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Reserve planning based on the investigation of the core habitat distribution of
wild cetaceans is a powerful conservation strategy for protecting target species.
However, studies on core habitats and their variations at the large-scale
distribution of cetaceans are limited. In this study, we conducted a seven years
(2015-2021) boat-based field observation surveys with highly applicable and
generalized methods to analyze the habitat changes and how these changes
influenced the largest known Indo-Pacific humpback dolphin (Sousa chinensis)
population in the Pearl River Estuary (PRE), China. Our findings revealed that
there is 3204 km? of dolphin habitat in the PRE, and dolphin distribution
preferences are related to nutrients and biological resources. The decreasing
trend of dolphin sighting rates in most areas (73.2%) indicated that the dolphin
habitat had declined, and the annual habitat decline rate (2.83%; 95% confidence
interval: 0.58%-5.08%) was consistent with the population decline rate. The
annual habitat decline rate in the hypoxic zone revealed that low dolphin sighting
rates from March to October in the hypoxic zone was 0.43% faster than that in
the non-hypoxic zone, indicating long-term sustained effects of summer
hypoxia on the dolphin population. Existing reserves have partially prevented
habitat decline. However, more than 82.3% of the habitat has not been effectively
protected and encounters the threats of pollution and hypoxic stress. This study
offers new scientific evidence for developing effective monitoring strategies for
humpback dolphin populations in the PRE, and also help establish spatial
planning and management measures for reserve habitats.
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Introduction

Habitat is a natural environment that wild animal populations
depend on for survival and reproduction, and ensuring the
integrity of a habitat, including size, mass structure, and
connectivity, is key to maintaining the long-term survival of the
population (Doak, 1995; Griffen and Drake, 2008). Compared to
the pelagic cetaceans, nearshore dolphins are more susceptible to
various human disturbances, especially the development of coastal
infrastructure, and other environmental changes (Thompson
et al., 2000; Stockin et al., 2008). Many species living in coastal
waters face the danger of declining populations due to habitat
deterioration and loss, which has become an important factors in
wildlife extinction (Fahrig, 2003; Bearzi et al., 2004; Ross et al,
2011). Identifying the core habitats of wildlife populations can
provide essential foundational information for planning and
managing nature reserves (a powerful conservation strategy)
(Bailey and Thompson, 2009; Fahrig and Triantis, 2013).
Therefore, understanding the habitat dynamics of endangered
cetaceans and identifying the main factors influencing population
conservation is important.

The Pearl River Estuary (PRE) and its adjacent waters are home
to the largest known population (> 2000 individuals) of Indo-
Pacific humpback dolphins (Sousa chinensis) worldwide, which is
of great significance for the preservation of precious resources of
this species (Chen et al., 20105 Jefferson and Smith, 2016). Currently
the species S. chinensis has been classified as Vulnerable (VU) on
the IUCN Red Species List, but the PRE population has not yet been
officially evaluated on the Red Species List. Variuos studies have
indicated that this population could reach the status of Endangered
(EN) or even Critically Endangered (CR) (Huang et al., 2012; Chan,
2019). Several previous studies have investigated the life history,
population size, survival rates, age structure, feeding habits, socio-
behavioral dynamics, and pollutant accumulation in Indo-Pacific
humpback dolphins in the PRE (Chen et al., 20105 Jefferson et al.,
2012; Lin et al., 2021b; Sun et al., 2022). Since cetaceans have a fully
aquatic lifestyle and are difficult to observe, surveys of their habitats
are often subject to various limitations, such as weather conditions,
and human and material resources. Sighting surveys are also time
consuming for collecting sufficient data. The dynamics of core
habitats of humpback dolphins on continuous time scales and the
identification their environmental characteristics have rarely been
considered in the PRE, to date, there have been no published studies
on the core habitat distribution.

