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Abstract: Freshwater cetaceans that inhabit river basins with seasonally changing hydrological
regimes have a higher risk of stranding, leading to increased mortality and population decline.
In Poyang Lake, the stranding risk of the critically endangered Yangtze finless porpoise are high,
due to the significant differences in hydrological and landscape conditions between the flood and
dry seasons. However, this stranding information is not well recorded, resulting in poorly guided
investigation and rescue efforts. We here employ remote sensing and hydrodynamic modeling to
obtain four evaluation indicators in dry, normal, and flood scenarios in Poyang Lake. Results show
that nearly 50% of the largest habitat range of the porpoises in the flood season will be land areas
during the dry season, and that landscape fragmentation between land and water has increased over
the past three decades. In all scenarios, the mean water depth of the habitat varied from 1.77 to 4.89 m
from September–February. In the dry scenario, about 59% of the habitat experiences a water depth
of <1 m within 15 days. The high stranding risk area is 284.54 km2 in the dry scenario, >251.04 km2

in the normal scenario, and >90.12 km2 in the flood scenario. High-stranding risk areas are located
within city boundaries, where porpoise stranding cases have been recorded, especially in Duchang,
which has the most high-risk areas in all scenarios. In all scenarios, the high stranding risk area has
an average bathymetry of 7.81 m and an average water depth between 1.75 and 5.54 m. Our results
can guide future investigations to establish sound stranding networks, and the methods proposed
here are also applicable to studies of other freshwater cetaceans facing severe stranding risk.

Keywords: wetland landscapes; hydrodynamic modeling; stranding risk assessment; freshwater
cetacean conservation; Yangtze finless porpoise; Poyang Lake

1. Introduction

Cetaceans are apex predators in freshwater and ocean systems, and they can indicate
the biodiversity and sustainability of aquatic ecosystems [1,2]. Some of these vulnerable
species are experiencing population decline and habitat degradation due to climate change
and increasing anthropogenic impacts such as shipping, fishing, pollution, and coastal
maritime engineering [3]. Due to their tendency to stay underwater for extended periods
and their slow life histories, it is difficult to directly determine the threats of environmental
conditions to cetaceans [4]. Stranding records are critical in revealing elusive information
about extant cetacean communities [5]. However, only long-term stranding data sets of
marine cetaceans have been recorded and studied globally [6]. Proximal factors causing
marine cetacean stranding are extreme weather conditions, geomagnetic storms, military
sonar, and physical contact with ships [5]. Freshwater cetaceans inhabit some large river
basins, and the main threats they face come from increasing human activities, such as
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artificial control of water flow and overfishing [7]. In addition, the dry season (or low-water
season) is the most challenging period for freshwater cetacean protection due to the limited
habitats [8]. This is especially true for cetaceans which inhabit river basins in Asia, as their
patchy distribution patterns and specific environmental preferences can greatly increase
the risk of stranding in shallow waters during dry seasons [9]. Thus, identifying the high
stranding risk areas for freshwater cetaceans is critical, such as the Indus River dolphin
(Platanista gangetica minor), Ganges River Dolphin (Platanista gangetica gangetica), Irrawaddy
dolphin (Orcaella brevirostiris), and the Yangtze finless porpoise (Neophocaena asiaeorientalis
asiaeorientalis) [10,11].

The Yangtze finless porpoise is currently the only freshwater cetacean that can be
found in the Yangtze River Basin (Figure 1) of China [12], and it is critically endangered,
with a wild population of around 1012 [13]. The Yangtze River Basin is one of the most
anthropogenically-modified freshwater systems globally [14]. The degradation of its habi-
tats has caused the porpoise population to decline and be unevenly distributed along the
middle and lower reaches of the Yangtze River [15]. Poyang Lake (Figure 1) is a large
seasonal freshwater lake naturally connected to the Yangtze River, which maintains a stable
population of about 450 porpoises [16]. Influenced by a subtropical monsoon climate,
the inundation area of Poyang Lake fluctuates between ~1000 km2 in the dry season and
~3000 km2 in the flood season [17]. However, the likely habitat of the porpoise (Figure 2)
occupies a small area of the lake inundation area, especially during the dry season [11].
During the past decades, stranding and overfishing have been the leading causes of por-
poise deaths, and a large part of them occurred in Poyang Lake [18]. Beginning in 2020,
the implementation of a “10-year fishing ban” will reduce the threat of fishing to the life
history of the porpoises [19].

