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Currently, global biodiversity loss is a growing problem, and more species are endan-
gered and at risk of extinction. Due to the development of human society, the space left for
wildlife has become more limited. Therefore, saving endangered species and conserving
biodiversity is a matter of urgency. As of 2023, [UCN has assessed 89,856 animal species,
17,416 of which are listed as endangered, accounting for 19.38% of the total animal species
assessed [1]. Among them, 11,195 vertebrate species are listed as endangered, accounting
for 17.91% of the total vertebrate species assessed. In invertebrates, 6221 species were listed
as endangered, accounting for 22.74% of the total invertebrate species assessed. Due to the
vulnerability of endangered animals and their sensitivity to environmental degradation
and human disturbance, they need to be given more attention. Therefore, the research on
conservation of endangered species has naturally become a hotspot in the fields of ecology
and conservation biology.

In this Special Issue on Protecting Endangered Species, we collected 17 papers that re-
lated to the conservation of endangered species and threatened animals. These publications
cover some important aspects of endangered species conservation, such as ecological adap-
tation of animals, habitat alteration, climate change, population dynamics of endangered
animals, conservation translocation, conservation genetics, pollution effect on animals, and
construction of protected areas.

Studies have shown that animals adapt to the ambient environment through their
physiological regulation and behavioral strategies [2]. Animals with strong ecological
adaptability are able to resist uncertain changes in the environment. However, in the
context of dramatic changes in the environment, those species that are less adaptable
require more attention.

The gut microbiota plays an important role in regulating the physiological function
of wild animals [3], while dietary factors and environmental changes could affect the gut
microbiota of animals [4]. In the golden snub-nosed monkey (Rhinopithecus roxellana), the
different fiber intake results in a significant difference in the gut microbiota between the
wild and the captive populations [5]. In contrast to wild populations, captive golden snub-
nosed monkeys have less beneficial bacteria and more potentially pathogenic bacteria [5].
In captive Cyprinus chilia, the gut microbial community structure is significantly changed
after release, along with the trend in initially decreasing and then increasing gut fullness [6].
This suggests that the difference in gut microbiota between captive and released animals
should be considered in ex situ conservation.

In sympatric animals, the food niche is another issue of concern. Yue et al. (2023)
found that there was a significant difference in the food composition of the Tibetan macaque
(Macaca thibetana) and the gray snub-nosed monkey (Rhinopithecus brelichi) [7]. However, the
food niches of these two monkey species almost entirely overlapped in winter. Therefore,
although the differentiation of dietary habits can reduce niche overlap and interspecific
competition, this will be reversed in different seasons.

For animals, habitats are shelters to survive and keep their populations growing.
However, many endangered animals are experiencing global changes that lead to habitat
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degradation or habitat loss, especially climate change [8]. Thus, predicting potential
suitable habitats is essential for endangered species, especially in the context of current
global climate change.

Among all the vertebrates, amphibians and reptiles are the most vulnerable to climate
change. Tao et al. (2024) found that the currently suitable habitats for Wushan salamander
(Liua shihi) are concentrated in the Daba Mountains, in southwestern China [9]. An opti-
mistic estimate is that under future climate conditions, the area of suitable habitats will
increase. Similarly, the main environmental factors influencing the distribution of Szechwan
rat snake (Euprepiophis perlacea) include the distance from streams and the slope degree,
and their potential habitat will not decrease in the context of future climate scenarios [10].

For mammals, climate change also affects the survival of individuals and the habitat of
their population. The marbled polecat (Vormela peregusna) is a mustelid mammal endemic
to Eurasia and listed as a vulnerable (VU) by IUCN due to its low population size and
increasing human threats. It is reported that the marbled polecat has a wide range of
distribution under current conditions [11]. However, climate change is predicted to severely
affect the distribution of the marbled polecat and substantially lead to a significant reduction
in the area of suitable habitats in the future [11]. As with terrestrial mammals, the negative
effects of climate change are widely found in marine mammals (especially ice-breeding
marine mammals). e.g., spotted seals in the North Pacific may face the loss of breeding
habitats caused by climate change [12].

