitation condition
for waterbirds during the low water period. The suitable HC can also play an important
role in water purification, navigability, and fish lateral migration. Detailed HC analysis of
floodplain wetland is applicable for flood impact assessment, navigability analyses, and
wetland ecology estimation. This study is helpful to deepen the understanding of HC in
the complicated river–lake interconnected system, and elucidate the relationship between
hydrology and meteorology on HC. Hence, the presented methodology can be applied to
the neighboring Poyang Lake and support strategies for floodplain wetland management.

Author Contributions: Writing—original draft, software, data curation, conceptualization, methodol-
ogy, S.Y.; writing—review and editing, conceptualization, methodology, X.L. (Xiaodong Li);
writing—review and editing, conceptualization, methodology, J.L.; data curation, Y.Y.; writing—review
and editing, Z.Z.; writing—review and editing, X.L. (Xin Li); data curation, X.C.; data curation, S.L.;
data curation, Y.Z.; data curation, Z.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (51979101,
52170180, 51679082, 51479072, 51521006), the Hunan Science and Technology Program of the Water
Resources Department of Hunan Province (XSKJ2021000-06), the Hunan Science and Technology
Innovation Program (2018RS3037), the Natural Science Foundation of Hunan Province (2019JJ20002),
and the Three Gorges Follow-up Research Project (2017HXXY-05).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.

Acknowledgments: China Meteorological Data Sharing Service System is thanked for providing
meteorological data.

Conflicts of Interest: The authors declare no conflict of interest.



Water 2022, 14, 1836 15 of 17

References
1. Feng, L.; Hu, C.; Chen, X.; Zhao, X. Dramatic inundation changes of China’s two largest freshwater lakes linked to the Three

Gorges Dam. Environ. Sci. Technol. 2013, 47, 9628–9634. [CrossRef]
2. Trigg, M.A.; Michaelides, K.; Neal, J.C.; Bates, P.D. Surface water connectivity dynamics of a large scale extreme flood. J. Hydrol.

2013, 505, 138–149. [CrossRef]
3. Qin, X.; Gong, Z.; Liu, H. Lateral migration of fish between China’s second largest freshwater lake (Dongting Lake) and the

mainstem of the Yangtze River. Environ. Biol. Fishes 2019, 102, 527–539. [CrossRef]
4. Xia, S.; Liu, Y.; Wang, Y.; Chen, B.; Jia, Y.; Liu, G.; Yu, X.; Wen, L. Wintering waterbirds in a large river floodplain: Hydrological

connectivity is the key for reconciling development and conservation. Sci. Total Environ. 2016, 573, 645–660. [CrossRef]
5. Gan, G.; Liu, Y.; Pan, X.; Zhao, X.; Li, M.; Wang, S. Seasonal and Diurnal Variations in the Priestley–Taylor Coefficient for a Large

Ephemeral Lake. Water 2020, 12, 849. [CrossRef]
6. Gan, G.; Liu, Y.; Pan, X.; Zhao, X.; Li, M.; Wang, S. Testing the Symmetric Assumption of Complementary Relationship: A

Comparison between the Linear and Nonlinear Advection-Aridity Models in a Large Ephemeral Lake. Water 2019, 11, 1574.
[CrossRef]

7. Larned, S.T.; Datry, T.; Arscott, D.B.; Tockner, K. Emerging concepts in temporary-river ecology. Freshwat. Biol. 2010, 55, 717–738.
[CrossRef]

8. López-Vicente, M.; Ben-Salem, N. Computing structural and functional flow and sediment connectivity with a new aggregated
index: A case study in a large Mediterranean catchment. Sci. Total Environ. 2019, 651, 179–191. [CrossRef]

9. Jaeger, K.L.; Olden, J.D.; Pelland, N.A. Climate change poised to threaten hydrologic connectivity and endemic fishes in dryland
streams. Proc. Natl. Acad. Sci. USA 2014, 111, 13894–13899. [CrossRef]

10. Li, Y.; Zhang, Q.; Yao, J.; Tan, Z.; Liu, X. Assessment of water storage response to surface hydrological connectivity in a large
floodplain system (Poyang Lake, China) using hydrodynamic and geostatistical analysis. Stoch. Env. Res. Risk A 2019, 33,
2071–2088. [CrossRef]