During 2008 and 2020, nearly 70% of the porpoises whose death dates were recorded
in Poyang Lake died in the transitional season (September–October) and dry season
(November–February, unpublished data from Department of Agriculture and Rural Affairs
of Jiangxi Province). The flood season of Poyang Lake generally ends in August. After
August, the water level declines rapidly, and large areas of land are exposed. The dry
season begins in November, revealing a complex wetland system consisting of grasslands,
mudflats, sandbars, and water channels [17]. Therefore, as the water level continues to
decline, the risk of the porpoises being trapped and stranded in these wetland landscapes
also increases.

Understanding long-term changes in wetland landscapes and hydrological regimes
are two critical steps to assess the Yangtze finless porpoise stranding risk within Poyang
Lake habitats. Remote sensing is a versatile method for monitoring changes in wetland
landscapes [20,21]. Remote sensing can provide foundational information of surface cover
characteristics through long-term time series observations, especially for wetlands with
high human disturbance intensity and unstable natural conditions, such as rivers and
coastlines [22,23]. Hydrodynamic models can effectively simulate hydrological regimes
and water quality of freshwater or marine systems [11]. We here combine remote sensing
and hydrodynamic modeling to identify the high stranding risk areas of the porpoise in
Poyang Lake. In Section 2, we detail the methods of landscape extraction and hydrodynamic
modeling within the porpoise habitat and introduce the construction of a stranding risk
assessment model. Landscape features within the habitat, hydrological regimes, and the
level of stranding risk are presented in Section 3. Section 4 discusses the main results of
this paper from four aspects.
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Figure 1. (a) The location of the Yangtze River Basin and the Poyang Lake; (b) Map of the Poyang Lake
basin, including the Poyang Lake and tributaries; (c) Map of the lake boundary, grid, inflow boundary,
and outflow boundary used in hydrodynamic modeling, and the location of Xingzi hydrological
station; (d) Maps of the boundary of the cities which lie on Poyang Lake. The cities employed here
are: Hukou (HK), Jiujiang (JJ), Xingzi (XZ), Gongqing (GQ), Yongxiu (YX), Duchang (DC), Poyang
(PY), Xinjian (XJ), Nanchang (NC), Yugan (YG), and Jinxian (JX). Note that only the cities marked in
red have recorded porpoise stranding cases.
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Figure 2. Maps of wetland landscape differences between wet and dry seasons within the Yangtze
finless porpoise habitat; (a) Map of the flood season; (b) Map of the dry season; (1–6) Enlargement of
areas labelled in (a,b).

2. Materials and Methods
2.1. Likely Habitats of The Yangtze Finless Porpoise

The maximum range of the Yangtze finless porpoise habitat in Poyang Lake was
analyzed in a previous study [11] that applied a species distribution model. The maximum
habitat range for the porpoise is the area found during the flood season, with an area of
880 km2 (Figure 2). The habitat is continuously distributed from the southern tributary
estuary to the northern waterway, which connects to the Yangtze River. The habitat is
an entirely inundated area during the wet season and transforms into a complex system
formed by terrestrial landscapes and water during the dry season (Figure 2).
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2.2. Wetland Landscape Extraction

We selected a total of 31 scenes of Landsat Thematic Mapper (TM), Enhanced Thematic
Mapper Plus (ETM+), and Operational Land Imager (OLI) images from 1990 to 2020
acquired by Landsat satellite under clear weather in the dry season (Path121, Row 040,
https://earthexplorer.usgs.gov/, accessed on 1 February 2020) to identify which areas
within porpoise transition habitats will surface and form different wetland landscapes in
the dry season. All images were corrected by the FLASH module in the ENVI 5.3 software
by using the mid-latitude winter model to correct for atmospheric surface reflectance [24].
The wetland system of Poyang Lake during the dry season is mainly composed of water,
grassland, mudflats, and sandbars. We used a support vector machine (SVM) method to
extract the above four types of landscapes [25]. Then, the vector data of the four wetland
landscapes in the habitat range during the past 30 years were obtained.