Indo-Pacific humpback dolphins mainly live along the coast
from tropical to warm temperate zones (from central China in
the east, southward throughout Southeast Asia, and westward
around the coastal rim of the Bay of Bengal to at least the Orissa
coast of eastern India), including bays, lagoons, estuaries, and
other water regions, with depths of no more than 30 m
(Karczmarski et al., 2015; Jefferson and Smith, 2016).
Oceanographic variables (e.g., distance from shore, water
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depth, chlorophyll-a concentration, and salinity) and
ecological conditions (e.g., prey distribution and abundance)
and determine the spatial patterns of humpback dolphins (Wu
etal, 2017a; Lin et al., 2021a). However, the inshore distribution
of humpback dolphins makes their habitats extremely vulnerable
to human activity. Their habitats may also change over time,
depending on the variability of the population, dietary
availability, and deterioration of their living environment
(Karczmarski et al., 2015). Therefore, habitat changes of
humpback dolphins in the PRE and the related influencing
factors deserve further study.

The PRE is a rapidly developing metropolitan area that is
influenced by some of the most intense human activity (Halpern
et al, 2015). Phytoplankton blooms and episodic events of
hypoxia (dissolved oxygen concentrations of < 2 mg L or
62.5 umol L") occur frequently in the PRE and adjacent coastal
waters (Li et al., 2020b). Coastal hypoxia not only alters
sedimentary structures and biogeochemical cycles but also
deteriorates the sustainability of marine ecosystems, including
increased biological mortality, loss of reproductive capacity, and
changing benthic communities (Conley et al., 2010; Rabalais
etal., 2010; Breitburg et al., 2018). Previous studies have reported
reported the potential ecological effects of hypoxia on a variety of
low-trophic marine organisms, including zooplankton,
crustaceans, macro-invertebrates, and fish (Levin et al., 2009;
Roman et al, 2019). However, the effects of hypoxia on the
habitats of marine mammals such as cetaceans have rarely
been studied.

In this study, the distribution and changes in the core habitat
of the PRE humpback dolphin population were studied over
seven years (2015-2021) using boat-based field observation
surveys by employing a generalized analysis method. We
investigated the relationships between different dolphin
sightings and the characteristics of the water environment
using factor analyses. We further compared the habitat change
trends in different areas each year during the surveys to explore
the impact of existing reserves and hypoxic zones on dolphin
habitats. Our findings provide a new scientific perspective and
an important approach to explore effective monitoring
programs, spatial planning and adjustment managements of
natural resource conservations.

Materials and methods
Study area

The Pearl River Estuary (21°30’-23°30" N and 112°30’-114°
30'E) is one of the most industrialized and densely urbanized
areas in the world, encircled by cities including Hong Kong,
Shenzhen, Dongguan, Guangzhou, Zhongshan, Zhuhai, and
Macao (Figure 1). The water depth is < 30 m and the annual
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average water surface temperature averages is 24°C (Liu et al,,
2020). A multi-year mean runoff (freshwater containing many
nutrients) amounts to 3.3 x 10" m’ in the PRE with eight
waterways which receives annual ammonia, nitrate, and
phosphate loads of 2.64 x 10% 4.30x 10°, and 2.55 x 10* tons,
respectively (Cui et al., 2019; Li et al., 2020a). Hypoxia in
summertime sporadically occurred in the lower PRE for more
than three decades and showed a similar pattern every year (Cui
etal,, 2019; Li et al., 2020a). Previous studies have indicated that,
the eastern boundary of the PRE Indo-Pacific humpback
dolphin population was Hong Kong waters, while the western
boundary might extend westward to Mangzhou Island (Chen
etal, 2010; Lietal,, 2019). Based on the background information
provided by early studies, the current nature reserves have been
stablished and include two major parts: the highlighted Lingding
Bay (460 km?) in the eastern PRE extending from the west coast
of Hong Kong to the east coast of Macao, and the region near
Dajin Island (108 km?) in the western PRE (Figure 1).

Data collection

Data on humpback dolphins were collected from 2015-2021
using boat-based observational surveys. The observation surveys
were conducted using small boats equipped with Suzuki 90-120

10.3389/fmars.2022.1048959

4-stroke outboard engines, and the cruise surveys generally
ranged from 7.8 - 8.2 m, with more surveys in the east than in
the west PRE. Survey protocols, including field sampling
methods, have beene described in previous studies (Chan and
Karczmarski, 2017; Guo et al., 2020). Briefly, the survey team
consisted of at least three observers continuously scanning the
front and sides of the boat with the naked eyes. Once sighted, the
dolphins were approached from the side at a low boat speed, and
waypoints were recorded using a Garmin handheld GPS map78s
at the sighting location. The survey tracks and sighted humpback
dolphins are shown in Figure 1.