11. Karim, F.; Dutta, D.; Marvanek, S.; Petheram, C.; Ticehurst, C.; Lerat, J.; Kim, S.; Yang, A. Assessing the impacts of climate change
and dams on floodplain inundation and wetland connectivity in the wet–dry tropics of northern Australia. J. Hydrol. 2015, 522,
80–94. [CrossRef]

12. Tan, Z.; Li, Y.; Zhang, Q.; Liu, X.; Song, Y.; Xue, C.; Lu, J. Assessing effective hydrological connectivity for floodplains with a
framework integrating habitat suitability and sediment suspension behavior. Water Res. 2021, 201, 117253. [CrossRef]

13. Li, Y.; Zhang, Q.; Liu, X.; Tan, Z.; Yao, J. New insights on the surface hydrological connectivity of water depth thresholds in a
flood-pulse-influenced floodplain system (Poyang Lake, China). Stoch. Env. Res. Risk A 2020, 35, 861–879. [CrossRef]

14. Cavicchioli, R.; Ripple, W.J.; Timmis, K.N.; Azam, F.; Bakken, L.R.; Baylis, M.; Behrenfeld, M.J.; Boetius, A.; Boyd, P.W.; Classen,
A.T.; et al. Scientists’ warning to humanity: Microorganisms and climate change. Nat. Rev. Microbiol. 2019, 17, 569–586. [CrossRef]

15. Kuma, H.G.; Feyessa, F.F.; Demissie, T.A. Hydrologic responses to climate and land-use/land-cover changes in the Bilate
catchment, Southern Ethiopia. J. Water Clim. Chang. 2021, 12, 3750–3769. [CrossRef]

16. Yuan, Y.; Zhang, C.; Zeng, G.; Liang, J.; Guo, S.; Huang, L.; Wu, H.; Hua, S. Quantitative assessment of the contribution of climate
variability and human activity to streamflow alteration in Dongting Lake, China. Hydrol. Process. 2016, 30, 1929–1939. [CrossRef]

17. Liang, J.; Liu, Q.; Zhang, H.; Li, X.; Qian, Z.; Lei, M.; Li, X.; Peng, Y.; Li, S.; Zeng, G. Interactive effects of climate variability and
human activities on blue and green water scarcity in rapidly developing watershed. J. Clean. Prod. 2020, 265, 2193. [CrossRef]

18. Swain, S.; Hayhoe, K. CMIP5 projected changes in spring and summer drought and wet conditions over North America. Clim.
Dynam. 2015, 44, 2737–2750. [CrossRef]

19. Lu, J.; Lu, H.; Brusseau, M.L.; He, L.; Gorlier, A.; Yao, T.; Tian, P.; Feng, S.; Yu, Q.; Nie, Q.; et al. Interaction of climate change,
potentially toxic elements (PTEs), and topography on plant diversity and ecosystem functions in a high-altitude mountainous
region of the Tibetan Plateau. Chemosphere 2021, 275, 130099. [CrossRef]

20. Zhao, Y.; Zou, X.; Gao, J.; Xu, X.; Wang, C.; Tang, D.; Wang, T.; Wu, X. Quantifying the anthropogenic and climatic contributions
to changes in water discharge and sediment load into the sea: A case study of the Yangtze River, China. Sci. Total Environ. 2015,
536, 803–812. [CrossRef] [PubMed]

21. Xiong, Y.J.; Yin, J.; Paw, U.K.T.; Zhao, S.H.; Qiu, G.Y.; Liu, Z. How the three Gorges Dam affects the hydrological cycle in the
mid-lower Yangtze River: A perspective based on decadal water temperature changes. Environ. Res. Lett. 2020, 15, 14002.
[CrossRef]

22. Xie, C.; Cui, B.; Xie, T.; Yu, S.; Liu, Z.; Wang, Q.; Ning, Z. Reclamation shifts the evolutionary paradigms of tidal channel networks
in the Yellow River Delta, China. Sci. Total Environ. 2020, 742, 140585. [CrossRef]