2.3. Hydrodynamic Modeling

Water depth is a critical index for stranding, as previous studies have shown that
when the water less than 1 m deep, river dolphins will no longer have enough physical
space in which to swim [8,26]. In order to obtain daily high-resolution water depth data,
we employed a two-dimensional hydrodynamic model based on the Environmental Fluid
Dynamics Code (EFDC) [27]. The model can well-simulate the hydrological regime of
Poyang Lake, using previously established parameters [11]. In order to avoid data bias
caused by random selection, we first calculated the average water level recorded at Xingzi
hydrological station (Figure 1c) from September to February over the past 30 years. We
selected three years to represent three typical scenarios, and each of these years had a value
closest to the overall average water level. 2019 was selected as a typical dry condition (with
a mean water level of 7.92 m from September to February), 2012 was used as a typical
normal water condition (9.52 m), and 2020 was used as a typical flood condition (10.52 m,
Table 1).

Table 1. Mean water level of Xingzi station from September to October. Each year from 1990–2020
was divided into three scenarios: Dry condition, normal condition, and flood condition.

Dry Condition Normal Condition Flood Condition

Year Mean Water Level (m) Year Mean Water Level (m) Year Mean Water Level (m)

1992 8.49 1991 9.95 1990 10.09
2004 8.65 1995 9.91 1993 10.91
2006 7.27 1996 9.66 1994 10.16
2007 8.32 1997 9.62 1998 11.81
2009 6.53 2003 9.65 1999 10.5
2011 7.66 2008 9.59 2000 10.84
2013 7.96 2010 9.39 2001 10.05
2018 8.49 2012 9.57 2002 10.21
2019 7.92 2014 9.18 2005 10.2

2015 9.35 2020 10.51
2016 9.09
2017 9.28

Average 7.92 Average 9.52 Average 10.53

The computational domain of the model is the Poyang Lake boundary, using 58,983
total grid cells. The observed runoff data of the five major tributaries in 2019, 2012, and
2020 (Figure 1c) was the inflow condition of the model, and the outflow condition of the
model was set as the observed water level data of Hukou station in 2019, 2012, and 2020
(Figure 1c). The lake bathymetry of the model was taken from a digital elevation model
(DEM) measured in 2010 [28]. The model accuracy was verified by comparing the simulated
and recorded water level of the Xingzi station. The validation indices used are the mean
absolute error (MAE), mean relative error (MRE), and root-mean-square error (RMSE).
After verification (Table 2), the daily water depth data in three scenarios (2019, 2012, and
2020) were obtained.

https://earthexplorer.usgs.gov/
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Table 2. Validation results of water level simulated by the EFDC hydrodynamic model and recorded
at Xingzi hydrological station; R represents recorded water level; S represents simulated water level.

Mean Water Level in 2019 (m) Mean Water Level in 2012 (m) Mean Water Level in 2020 (m)

R S MAE MRE RMSE R S MAE MRE RMSE R S MAE MRE RMSE

10.88 11.07 0.22 2.15 0.28 11.95 12.33 0.38 3.87 0.46 11.97 12.19 0.24 2.47 0.33

2.4. Stranding Risk Evaluation Indicators

We use the following indicators to construct the stranding risk of the porpoise: First,
the landscape fragmentation in the habitat during the dry season; Second, days of water
depth drop; Third, the water depth difference; Fourth, relief degree of lake bathymetry. All
indicators were exported as raster data with a resolution of 30 × 30 m, and the boundary is
the porpoise habitat range. The details of each indicator are as follows.