We collected environmental data in the study area, including
offshore distance and distance to the estuary, water quality
parameters, and hypoxic zone distribution. The offshore
distance and distance to estuary were calculated by the tool
“Near” of ArcMap v10.2 The 26 water quality indices included
depth, temperature, salinity, pH, dissolved oxygen (DO),
chemical oxygen demand (COD), ammonia nitrogen, nonionic
ammonia, fecal coliform, chlorophyll-a, suspended solids,
inorganic nitrogen, petroleum, active phosphate, total
phosphorus, total chromium, total nitrogen, nitrogen nitrite,
nitrogen nitrate, As, Cu, Cr, Cd, Pb, Hg, and Zn during the
investigation period, which were obtained from the Department
of Ecology and Environment of Guangdong Province in China
(http://gdee.gd.gov.cn/jhszl/index.html). Data on the hypoxic
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zone distribution during the investigation period were obtained
according to published databases (Li et al., 2020a) and (Cui et al.,
2019). The water sampling sites and hypoxic zone distribution
are shown in Figure 1.

Data analyses

The total humpback dolphin ranging area could be < 5000
km?, and its east-west distribution spans approximately 200 km
(Chen et al., 2010). Considering that it is difficult to evenly cover
the entire distribution range of humpback dolphins using the
classic and widely used boat-based survey methods of marine
ecological surveys and effort in various regions may not be
uniform, a kernel density analysis method that could eliminate
the impacts of effort was used to estimate the core habitat
distribution of humpback dolphins in this study. The
proposed analysis method may provide an important reference
for the habitat study of cetacean populations with wide
distribution areas and difficulty in regional survey
investigations. On the survey map (Figure 1), fishnet grips
with a cell size of 1 x1 km in the study area were created
using the ArcMap v10.2 toolbox. By counting the sightings and
surveys of each cell, we calculated the sighting rate (sightings/
surveys/km?) for each cell from 2015 - 2021. Using the kernel
density of the ArcMap v10.2 toolbox, spatial analyses were
conducted according to the sighting locations, selecting the
population as the sighting rate and setting the search radius to
5 km. The geographic coordinate system used in this process was
WGS 1984 and the projected coordinate system was WGS 1984
UTM Zone 49N. We calculated Kendall’s tau coefficients of the
sightings rates of humpback dolphins and the year of each cell
using MATLAB (MathWorks, R2020D) to evaluate the increased
sightings rate (Kendall’s tau > 0) or decreased one (Kendall’s
tau < 0) of humpback dolphins in each cell (p < 0.05
significance level).

Based on the distribution of water sampling sites, this study
explored the kriging interpolation method by integrating water
sampling sites with dolphin sighting lofcations and retrieved 26
water quality parameters per cell in humpback dolphin habitats. We
calculated Spearman's correlations between different sighting rates
and environmental factors, selected the factors with a significant
correlation (p < 0.05) with dolphin sighting rates for factor analyses,
and obtained the relationship between dolphin sighting rates and
different factors in RStudio (RStudio 2022). Similarly, we selected
the environmental factors that had significant differences (Mann-
Whitney U-test, p < 0.05) in the areas where dolphin sightings
increased significantly (Kendall’s tau > 0, p < 0.05) and decreased
significantly (Kendall’s tau < 0, p < 0.05), and incorporated these
factors into factor analyses to explore the relationships between
environmental factors and the changes in dolphin sighting rates
using RStudio (RStudio 2022).
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In addition, we calculated the sighting area rates (annual
sighting area/annual survey area) of humpback dolphins in
different regions (on or off the reserve, and in hypoxic and
non-hypoxic zones) of each year, and fitted the linear
relationships between the sighting area rate and the year with
its 95% confidence interval (CI), which could indicate whether
the distribution of humpback dolphins changed in recent years.
Considering the seasonal occurrence of hypoxic phenomena,
we further compared the differences (Mann-Whitney U-test)
in dolphin sighting rates in the same month and the consistency
(two-sample Kolmogorov-Smirnov test) of the monthly
average sighting rates between the hypoxic and non-hypoxic
zones to explore the influence of the hypoxic zone on
dolphin distribution.