23. Liu, Y.; Yang, S.-Q.; Jiang, C.; Long, Y.; Deng, B.; Yan, S. Hydrological Drought in Dongting Lake Area (China) after the Running
of Three Gorges Dam and a Possible Solution. Water 2020, 12, 2713. [CrossRef]

24. Liang, J.; Yi, Y.; Li, X.; Yuan, Y.; Yang, S.; Li, X.; Zhu, Z.; Lei, M.; Meng, Q.; Zhai, Y. Detecting changes in water level caused by
climate, land cover and dam construction in interconnected river-lake systems. Sci. Total Environ. 2021, 788, 147692. [CrossRef]
[PubMed]

25. Epting, S.M.; Hosen, J.D.; Alexander, L.C.; Lang, M.W.; Armstrong, A.W.; Palmer, M.A. Landscape metrics as predictors of
hydrologic connectivity between Coastal Plain forested wetlands and streams. Hydrol. Process. 2018, 32, 516–532. [CrossRef]
[PubMed]

http://doi.org/10.1021/es4009618
http://doi.org/10.1016/j.jhydrol.2013.09.035
http://doi.org/10.1007/s10641-019-00851-0
http://doi.org/10.1016/j.scitotenv.2016.08.147
http://doi.org/10.3390/w12030849
http://doi.org/10.3390/w11081574
http://doi.org/10.1111/j.1365-2427.2009.02322.x
http://doi.org/10.1016/j.scitotenv.2018.09.170
http://doi.org/10.1073/pnas.1320890111
http://doi.org/10.1007/s00477-019-01740-9
http://doi.org/10.1016/j.jhydrol.2014.12.005
http://doi.org/10.1016/j.watres.2021.117253
http://doi.org/10.1007/s00477-020-01897-8
http://doi.org/10.1038/s41579-019-0222-5
http://doi.org/10.2166/wcc.2021.281
http://doi.org/10.1002/hyp.10768
http://doi.org/10.1016/j.jclepro.2020.121834
http://doi.org/10.1007/s00382-014-2255-9
http://doi.org/10.1016/j.chemosphere.2021.130099
http://doi.org/10.1016/j.scitotenv.2015.07.119
http://www.ncbi.nlm.nih.gov/pubmed/26254080
http://doi.org/10.1088/1748-9326/ab5d9a
http://doi.org/10.1016/j.scitotenv.2020.140585
http://doi.org/10.3390/w12102713
http://doi.org/10.1016/j.scitotenv.2021.147692
http://www.ncbi.nlm.nih.gov/pubmed/34022570
http://doi.org/10.1002/hyp.11433
http://www.ncbi.nlm.nih.gov/pubmed/29576682


Water 2022, 14, 1836 16 of 17

26. Liu, X.; Zhang, Q.; Li, Y.; Tan, Z.; Werner, A.D. Satellite image-based investigation of the seasonal variations in the hydrological
connectivity of a large floodplain (Poyang Lake, China). J. Hydrol. 2020, 585, 124810. [CrossRef]

27. Arheimer, B.; Lindström, G. Detecting Changes in River Flow Caused by Wildfires, Storms, Urbanization, Regulation, and Climate
Across Sweden. Water Resour. Res. 2019, 55, 8990–9005. [CrossRef]

28. Yan, Y.; Connolly, J.; Liang, M.; Jiang, L.; Wang, S. Mechanistic links between biodiversity effects on ecosystem functioning and
stability in a multi-site grassland experiment. J. Ecol. 2021, 109, 3370–3378. [CrossRef]

29. Zhang, W.; Zhu, M.; Li, Y.; Wang, C.; Qian, B.; Niu, L.; Wang, P.; Gu, J.; Yang, N. How fluvial inputs directly and indirectly affect
the ecological status of different lake regions: A bio-assessment framework. J. Hydrol. 2020, 582, 124502. [CrossRef]

30. Liang, J.; Meng, Q.; Li, X.; Yuan, Y.; Peng, Y.; Li, X.; Li, S.; Zhu, Z.; Yan, M. The influence of hydrological variables, climatic
variables and food availability on Anatidae in interconnected river-lake systems, the middle and lower reaches of the Yangtze
River floodplain. Sci. Total Environ. 2021, 768, 144534. [CrossRef]