2.4.1. Landscape Fragmentation

We converted the landscape type distribution vector files of Poyang Lake wetland from
1990 to 2020 to raster files and reclassified the raster data into land and water bodies. We
then calculated five landscape metrics that can reflect the landscape fragmentation within
the porpoise habitats using the Fragstats software [29], including patch number (NP), patch
density (PD), average patch area (AM), edge density (ED), and aggregation index (AI).
According to the comparison of the results of each index, the ED metric was selected to
represent the fragmentation between land and water body [30]. ED is the sum of perimeters
of all the landscape patches per unit area—the greater the ED, the more fragmented land
and water, and the greater the risk of porpoise stranding. We then averaged the ED in
corresponding years according to the flood, normal, and dry scenarios (Table 2).

2.4.2. Days of Water Depth Decline

The days of water depth decline was defined by calculating the number of days it
took for the water depth to drop below 1 m during September to February, expressed in
multiples of 15 days. The shorter the time it takes for the water depth to drop below 1 m,
the higher the risk of the porpoise stranding.

2.4.3. Water Depth Difference

The water depth difference is the difference between the maximum and minimum
water depth within the habitat range from September to February. The greater the difference,
the higher the risk of porpoise stranding.

2.4.4. Relief Degree of Lake Bathymetry

The relief degree represents the difference in the bathymetry of lake bottom within a
unit area. The higher the relief, the easier it is to form isolated ponds when the water drops,
leading to the stranding of the porpoises. The optimal analysis window is determined by
the mean change point analysis [31], and then the relative elevation difference of the lake
bathymetry within the optimal window is extracted through the spatial analysis toolbox of
Arcgis10.6.0 to determine the relief degree of lake bathymetry [32].

2.5. Delineation of the High Stranding Risk Area

We normalize all indicators defined above to construct a comprehensive stranding risk
evaluation model. The days of water depth decline was inversely normalized (Equation
(1)), since it is negatively correlated with the porpoise stranding risk. The other three
indicators are directly normalized (Equation (2)) as they are positively related to the
porpoise stranding risk.

Iscorei =
xi − min(xi)

max(xi)− min(xi)
(1)
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Iscorei =
max(xi)− xi

max(xi)− min(xi)
(2)

where Iscorei is the normalized value of the raster, xi is the original raster of an indicator,
and max (xi) and min (xi) are the maximum and minimum values of the original raster,
respectively.

Next, the comprehensive evaluation model of the porpoise stranding risk was con-
structed by multi-factor weighted superposition. Due to the lack of detailed finless porpoise
stranding information, it is difficult to determine the weight of each indicator by the true
correlation between indicators and stranding. Therefore, we use the same weights for the
four indicators to delineate the stranding risk area, according to Equation (3):

SRL = 0.25 × LFNorm + 0.25 × DWDNorm + 0.25 × WDFNorm + 0.25 × RDBNorm (3)

where SRL is the stranding risk level, LFNorm is the normalized landscape fragmentation,
DWDNorm is the normalized days of water depth decline, WDFNorm is the normalized water
depth difference, and RDBNorm is the normalized relief degree of lake bathymetry.

3. Results
3.1. Landscape Variation within Habitats

From 1990 to 2020, the mean area of terrestrial landscapes within the porpoise habi-
tat was 439.83 ± 194.31 km2, accounting for 49.53 ± 21.88% of the habitat area. Grass-
land and mudflats were the two major landscape types observed, with a mean area of
260.26 ± 148.70 km2 (accounting for 52.39 ± 21.96% of the total area) and 167.29 ± 85.03 km2

(45.04 ± 22.33% of the total area). The mean value of landscape fragmentation within the
habitat was 10.21 ± 2.96. Grassland area and landscape fragmentation increased over the
past 30 years (Figure 3).

During dry condition years, the mean area of terrestrial landscapes was
572.51 ± 194.31 km2, accounting for 64.47 ± 5.10% of the habitat area. Mudflat areas were
the dominant landscape type, with a mean area of 336.93 ± 76.43 km2 (58.71 ± 11.31% of the
total). The mean value of landscape fragmentation within the habitat was 11.86 ± 0.93. The
area of mudflats and landscape fragmentation decreased over the past 30 years (Figure 3).