Results

Three hundred and seventy boat-based surveys were
conducted during the investigation period from 2015-2021.
The total survey time was 1900 h with a survey distance of
over 37,000 km, and a total of 1775 humpback dolphin groups
were sighted (Table 1). On average, 53 (SD * 11) surveys were
conducted and approximately 254 (SD + 96) groups of
humpback dolphins were sighted per year, with an annual
investigation time of approximately 275 h (SD + 70) h and a
survey distance of approximately 5345 km (SD + 1009).

Habitat distribution and changes

During survey from 2015-2021, humpback dolphins were
observed in 736 km* of the 2882 km? surveyed area. Most
humpback dolphins were distributed with a distance of 5 km
offshore with a depth of less than 20 m, and preferred to gather
in the waters near the estuaries. The spatial distribution within
the 3204 km?> area of humpback dolphins by kernel density
estimation was well-defined, indicating that humpback dolphins
were found in waters offshore with the core areas mainly
clustered around near-shore islands in the PRE (Figure 2A).
This study demonstrated that the core habitats of humpback
dolphins were located in the surrounding waters on the
northeast side of Qiao Island, the northwest side of Neilingling
Island, west side of Lantau Island and surrounding Sanjiao
Island in the eastern PRE (Figure 2B). In the middle region of
the western PRE, the dolphins were mainly distributed in the
water from the south side of Hengqin to the southeast side of
Sanzao (Figure 2C). In the western PRE, the core areas of the
humpback dolphins were near the waters to the south of Dajin
Island to the north of Shangchuan Island (Figure 2D), the waters
between the Shangchuan and Xiachuan Islands and the
surrounding area of Mangzhou Island (Figure 2E).
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TABLE 1 Survey number, time, distance, and the sighting number of Indo-Pacific humpback dolphins recorded in the Pearl River Estuary from

2015 - 2021.

Years No. surveys Survey time (hour)
2015 75 395

2016 47 251

2017 58 322

2018 54 268

2019 45 295

2020 40 195

2021 51 202

Total 370 1928

Surprisingly, more than 82.3% (2636 km?®) of all humpback
dolphin habitats were found beyond the existing reserves, and
39.7% (1273 km?) of the region showed hypoxic occurrences
during the survey period in the PRE (Figure 2A).

By calculating the Kendall’s tau correlation coefficients
between the sighting rates and year of each cell over time,
most areas of the PRE (73.2%; 2345 km?) showed a downward
trend (Kendall’s tau < 0) in the sighting rates of humpback
dolphins, and 200 km?® of them decreased significantly (p < 0.05)
(Figure 3A). The main areas with decreased dolphin sighting
rates were in the waters surrounding the southern side of
Neilingling Island and Sanjiao Island in the eastern PRE
(Figure 3B). A downward trend of dolphin sighting rates was
also observed in the southern waters from Sanzao (Figure 3C) to
Dajin Island (Figure 3D) and inshore waters of Shangchuan
Island (Figure 3E). Only a few areas (24.1%, 771 km?) showed an
increasing trend in the sightings rates of humpback dolphins,
among which the humpback dolphin sighting rates over 34 km?
increased significantly (p < 0.05).

Environmental characteristics

By analyzing the Spearman'’s correlation coefficients between
the dolphin sighting rates and environmental factors, dolphin
sighting rates showed a significant positive correlation with DO,
chlorophyll-a, As, Pb and Zn, while presenting a significant
negative correlation with fecal coliform and suspended solids
(Figure 4A), respectively. These seven water quality indices were
further employed for factor analyses, and parallel analyses
revealed that the number of factors as 1 (Pal) showed a
positive correlation (R? = 0.86, p < 0.001) with dolphin
sighting rates (Figure 4B).