In addition to climate change, human activities such as poaching, bycatch, deforesta-
tion, overgrazing, urbanization, road killing, and pollution affect endangered animals
negatively and directly. It is reported that global extinctions in the marine environment
were mainly attributed to overexploitation, followed by invasive species, habitat destruc-
tion, trophic cascades, and pollution [13]. Zuo et al. (2023) found that bycatch and stranding
incidents occurred widely across the Shandong Peninsula throughout all seasons from
2000 to 2018. Meanwhile, the widespread use of fishing gear was the principal cause of
death and injury to finless porpoises during that period [14]. Chilvers and McClelland
(2023) reviewed information from pre-emptive captures and translocations of threatened
wildlife undertaken during past oil spills and island pest eradications and listed a number
of incidents in which these processes have affected animals [15]. They suggested that in
order to reduce the negative impact of pollution on endangered animals, wildlife can be
captured and transferred before foreseeable contamination occurs [15].

For protecting endangered animals, in situ conservation and ex situ conservation are
the two main conservation strategies that are attracting increasing attention, especially in
the face of climate change [16]. The most commonly used measure in in situ conservation
is the establishment of protected areas. While the methods in ex situ conservation usually
include introduction, reintroduction, translocation, and assisted migrations.

The giant panda (Ailuropoda melanoleuca) is the flagship species of animal conservation
worldwide. In order to effectively protect the giant panda, its habitat, and the entire
ecosystem of the giant panda’s range, China has established a number of nature reserves
over the past few decades that have developed into the Giant Panda National Park, which
covers an area of 27,134 square kilometers. Despite the success of in situ conservation,
some small populations of giant pandas are still facing the problems of being non-self-
sustaining [17,18]. While the successful conservation of Przewalski’s gazelle (Procapra
przewalskii) has led to population increase, it has caused them to face another problem, that
of excessive density in their current range [19]. To promote the further conservation of
these two species, the conservation translocation method based on ecological models and
GAP analysis is/will be used to solve the different problems of conservation in the giant
panda and Przewalski’s gazelle [17,18,20].

In this Special Issue, some ecological models (e.g., In'VEST-HQ model, MaxEnt model,
GAP analysis) are reported being used in the study of many endangered species such as
Wushan salamander [9], Szechwan rat snake [10], Przewalski’s gazelle [20], spotted seal [12],
yellow-throated martens (Martes flavigula), and leopard cats (Prionailurus bengalensis) [21],
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to evaluate and predict suitable habitats and potential distribution areas for endangered
animals. These ecological models are also used to determine gaps in existing protected areas,
identify priority conservation areas [21] or predict potential corridors between habitats [22].

In addition to macro-ecological methods, other methods, such as the conservation
genetics method [23,24], remote sensing of biodiversity [25], and passive acoustics tech-
niques [26], have also been used for inventory and monitoring of endangered animals. This
suggests that there is a growing number of new technologies being developed and used
in the study and the conservation of endangered species, rather than just the traditional
ecological methods. Moreover, an expert opinion survey suggests that even in the basic
activities of museum-based biological collection, the new scientific methods are relied upon
to improve the effectiveness of biocollections for biodiversity conservation [27].

In sum, the contributions cover studies on the ecological adaptation of endangered
animals, the effects of climate change and human activities on endangered animals, and the
approaches and methods of animal conservation. Although there are fewer than twenty
papers and reviews in this Special Issue, they point out some serious problems endangered
animals are facing and reflect the research trends in the conservation of endangered species.
There is still a long way to go to protect endangered species, and the problems faced by
endangered animals need to be addressed on the basis of in-depth research on ecology and
conservation biology.