During normal conditions, terrestrial landscapes occupied 54.20 ± 20.67% of the
habitat area, with a mean area of 481.36 ± 183.53 km2. The percentage of the mudflats
was 55.40 ± 19.86%. The mean value of landscape fragmentation within the habitat was
10.27 ± 2.89, showing an increase over the past 30 years (Figure 3).

Under flood conditions, the mean area of terrestrial landscapes was 294.55 ± 201.03 km2,
accounting for 33.17 ± 22.64% of the habitat area. Grassland was the major landscape type,
accounting for 52.39 ± 30.10% of the total area. The mean value of landscape fragmentation
within the habitat was 8.65 ± 3.58, and it remained stable in the flood years (Figure 3).

3.2. Characteristics of Hydrological Conditions in the Habitat

Under dry conditions, the mean water depth within the habitat was 1.77 ± 2.94 m. The
water depth was mainly less than 3 m, except for the main waterway (Figure 4). During
September, about 59% of the habitat area experienced a rapid water depth decline, dropping
to less than 1 m within 15 days. The overall water depth difference of the habitat was
3.47 ± 1.74 m, and the water depth difference in the northern habitat is higher than that in
the south (Figure 4).
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Figure 3. (a–d) The variation of landscape areas and the landscape fragmentation in habitats from
1990 to 2020, (a) variation in all years, (b) dry years, (c) normal years, (d) flood years; (e–g) wetland
landscapes within the habitat range, (e) dry condition in 2019, (f) normal condition in 2012, (g) flood
condition in 2020.
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Figure 4. (a–c) Mean water depth during September to February under flood, normal, and dry
conditions, respectively; (d–f) Days of water depth decline below 1 m under flood, normal, and
dry conditions, respectively; (g–i) Water depth difference under flood, normal, and dry conditions,
respectively; (j) Bathymetry of habitat; (k) Relief degree of bathymetry.
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Under normal conditions, the mean water depth within the habitat increased to
4.63 ± 3.44 m. The water depth in the northern habitats all exceeded 3 m (Figure 4). Over
45% of the habitat water depth decreased below 1 m in ~45 days since September, almost
all of which were distributed in the southern part of the habitat (Figure 4). The water depth
difference in habitat all exceeded 5 m (Figure 4), with a mean value of 8.60 ± 1.84 m.

Under flood conditions, the spatial characteristics of water depth were similar to
normal conditions, averaging 4.89 ± 3.40 m. From September, it took 75 days for more than
half of the habitat water depth to drop below 1 m (Figure 4). The water depth difference in
all habitats exceeded 8 m (Figure 4), with a mean value of 11.81 ± 1.83 m.

3.3. Stranding Risk of the Yangtze Finless Porpoise

In all scenarios, high stranding risk areas were only located within boundaries of
the eight cities where porpoise stranding cases have been recorded (Figure 1d). Under
dry conditions, the area of high stranding risk was 284.54 km2, accounting for 32% of
the habitat range. High-risk areas were distributed continuously in the northern, central,
and southern habitats of the lake (Figure 5). The high-risk areas within the boundaries
of Duchang, Yugan, Xinjian, Yongxiu, and Hukou all exceeded 10% of the total high-risk
areas (Table 3). Under normal conditions, high-risk areas were discontinuously distributed
in most habitat areas, with a total area of 251.04 km2. High-risk areas distributed in the
central areas of Poyang Lake (within the boundaries of Duchang and Xinjian) accounted for
almost half of the total area (Table 3). Under flood conditions, high-risk areas were smaller
(90.12 km2), and were unevenly distributed in the habitat. Again, Duchang contained most
of the high-risk areas, accounting for 32.24% of the total (Table 3).