Significant differences in the 22 environmental factors
(Figure 4B) were found between areas with significantly
increased dolphin sighting rates and areas with significantly
decreased dolphin sighting rates (Mann-Whitney U-test, p <
0.05). Parallel analyses with these 22 environmental factors
indicated that Pal was positively correlated with nitrogen

Frontiers in Marine Science

05

Distance surveyed (km) Sightings
7386 387
4719 263
5451 325
5607 308
4763 224
4293 131
5194 137
37412 1775

nitrate, COD, active phosphate, and total nitrogen, mostly as
nutrient parameters in water. Pa2 was positively correlated with
salinity, depth, and Hg, and negatively correlated with estuary
location (Figure 4C). Compared with the areas with decreased
dolphin sighting rates, the areas with increased dolphin sighting
rates were mainly located in areas with higher Pal (Figure 4D),
indicating that the distribution areas with increased dolphin
sighting rates might contain more abundant nutrients required
by dolphins.

Regional variations

The regression analyses by linear fitting (+* = 0.68, p < 0.05)
of the sighting area rates (annual sighting area/annual survey
area) over the survey years showed that the humpback dolphin
habitat in the study area might have been declining at a rate of
2.83% (95% CI: 0.58% ~ 5.08%; p < 0.05) (Figure 5A). There
were no significant (r* = 0.01; p > 0.05) downward sighting area
rates trends of humpback dolphins in the reserve, but the decline
rates of humpback dolphins sighting area rates outside the
reserve reached 3.94% (95% CI: 1.80% ~ 6.09%) (Figure 5A).
In addition, the hypoxic zone might accelerate the decline of
humpback dolphin occurrences, and the sighting area rates of
humpback dolphins that declined in the hypoxic zone (3.16%,
95% CI: 0.67% - 5.65%, p < 0.05) was 0.46% faster than that in
the non-hypoxic zone (2.70%; 95% CIL: 0.49% - 4.91%, p <
0.05) (Figure 5A).

In comparison, the sighting rates of dolphins in the
hypoxic zone from April to December (excluding July and
November) were significantly lower (Mann-Whitney U-test, p
< 0.05) than those in the non-hypoxic zone (Figure 5B). The
variation pattern of the monthly average sighting rates of
dolphins throughout the year was not the same in different
regions (two-sample Kolmogorov-Smirnov test, p < 0.01)
(Figure 5B). The peak dolphin sighting rates in the non-
hypoxic zone occurred from April to June, and the trough of
low sighting rates occurred from July to September. In the
hypoxic zone, dolphin sighting rates peaked in February and
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Spatial distribution patterns of sighting rates (sightings/surveys/ka) of Indo-Pacific humpback dolphin by kernel density analyses in the Pearl
River Estuary (PRE) from 2015-2021. Current reserve area (green boxes); hypoxic zone (orange shaded area); (A) entire PRE; (B) eastern PRE; (C)
middle PRE; (D) Dajin and Shangchuan Islands in western PRE; (E) Shangchuan, Xiachuan,and Mangzhou Islands in western PRE.

November, while continuous low sighting rates occurred from
March to October (Figure 5B).

Discussion

Habitat distribution and environmental
characteristics

The distribution of core habitats of wild cetaceans is fundamental
and critical information for protection of target species' (Doak, 1995;
Griffen and Drake, 2008). However, comprehensive distribution data
of many cetacean populations are difficult to obtain, and large
knowledge gaps remain in the study of the core habitats of the
populations, which makes it difficult to determine optimum
conservation strategy of wild cetacean populations (Peters et al.,
2012; Wuetal,, 2017b). This exploration of the habitat and changes in
the largest known population of Indo-Pacific humpback dolphins in
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recent years likely appropriately complements the important gaps in
current research. Our findings provide an important reference for
researchers to develop effective humpback dolphin population
monitoring strategies, and also help relevant agencies promptly
adjust the spatial planning and management scheme of the
protected area.

The identification of the core habitat of cetaceans is mainly based
on the distribution density of animals, which are the most traditional
and widely used methods for investigating the distribution of
cetaceans because they can collect rich and valuable data, including
photographs (Chan and Karczmarski, 2019; Guo et al.,, 2020; Tang
et al., 2021), group size (Chen et al., 2010; Chan and Karczmarski,
2017), behaviors (Koper et al., 2016; Felix et al., 2022), environmental
parameters (Wu et al., 2017a), and acoustic recording (Dong et al,
2021). These data are difficult to collect using other methods and are
essential for studying of cetacean behaviors, habitat preferences, and
population dynamics. Cetaceans are generally widely distributed,
thus, surveys of cetaceans using boat-based survey methods might
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Spatial distribution pattern changes of sighting rates (sightings/surveys/km?) of Indo-Pacific humpback dolphins using Kendall's tau correlation
coefficients of sighting rates (increased: Kendall'stau>0; decreased: Kendall'stau<O; x: p<0.05 significance level) with year for each cell in the
Pearl River Estuary (PRE; 2015-2021). Current reserve area (green boxes); hypoxic zone (orange shaded area); (A) entire PRE; (B) eastern PRE;
(C) middle PRE; (D) Dajin and Shangchuan Islands in western PRE; (E) Shangchuan, Xiachuan, and Mangzhou Islands in western PRE.