31. Li, X.; Liu, P.; Gui, Z.; Ming, B.; Yang, Z.; Xie, K.; Zhang, X. Reducing lake water-level decline by optimizing reservoir operating
rule curves: A case study of the Three Gorges Reservoir and the Dongting Lake. J. Clean. Prod. 2020, 264, 121676. [CrossRef]

32. Yuan, Y.; Zeng, G.; Liang, J.; Li, X.; Li, Z.; Zhang, C.; Huang, L.; Lai, X.; Lu, L.; Wu, H.; et al. Effects of landscape structure, habitat
and human disturbance on birds: A case study in East Dongting Lake wetland. Ecol. Eng. 2014, 67, 67–75. [CrossRef]

33. Wang, X.; Li, X.; Baiyinbaoligao; Wu, Y. Maintaining the connected river-lake relationship in the middle Yangtze River reaches
after completion of the Three Gorges Project. Int. J. Sediment Res. 2017, 32, 487–494. [CrossRef]

34. Xie, Y.-H.; Yue, T.; Xin-sheng, C.; Feng, L.; Zheng-miao, D. The impact of Three Gorges Dam on the downstream eco-hydrological
environment and vegetation distribution of East Dongting Lake. Ecohydrology 2015, 8, 738–746. [CrossRef]

35. Phiri, D.; Simwanda, M.; Salekin, S.; Nyirenda, V.; Murayama, Y.; Ranagalage, M. Sentinel-2 Data for Land Cover/Use Mapping:
A Review. Remote Sens. 2020, 12, 2291. [CrossRef]

36. Misra, G.; Cawkwell, F.; Wingler, A. Status of Phenological Research Using Sentinel-2 Data: A Review. Remote Sens. 2020, 12, 2760.
[CrossRef]

37. Granero-Belinchon, C.; Adeline, K.; Lemonsu, A.; Briottet, X. Phenological Dynamics Characterization of Alignment Trees with
Sentinel-2 Imagery: A Vegetation Indices Time Series Reconstruction Methodology Adapted to Urban Areas. Remote Sens. 2020,
12, 639. [CrossRef]

38. Lu, P.; Shi, W.; Wang, Q.; Li, Z.; Qin, Y.; Fan, X. Co-seismic landslide mapping using Sentinel-2 10-m fused NIR narrow, red-edge,
and SWIR bands. Landslides 2021, 18, 2017–2037. [CrossRef]

39. Tan, Z.; Wang, X.; Chen, B.; Liu, X.; Zhang, Q. Surface water connectivity of seasonal isolated lakes in a dynamic lake-floodplain
system. J. Hydrol. 2019, 579, 124154. [CrossRef]

40. Karaman, M. Comparison of thresholding methods for shoreline extraction from Sentinel-2 and Landsat-8 imagery: Extreme
Lake Salda, track of Mars on Earth. J. Environ. Manag. 2021, 298, 113481. [CrossRef] [PubMed]

41. Cai, L.; Shi, L.; Guan, L.; Zhou, Y.; Jing, L.; Lei, G. Potential Impacts of Proposed Chenglingji Hydraulic Project on Wetlands in
Dongting Lake. Wetl. Sci. 2018, 16, 377.

42. Guojing Gan, Y.L.; Chen, D.; Zheng, C. Investigation of a non-linear complementary relationship model for monthly evapotran-
spiration estimation at global flux sites. J. Hydrometeorol. 2021, 22, 2645–2658.

43. Otsu, N. A threshold selection method from gray-level histograms. IEEE Trans. Syst. Man Cybern. 1979, 9, 62–66. [CrossRef]
44. Pardo-Igúzquiza, E.; Dowd, P.A. CONNEC3D: A computer program for connectivity analysis of 3D random set models. Comput.

Geosci. 2003, 29, 775–785. [CrossRef]
45. Damgaard, C. Spatio-Temporal Structural Equation Modeling in a Hierarchical Bayesian Framework: What Controls Wet

Heathland Vegetation? Ecosystems 2019, 22, 152–164. [CrossRef]
46. Lefcheck, J.S. piecewiseSEM: Piecewise structural equation modelling in r for ecology, evolution, and systematics. Methods Ecol.