Figure 5. (a–c) The stranding risk of the Yangtze finless porpoise habitats under flood, normal, and
dry conditions, respectively; (d–f) Distribution of high stranding risk areas under dry, normal, and
flood conditions, respectively.
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Table 3. High porpoise stranding risk areas (within city boundaries) under dry, normal, and flood
scenarios. The cities employed here are: Duchang (DC), Hukou (HK), Jiujiang (JJ), Poyang (PY),
Xinjian (XJ), Xingzi (XZ), Yongxiu (YX), and Yugan (YG).

Dry Conditions Normal Conditions Flood Conditions

City High Risk
Area (km2)

Proportion
(%)

High Risk
Area (km2)

Proportion
(%)

High Risk
Area (km2)

Proportion
(%)

DC 92.74 32.59 70.99 28.28 29.06 32.24
HK 29.82 10.48 23.89 9.52 4.84 5.37
JJ 8.92 3.14 10.20 4.06 3.32 3.68

PY 17.27 6.07 12.62 5.03 5.41 6.00
XJ 39.91 14.03 50.68 20.19 20.01 22.21
XZ 15.29 5.37 18.80 7.49 8.71 9.66
YX 36.09 12.68 29.45 11.73 10.63 11.79
YG 44.49 15.64 34.42 13.71 8.16 9.05

Total 284.54 100 251.04 100 90.12 32.24

3.4. Characteristics of High Stranding Risk Areas

The mean bathymetry of the high-risk areas was similar in all scenarios, with an
average of 7.81 ± 3.36 m. The mean bathymetry relief degree in the high-risk area had
a gradient pattern, with the highest degree under dry conditions (6.1 ± 4.45 m) and
the lowest under flood conditions (5.54 ± 4.26 m). The mean water depth of high-risk
areas during September to February was 1.75 ± 2.72 m under dry conditions, which was
significantly lower than under normal conditions (5.54 ± 4.26 m) and flood conditions
(5.54 ± 4.26 m, Figure 6). Under dry and normal conditions, mudflat area was the major
terrestrial landscape within the high-risk area, with a mean proportion of 46% and 41% of
the total high-risk area, respectively (Figure 6).

Figure 6. Configuration characteristics of high stranding risk areas in dry, normal, and flood scenarios;
(a) Conditions of bathymetry, relief degree, and mean water depth; (b) Areas of different landscapes.

4. Discussion

Stranding records are a critical information source for understanding cetaceans [5].
However, existing stranding records and studies of freshwater cetaceans are far less detailed
than those of marine cetaceans [33–35]. In marine systems, changes in natural conditions
such as geomagnetic storms, storms, sea surface temperature change, and physical contact
with ships often lead to disorientation, injury, death, and subsequent stranding [36,37].
In contrast, stranding of freshwater cetaceans inhabiting seasonal river basins is often
the direct cause of their high mortality, including the Indus River dolphin, the Ganges
River Dolphin, and the Yangtze finless porpoise [9,38,39]. These freshwater cetaceans
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tend to have specific preferences for hydrological conditions [11], and a significant drop
in water depth within their habitats can lead to them being trapped in isolated waters,
leading to stranding [40]. Therefore, finding links between population decline and natu-
ral environmental conditions is of great significance for formulating macro-conservation
strategies. Due to the lack of information on the proximal causes of the death of freshwater
cetaceans, the establishment of a sound stranding information network is critical [8]. Here,
we have provided a novel approach that combines remote sensing and hydrodynamic
modeling to map the high stranding risk area of the Yangtze finless porpoise in a typical
seasonal lake, which is a key step in collecting stranding data and developing targeted
conservation strategies.