result in uneven study efforts in different investigation areas (Becker
et al,, 2022; Felix et al., 2022). Therefore, although field observation
data from the visual survey is the most direct evidence that can
represent the presence/habitation of cetaceans in a particular area,
kernel density analyses using dolphin sighting rates obtained from
boat-based surveys may directly affect the distribution of core
habitats of the population. In this study, we used methods that
could largely eliminate the effects of uneven efforts on the
identification of dolphin core habitats using a seven years (2015-
2021) boat-based field observation surveys.

The seven years boat-based surveys on humpback dolphins
indicated that the distribution range of humpback dolphins in the
PRE waters exceeded 3000 km?. Most of humpback dolphins
frequented narrow water depths within 20 m and shallower
depths within 5 km offshore for many years. Previous studies
have revealed that the distribution preference of this species was
within 10 km of the coast and within 30 m of the water depth
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(Karczmarski et al., 2015; Jefferson and Smith, 2016). However, our
findings showed that the distribution of humpback dolphins in the
PRE was narrower, and their suitable habitat range could be smaller
than previously expected in the PRE. The distribution of cetaceans
is likely related to the internal structure of the population
(Nicholson et al., 2021), and many studies have shown that the
humpback dolphins population in the PRE has spatial
heterogeneity in their survival rate, age compositions, nutrient
status and pollutant accumulation (Gui et al., 2017; Chan, 2019;
Zhang et al., 2019; Guo et al,, 2020). The multiple dispersed core
habitat areas of the dolphin populations recorded based on the
identification of the dolphin distribution density in this study,
indicates that number and distribution of the dolphin community
structures (Chan, 2019) requires further exploration.

Cetaceans typically live in areas with specific environmental
characteristics, and previous studies have shown that ecological
conditions, such as distance from the coast, water depth,
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the declined dolphin sighting rates and increased areas.

chlorophyll-a concentration, salinity, and prey distribution and
abundance might determine the spatial pattern of humpback
dolphins (Wu et al., 2017a; Lin et al., 2021a). Our study further
showed that the distribution of dolphins in the PRE was
significantly associated with DO and heavy metals such as, As,
Pb, and Zn. First, the results of dolphin distribution in relation to
DO supports previous reports that many cetaceans living in
tropical regions such as sperm and beaked whales,
Globicephalinae and Delphininae (including the genera Sousa
to which the PRE dolphin belongs), exhibited distribution
characteristics associated with DO (Mannocci et al., 2015).
Second, the correlation between the distribution of dolphins
and As, Pb, and Zn could be due to the close relationship
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between the distribution characteristics of heavy metals and the
activities of organisms in the area. In the aquatic environments,
sediments are the most important reservoirs or sinks of heavy
metals and other pollutants (Boudet et al., 2011; Rakib et al,
2022). Biological disturbances such as the foraging and
swimming activities of benthic fishes and dolphins can induce
disturbances in the sediment-water interface (Fang et al., 2019;
Yang et al., 2022), and water with high activity of demersal fish
and dolphins might contain higher levels of heavy metals. Zn is
an essential element for the growth of organisms, and can
participate in the material energy cycle of organisms, whereas
Pb and As are not essential elements of organisms, but they affect
the seawater environment and the life activities of organisms,
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along the food chain and food network enriched into higher
trophic levels (Gui et al., 2017; Fang et al, 2019). With the
excretion and death of organisms, these debris are absorbed and
degraded by microorganisms, and the heavy metal elements in
them re-enter the aquatic environment. Therefore, part of heavy
metals source in the seawater with high dolphin sightings may be
the dolphins’ own excrement and other biological sources. In
addition to heavy metals, N and P, as a nutrient salts, are
positively correlated with chlorophyll-a, and the N and P
contents in water can be used to indicate the distribution of
nutrients and biological resources in water (Al-Akhaly et al,
2020). Factors such as N, P, and heavy metals in the water of
dolphin habitats where dolphin sighting rates decreased differed
from those of dolphins with increased sighting rates, indicating
that adequate nutrition and rich biological resources are
indispensable for the preferred habitats of dolphins.