Acknowledgments: The author thanks all colleagues who contributed their work to this Special Issue.
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Simple Summary: Individual quantity is the guarantee of the long-term survival of a population.
Currently, approximately 70% of the 33 local populations of wild giant pandas (Aliuropoda melanoleuca)
face the risk of extinction. We studied four typical populations, from Tangjiahe, Wanglang, Liziping,
and Daxiangling, and attempted to translocate individuals from large populations to enhance the
viability of small populations. Our results validated a classic conclusion that the introduction of
individuals from Tangjiahe and Wanglang significantly improved the genetic diversity in Liziping
and Daxiangling. To ensure the long-term survival of two small populations over the next 100 years,
we have devised multiple specific strategies for individual introduction. Our research has certain
value for the rejuvenation of small populations of giant pandas, and we hope to provide a reference
for the protection of endangered animals such as giant pandas.

Abstract: Currently, nearly 70% of giant panda populations are facing survival challenges. The
introduction of wild individuals can bring vitality to them. To explore this possibility, we hypotheti-
cally introduced giant pandas from Tangjiahe and Wanglang into Liziping and Daxiangling Nature
Reserves. We collected feces from these areas and analyzed the genetic diversity and population
viability before and after introduction using nine microsatellite loci. The results showed the genetic
level and viability of the large populations were better than the small populations. We investigated
the effects of time intervals (2a, 5a, and 10a; year: a) and gender combinations (female: F; male: M)
on the rejuvenation of small populations. Finally, five introduction plans (1F/2a, 2F/5a, 1F1M/5a,
3F/10a, and 2F1M/10a) were obtained to make Liziping meet the long-term survival standard after
100 years, and six plans (1F/2a, 2F/5a, 1FIM/5a, 4F/10a, 3F1M/10a, and 2F2M/10a) were obtained
in Daxiangling. The more females were introduced, the greater the impact on the large populations.
After introducing individuals, the number of alleles and expected heterozygosity of the Liziping
population are at least 6.667 and 0.688, and for the Daxiangling population, they are 7.111 and 0.734,
respectively. Our study provides theoretical support for the translocation of giant pandas, a reference
for the restoration of other endangered species worldwide.

Keywords: conservation of giant pandas (Aliuropoda melanoleuca); genetic diversity; population
rejuvenation; population viability
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1. Introduction

More than 157,100 species are currently recorded in the IUCN Red List, of which
over 44,000 species are facing the threat of extinction [1]. Biodiversity is crucial for nature
conservation [2]. The preservation of endangered species and the achievement of sustain-
able species development have long been the central focus and primary research direction
for conservation biologists. As a rare relict species in China, giant pandas (Aliuropoda
melanoleuca) serve as flagship and umbrella species [3]. The conservation efforts dedicated
to giant pandas not only offer protection to other species inhabiting the same region but
also provide valuable insights for safeguarding other endangered species worldwide [4]. In
recent years, there has been an overall increase in the population of giant pandas, leading to
a decrease in their threatened status from endangered to vulnerable [5]. However, the sur-
vival prospects for small populations are not very optimistic due to habitat fragmentation
and increased human activities [6,7].

In order to reduce the damage of human activities and habitat fragmentation to the
giant panda population and better protect them in situ, China has established 67 giant
panda nature reserves. However, despite these measures, nearly 33% of the population still
remains unprotected [8]. Over the past decade or so, increasing the population size through
individual releases has been a major focus of researchers [9]. Looking back at the releases,
the survival rates of about 75% for wild individuals released, the survival rates of released
captive individuals with wild lineage is about 50%, and no clear evidence of survival after
the release of captive individuals of captive parentage have obtained. Of this total, about
66.7% of the individuals had wild individuals as their parents. As the most successful
case of wild individual release, “Luxin” is the only panda found to have given birth to a
cub in the wild [10-12]. Individual introduction can reduce the risk of extinction of small
populations [13], and historical data suggests that ex situ releases of wild individuals have
the highest success rates. In contrast to individuals which often led to the development
of behavioral defects due to the captive environment [14], researchers would not have to
devote considerable time and effort to develop the survival skills of wild individuals [15].
Although the establishment of ecological corridors can also provide assistance [16], the
implementation of these measures may face constraints in terms of financial resources and
time availability, and there is no guarantee that they will be fully utilized by pandas [17].
Therefore, directly using wild individuals as a source of introduction is an ideal approach
for the genetic rescue of small populations [18], and this will also be a new perspective on
small population restoration.