4.1. Evaluation Indicator Selection

We selected four environmental conditions as the evaluation indicators of the Yangtze
finless porpoise stranding risk based on the characteristics of Poyang Lake. The first one
is landscape fragmentation, which represents the distribution pattern of water and land.
Generally, the water level of Poyang Lake begins to decline in September, and large areas
of grassland, mudflats, and sandbars are exposed during November to December [25].
Therefore, the general situation and trends of the water and land distribution in the lake
can be understood through the extraction of landscape types over time. High landscape
fragmentation indicates that the waters in the area are separated into independent units by
land, which will inevitably increase the risk of porpoise stranding. The second indicator is
days of water depth decline. When the water depth is less than 1 m, freshwater cetaceans are
likely to be trapped because there is not enough space for them to swim and escape [8,26].
We thus determined the number of days it took for the water depth in the habitat to drop
below 1 m under dry, normal, and flood scenarios. From the beginning of September to
the end of February, the shorter the number of days, the faster water depth recedes, and
the higher the risk of porpoises being trapped. The third indicator is the water depth
difference, which is the difference between the maximum water depth and the minimum
water depth from September to February. Our previous work demonstrated that the water
depth preference of the Yangtze finless porpoises varies from 4 to 12 m with the season [11],
and the larger the water depth difference, the higher the instability of the area. The fourth
indicator is the relief degree of lake bathymetry, which is often used in the suitability
evaluation of terrestrial ecological environments [30,32]. In aquatic ecosystems, the relief
degree represents the difference in the bathymetry within a unit area [41]. The higher the
relief degree, the easier it is to form isolated ponds when the water depth drops, causing
the porpoise to be tapped and stranded.

4.2. The Plight of the Yangtze Finless Porpoise

Poyang Lake is often considered the last refuge of the Yangtze finless porpoise [13],
though the population growth rate of the porpoise is declining [16]. From 2008 to 2014,
the number of dead porpoises found in Poyang Lake was nearly 30% of the total found
in the Yangtze River basin. We found here that the high stranding risk area accounted for
a high proportion of the porpoise habitat, especially during dry years. At the end of the
wet season, porpoise habitats become greatly compressed until only habitats in the narrow
main waterway remain [42]. Since 2000, both natural and anthropogenic factors have
complicated the protection and the population recovery efforts of Yangtze finless porpoises
in Poyang Lake. First, the continuous water decline of the lake has caused an advanced
and prolonged dry season, and a decrease in inundation area [17,43,44]. Compared with
the previous period, the water level within the Duchang boundary with the most high-risk
areas obtained in this study decreased by more than 0.8 m after 2000 [45]. This is also
the area where the most dead porpoises have been found (unpublished data from the
Department of agriculture and Rural Affairs of Jiangxi Province). The drop in water level
will cause more terrestrial landscapes to be exposed during the dry season. The grassland
of the lake has expanded toward the center of the lake in recent years [25]. At the same
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time, grassland in the lake is a natural spawning ground and feeding ground for fish fauna,
and the porpoises prefer waters closer to grassland [24].

Poyang Lake has now banned fishing for ten years, so overfishing should not signif-
icantly contribute to the stranding of the porpoises in the near future [19]. The current
major human disturbance in the lake that may exacerbate the risk of porpoise stranding
is high magnitude sand mining. Poyang Lake has supplied a large amount of sand and
gravel for infrastructure development in China since 2000, and it currently has one of the
largest sand mining fields in the world [46]. Sand mining operations in Poyang Lake are
mainly concentrated in the northern waterway connecting with the Yangtze River. This
area is an important habitat for Yangtze finless porpoises, and there are also large areas of
high stranding risk area (Figure 5, Table 3). Sand mining operations will create undulat-
ing dunes and pits on the lake bottom, which may attract porpoises to feed and become
stranded [13,28]. In general, the environmental conditions of the habitats of Yangtze finless
porpoises are degrading, and there is a possibility of increasing high-stranding risk areas.
Targeted measures are thus urgently needed to alleviate this situation.