High concentrations of heavy metals, and eutrophication of
water bodies are likely to pose a threat to dolphins. The hepatic
levels of As in humpback dolphins are among the highest
reported for cetaceans globally, and the levels of Zn are high
enough to cause toxicological effects in some animals (Gui et al.,
2017). Eutrophication of coastal waters can introduce
pathogenic agents that cause epidermal lesions in dolphins
(Chan and Karczmarski, 2019). However, the individual
migration of dolphins is very limited (Hung and Jefferson,
2004), making it difficult for them to search for other suitable
habitats. It seems that dolphins in the PRE could not avoid the
threat of water pollution, which remains an important factor
threatening the survival of this population.

A growing number of less manpower-intensive and cost-
effective methods are currently being applied to cetacean
research and conservation programs, including passive
acoustic monitoring and multidimensional habitat modeling
tools (Marini et al., 2015; Fang et al., 2020; Becker et al., 2022;
Liu et al., 2022). Passive acoustics monitoring can acquire
continuous data at large spatial and temporal scales, regardless
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of harsh weather and visual conditions; however, the
arrangement of these instruments often requires visual
observation data as a basis (Fang et al., 2020). The findings of
this study on the distribution and variation of humpback
dolphin core habitats provides a reliable reference for
deployment sites monitored by these passive acoustic
instruments, which can make the design of the experimental
protocol more rational and efficient for relevant researchers to
obtain the required data. The exploration of the environmental
characteristics of humpback dolphin habitats can provide more
accurate and abundant parameters for habitat modeling and
improve the accuracy of model identification of potential
habitats for populations (Chen et al., 20205 Lin et al., 2021a).

Habitat decline and regional variations

Reducing the population size would lead to shrinkage in the
habitat of dolphin (Boyce et al.,, 2016). The calculation of the
annual decline rate (2.83%) of dolphin habitats in this study is
similar to the previously estimated annual decline rate (2.46%-
3.17%) of the population (Huang et al., 2012; Chan, 2019),
indicating the reliability of our research method, and further
confirming the feasibility of using habitat changes to estimate
population changes (Boyce et al., 2016). However, sighting rates
are not a great way to measure changes in dolphin abundance or
density, as they are affected by other factors (e.g., weather,
sighting conditions, and observer efficiency). A much better
way to examine such issues is to use systematic sighting
surveys and distance sampling methods, that are explicitly
designed to evaluate density and abundance. Therefore, the
habitat changes of PRE dolphins shown in this study provide a
reference for population distribution changes, and cannot
directly indicate changes in population size.

By estimating habitat changes within the existing reserves,
we confirmed that existing protected areas play a role in inshore
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cetacean habitat conservation. Strict management and
restriction of human activities in reserves, such as restrictions
on fishing activities, aquaculture, and speed limits for transport
vessels, provide some help for dolphins to have sufficient living
space and food resources in this estuarine area (Ross et al., 2011).
However, we also need to point out that existing reserves were
poorly planned. Many dolphin core habitats are not effectively
protected, especially in the middle and western seas with a high
density of dolphins, but the dolphin sighting rates in these areas
have decreased significantly in recent years. In addition, the
extent of the reserve in the eastern PRE does not protect dolphin
habitats in the northern and southern PRE. This lack of
conservation may lead to the gradual loss of local habitats,
fragmentation of the original continuous habitat, and
degenerated integrity of the habitat including size, quality,
structure, and connectivity, which are not conducive to the
long-term development of the population (Wiegand et al,
2005). Therefore, we strongly recommend adjusting the scope
of the eastern reserve and increasing protected areas in the
middle and western parts of PRE. The protection of dolphin
habitats in this area cannot be delayed.