Evolution. 2016, 7, 573–579. [CrossRef]
47. Mertes, L.A.K. Documentation and significance of the perirheic zone on inundated floodplains. Water Resour. Res. 1997, 33,

1749–1762. [CrossRef]
48. Delforge, D.; De Viron, O.; Vanclooster, M.; Van Camp, M.; Watlet, A. Detecting hydrological connectivity using causal inference

from time series: Synthetic and real karstic case studies. Hydrol. Earth Syst. Sc. 2022, 26, 2181–2199. [CrossRef]
49. Li, Y.; Zhang, Q.; Liu, X.; Tan, Z.; Yao, J. The role of a seasonal lake groups in the complex Poyang Lake-floodplain system (China):

Insights into hydrological behaviors. J. Hydrol. 2019, 578, 124055. [CrossRef]
50. Peng, Y.; He, G.; Wang, G.; Cao, H. Surface Water Changes in Dongting Lake from 1975 to 2019 Based on Multisource Remote-

Sensing Images. Remote Sens. 2021, 13, 1827. [CrossRef]
51. Shao, X.; Fang, Y.; Cui, B. A model to evaluate spatiotemporal variations of hydrological connectivity on a basin-scale complex

river network with intensive human activity. Sci. Total Environ. 2020, 723, 138051. [CrossRef]
52. Park, E. Characterizing channel-floodplain connectivity using satellite altimetry: Mechanism, hydrogeomorphic control, and

sediment budget. Remote Sens. Environ. 2020, 243, 111783. [CrossRef]
53. Liu, D.; Wang, X.; Aminjafari, S.; Yang, W.; Cui, B.; Yan, S.; Zhang, Y.; Zhu, J.; Jaramillo, F. Using InSAR to identify hydrological

connectivity and barriers in a highly fragmented wetland. Hydrol. Process. 2020, 34, 4417–4430. [CrossRef]

http://doi.org/10.1016/j.jhydrol.2020.124810
http://doi.org/10.1029/2019WR024759
http://doi.org/10.1111/1365-2745.13725
http://doi.org/10.1016/j.jhydrol.2019.124502
http://doi.org/10.1016/j.scitotenv.2020.144534
http://doi.org/10.1016/j.jclepro.2020.121676
http://doi.org/10.1016/j.ecoleng.2014.03.012
http://doi.org/10.1016/j.ijsrc.2016.12.001
http://doi.org/10.1002/eco.1543
http://doi.org/10.3390/rs12142291
http://doi.org/10.3390/rs12172760
http://doi.org/10.3390/rs12040639
http://doi.org/10.1007/s10346-021-01636-2
http://doi.org/10.1016/j.jhydrol.2019.124154
http://doi.org/10.1016/j.jenvman.2021.113481
http://www.ncbi.nlm.nih.gov/pubmed/34392093
http://doi.org/10.1109/TSMC.1979.4310076
http://doi.org/10.1016/S0098-3004(03)00028-1
http://doi.org/10.1007/s10021-018-0259-8
http://doi.org/10.1111/2041-210X.12512
http://doi.org/10.1029/97WR00658
http://doi.org/10.5194/hess-26-2181-2022
http://doi.org/10.1016/j.jhydrol.2019.124055
http://doi.org/10.3390/rs13091827
http://doi.org/10.1016/j.scitotenv.2020.138051
http://doi.org/10.1016/j.rse.2020.111783
http://doi.org/10.1002/hyp.13899


Water 2022, 14, 1836 17 of 17

54. Yu, X.; Hawley-Howard, J.; Pitt, A.L.; Wang, J.J.; Baldwin, R.F.; Chow, A.T. Water quality of small seasonal wetlands in the
Piedmont ecoregion, South Carolina, USA: Effects of land use and hydrological connectivity. Water Res. 2015, 73, 98–108.
[CrossRef] [PubMed]

55. Li, Y.; Zhang, Q.; Cai, Y.; Tan, Z.; Wu, H.; Liu, X.; Yao, J. Hydrodynamic investigation of surface hydrological connectivity and its
effects on the water quality of seasonal lakes: Insights from a complex floodplain setting (Poyang Lake, China). Sci. Total Environ.
2019, 660, 245–259. [CrossRef] [PubMed]