4.3. Suggested Implementation Measures

Stranding rates are also high for freshwater cetaceans inhabiting the Indus and Ganges
River basins, due to extensive barrage and canal networks that cause them to enter irrigation
canals during dry seasons for suitable water depth conditions [40]. Most of these river
dolphins have been rescued under commendable rescue–release operations [47]. However,
for a large shallow lake with a maximum area in excess of 4000 km2 [48], the high stranding
area is widely distributed, and varies with shifting hydrological conditions (Figure 5). Thus,
detecting trapped or stranded Yangtze finless porpoise in Poyang Lake is more complicated
than Indus/Ganges River dolphins found in irrigation canals. In addition, most of the
high-stranding risk areas in Poyang Lake cannot be reached by boats due to the low water
depth, which means it is technically challenging to detect and rescue the stranded porpoise
in time. Given this, we recommended the following measures:

1. The high-risk areas identified in this study require systematic and targeted investi-
gations of the Yangtze finless porpoise, especially in years with low water level and
rapid water decline.

2. Governments of cities containing high-risk areas should strengthen training and
logistical support for porpoise rescue and formulate sound rescue guidelines by
learning from the successful experience of other wildlife conservation efforts.

3. A wider social awareness of porpoise stranding protection requires widespread partic-
ipation, including research institutes, universities, and NGOs. Because of the recent
fishing ban, former fishers are ideal partners to provide critical support in the planning
of surveys and rescue routes.

4. It is necessary to explore the feasibility of technical interventions to help the porpoises
escape from high stranding risk areas. Methods such as acoustic facilities, artificial
landscape modifications, and water level regulation can all help prevent porpoise
stranding, while other impacts they will cause cannot be underestimated.

4.4. Implications for Future Conservation

For the conservation of endangered long-lived mammals, mortality determines popu-
lation variation. Therefore, obtaining the correlation between the actual cause of death and
mortality can guide conservation strategies. Freshwater cetaceans urgently need stranding
networks like marine cetaceans [5,9]. Our study presents baseline information on iden-
tifying the Yangtze finless porpoise stranding risk, which is a first step in establishing a
stranding network. By conducting intensive surveys in high-risk areas, the location and
environmental conditions of the porpoise mortalities can be systematically collected, and
further biological information can be obtained through necropsy techniques.

A sound stranding network should also include long-term monitoring of key envi-
ronmental elements, such as changes in hydrological conditions and wetland landscapes
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within Poyang Lake, in order to respond to possible mortality peaks rapidly. With the devel-
opment of hyperspectral remote sensing, the temporal and spatial resolution of freshwater
ecosystems monitoring has greatly improved [49,50]. Hydrodynamic models can reproduce
hydrological situations under natural conditions and realize simulations under artificial
control [11,28]. These two techniques, combined with detailed mortality information, can
serve to formulate future conservation strategies to reduce the extinction risk of endangered
freshwater cetaceans.

5. Conclusions

The stranding risk of porpoises in Poyang Lake is high, due to seasonal changes in
hydrological regime and wetland landscapes distribution. Using average water level from
September to February, we classified the years from 1990 to 2020 as typical scenarios of
flood, normal, and dry conditions. The distribution of landscape types and landscape
fragmentation in the porpoise habitat range from 1990 to 2020 were then extracted through
remote sensing. The daily water depth from September to February under each scenario
was simulated by hydrodynamic modeling. A stranding risk assessment model was
constructed according to four indicators: landscape fragmentation, days of water depth
decline, water depth difference, and relief degree of lake bathymetry.

Our results demonstrate the following. First, half of the porpoise habitat will be
exposed during the dry season, forming grassland and mudflats, and this landscape
fragmentation is increasing; Second, from September to February, the water depth of nearly
half of the habitat declined to less than 1 m within 15 days (dry scenario), 45 days (normal),
and 75 days (flood). The mean water depth difference of the habitat varied from 3.47 to
11.81 m in the three scenarios. Third, the high-risk range was 284 km2, 251 km2, 90 km2 in
the dry, flat, and abundant scenarios, accounting for 32%, 29%, and 10% of the total habitat
area, respectively. Fourth, the high stranding risk area has an average bathymetry of 7.81 m
and mean bathymetry relief degree of 5.87 m. We strongly suggest that high-risk areas
within the boundaries of cities around Poyang Lake should conduct systematic surveys
in the future and record detailed data on stranding cases. The methods of our study can
support the establishment of sound stranding networks by understanding and quantifying
the relationship between changes in environmental conditions.
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