In recent decades, the decline in DO concentrations in most
of the bay, estuary, and adjacent sea areas has been frequently
observed, which is to some extent affected by human activities in
coastal areas, resulting in an increased nutrient discharge into the
sea. Excess nutrient input aggravates the degree of eutrophication
in estuaries and offshore waters, coupled with global warming,
and leads to an increase in the occurrence and intensity of
hypoxic conditions (Breitburg et al., 2018). Since 1950, more
than 500 coastal systems of hypoxia have been identified, with a
total area of more than 245,000 km? (Diaz and Rosenberg, 2008;
Breitburg et al., 2018), including the Gulf of Mexico (Del Giudice
etal, 2019), Chesapeake Bay (Da et al., 2018), Lower St. Lawrence
Estuary (Lefort et al., 2012), and the Yangtze River Estuary (Tian
et al,, 2021). The lack of oxygen in the sea area has gradually
developed into a major global ecological and environmental
problem. This study suggests that the emergence of hypoxic
zones in the PRE might have a negative impact on dolphin
habitats, as dolphin habitats in the hypoxic zone declined 0.46%
faster than those in the non-hypoxic zone. Hypoxia often occurs
in the PRE in the summer (April to September) (Cui et al., 2019;
Li et al., 2020b), and the persistent low sighting rates of dolphins
in the hypoxic zone from March to October indicated that the
negative impact of hypoxia was continuous, starting from the
month before the onset of hypoxia. The low sighting rates of
dolphins in the hypoxic zone continued until one month after the
end of the hypoxia. In July, August and September, the seasonally
low sighting rates of dolphins across the study area (hypoxic and
non-hypoxic zones) were likely be associated with the abundance
and range of the summer dolphin prey (Chen et al, 2010).
Because of the annual ban on fishing in the PRE from May to
August, the fish resources during this period are relatively

Frontiers in Marine Science

10

10.3389/fmars.2022.1048959

abundant. Abundant fish resources might increase the
distribution range of dolphins, thus reducing their sighting
rates (Wang et al., 2021).

Cetaceans, as air-breathing species, are not directly affected
by hypoxia. However, the occurrence of hypoxia usually directly
affects the survival of demersal fish, which indirectly influences
dolphins whose main food source is fish (Craig et al., 2001).
Recent studies suggest a dietary shift in the PRE humpback
dolphins, from primarily demersal to greater intake of neritic
and pelagic fish (Lin et al., 2021b). It is reasonable to speculate
that hypoxia could be one of the reasons for the shift in the
feeding habits of dolphins. Dietary changes reduces the
nutritional level of dolphins, which is not conducive to their
long-term survival (Zhang et al,, 2019). In the middle of the PRE,
which was mainly covered by the hypoxic zone, the dolphins
tended to migrate to both sides, which further indicated the
negative effects of the hypoxic zone (Chan, 2019; Guo et al,
2020). The impact analyses of hypoxic zones on inshore cetacean
habitats in this study might provide additional evidence and an
approach basis for a better assessment of environmental threats
to wild cetacean populations. This study strongly suggests that
the potential damage and risk of hypoxia in cetacean habitats
should be investigated further to promote the conservation of
wild cetacean habitats.

There is no doubt that there are many other causes of habitat
decline in offshore cetacean populations, such as land
reclamation, alteration of coastlines, coastal fisheries, noise and
disturbance due to marine construction, which have not been
included in our analysis (Karczmarski et al., 2015; Jefferson and
Smith, 2016). Further studies are recommended to evaluate and
quantify the impact of different environmental factors on
population habitat decline, to better protect the population
habitat and avoid its decline.

Conclusion

Using a generalized and highly applicable approach, this
study explored the habitat changes of the world’s largest known
population of Sousa chinensis in the poorly protected PRE region
interspaced with the hypoxic zone in the past seven years. These
findings indicated that the distribution of PRE dolphins was
closely related to estuarine nutrients and biological resources,
and the habitat changes of humpback dolphins were consistent
with the population decline in the PRE. Although the existing
reserves have effectively reduced certain habitat area declines,
the activity areas in the middle and western PRE of the
population beyond the current reserve, lacks efficient
protection. A large gap still exists in the understanding of the
threat of the hypoxic zone to the protection of this population
habitat. Further studies on population dynamics and thier
influencing factors are warranted.
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