56. Amezcua, F.; Rajnohova, J.; Flores-de-Santiago, F.; Flores-Verdugo, F.; Amezcua-Linares, F. The Effect of Hydrological Connectivity
on Fish Assemblages in a Floodplain System From the South-East Gulf of California, Mexico. Front. Mar. Sci. 2019, 6, 240.
[CrossRef]

57. Barbarossa, V.; Schmitt, R.J.P.; Huijbregts, M.A.J.; Zarfl, C.; King, H.; Schipper, A.M. Impacts of current and future large dams on
the geographic range connectivity of freshwater fish worldwide. Proc. Natl. Acad. Sci. USA 2020, 117, 3648–3655. [CrossRef]

58. Naia, M.; Hermoso, V.; Carvalho, S.B.; Brito, J.C. Promoting connectivity between priority freshwater sites for conservation in
intermittent hydrological systems. Aquat. Conserv. Mar. Freshwat. Ecosyst. 2021, 31, 1886–1900. [CrossRef]

59. Wang, W.; Fraser, J.D.; Chen, J. Wintering waterbirds in the middle and lower Yangtze River floodplain: Changes in abundance
and distribution. Bird Conserv. Int. 2016, 27, 167–186. [CrossRef]

60. Guan, L.; Lei, J.; Zuo, A.; Zhang, H.; Lei, G.; Wen, L. Optimizing the timing of water level recession for conservation of wintering
geese in Dongting Lake, China. Ecol. Eng. 2016, 88, 90–98. [CrossRef]

61. Abrial, E.; Espínola, L.A.; Rabuffetti, A.P.; Eurich, M.F.; Paira, A.R.; Blettler, M.C.M.; Amsler, M.L. Variability of hydrological
connectivity and fish dynamics in a wide subtropical–temperate floodplain. River Res. Appl. 2019, 35, 1520–1529. [CrossRef]

62. Dube, T.; Pinceel, T.; De Necker, L.; Wepener, V.; Lemmens, P.; Brendonck, L. Lateral hydrological connectivity differentially affects
the community characteristics of multiple groups of aquatic invertebrates in tropical wetland pans in South Africa. Freshwat. Biol.
2019, 64, 2189–2203. [CrossRef]

63. Wang, M.; Gu, Q.; Liu, G.; Shen, J.; Tang, X. Hydrological Condition Constrains Vegetation Dynamics for Wintering Waterfowl in
China’s East Dongting Lake Wetland. Sustainability 2019, 11, 4936. [CrossRef]

64. Ombadi, M.; Nguyen, P.; Sorooshian, S.; Hsu, K.L. Evaluation of Methods for Causal Discovery in Hydrometeorological Systems.
Water Resour. Res. 2020, 56, e2020WR027251. [CrossRef]

65. Wang, P.; Lai, G.; Li, L. Predicting the Hydrological Impacts of the Poyang Lake Project Using an EFDC Model. J. Hydrol. Eng.
2015, 20, 5015009. [CrossRef]

http://doi.org/10.1016/j.watres.2015.01.007
http://www.ncbi.nlm.nih.gov/pubmed/25647281
http://doi.org/10.1016/j.scitotenv.2019.01.015
http://www.ncbi.nlm.nih.gov/pubmed/30640093
http://doi.org/10.3389/fmars.2019.00240
http://doi.org/10.1073/pnas.1912776117
http://doi.org/10.1002/aqc.3564
http://doi.org/10.1017/S0959270915000398
http://doi.org/10.1016/j.ecoleng.2015.12.009
http://doi.org/10.1002/rra.3517
http://doi.org/10.1111/fwb.13406
http://doi.org/10.3390/su11184936
http://doi.org/10.1029/2020WR027251
http://doi.org/10.1061/(ASCE)HE.1943-5584.0001240

	Introduction 
	Materials and Methods 
	Study Region 
	Data Sources 
	Data Pre-Processing 
	Statistical Analysis 

	Results 
	HC and Temporal and Spatial Inundation Characteristics 
	Direct and Indirect Effects of the Hydrological and Meteorological Factors on HC 

	Discussion 
	Relative Importance of Hydrological and Meteorological Factors on HC 
	The Threshold of HC and Management Implications 
	Data Limitations and Future Research 

	Conclusions 
	References