With the idea that the giant pandas have reached an evolutionary dead end refuted,
it is widely accepted that the giant panda is a species with a medium or high genetic
diversity [19-21]; the evolutionary potential is not low compared to species in the same
family [22]. However, looking at the six mountains, the Xiangling areas were comparatively
lower [23]. Under natural conditions, populations with lower genetic levels often face
a greater risk of extinction and show a decreased resistance to random factors [24,25].
Population viability analysis, through simulating population dynamics, concretizes the
challenges that giant pandas may face at a specific point in the future [26]. Although popu-
lation parameters vary slightly among similar studies, one consistent finding is that smaller
populations tend to exhibit weaker viability [27-29]. From past research, most studies have
focused on the population of giant pandas in entire mountains or counties [22,30,31]. Due
to the vast study areas, these investigations may fail to fully capture the genetic dynamics
and survival status of the smaller, localized areas. The Tangjiahe and Wanglang populations
belong to the large population in the Minshan Mountains with good habitat connectivity,
while the Liziping and Daxiangling populations are distributed in the Xiangling Mountains
with broken habitats [32]. Our research selected the four populations as the study objects
and conducted a comprehensive assessment of the genetic status and viability of giant
panda populations. Utilizing the findings from the studies, we simulated the introduction
of individuals from a population with a high genetic diversity to address the deficiencies
observed in the small populations. This is the first theoretical study on the introduction of
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wild individuals. Our plan aims to mitigate the risks associated with genetic bottlenecking
and enhance the long-term survival prospects of these populations. Furthermore, it is our
aspiration that this study can provide valuable insights and guidance for the conservation
efforts dedicated to giant pandas, as well as other endangered species worldwide.

2. Materials and Methods
2.1. Study Area and Sample Collection

Our study area includes four nature reserves: Tangjiahe (TJH), Wanglang (WL), Lizip-
ing (LZP), and Daxiangling (DXL), which are respectively located in Qingchuan, Pingwu,
Shimian, and Yingjing Counties in Sichuan Province, Southwest China. In the fourth survey
conducted from 2011 to 2014, 39 wild giant pandas were found in TJH, 28 in WL, 22 in LZP,
and seven in DXL. From 2019 to 2023, we investigated the number of giant pandas in these
four regions again and 156 fecal samples were collected from TJH, 126 from WL, 92 from
LZP, and 40 from DXL (Figure 1). All samples were collected with sterile gloves and stored
in more than 95% anhydrous ethanol.
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Figure 1. Sampling distribution points of four giant panda nature reserves.

2.2. DNA Extraction and Microsatellite Amplification

The total DNA from fecal samples was extracted using the QIAamp Fast DNA Stool
Mini Kit (Hilden, Germany) following the manufacturer’s instructions and stored at
—20 °C. In this study, nine microsatellite markers with high polymorphic information
content and stability were utilized (Table 1). The upstream primer was fluorescently labeled
with FAM, HEX, and TAM at the 5" end. The reaction system was 20 uL: Taq PCR Mastermix
10 uL, upper and downstream primers 0.5 uL each, DNA 2 pL, BSA 1 uL, and ddH,0 was
added to 20 pL. The reaction conditions: 95 °C for 15 min; 94 °C for 30 s, 48 °C~60 °C for
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90's, 72 °C for 60 s, for a total of 30 cycles; 60 °C for 30 min; and stored at 4 °C. The PCR
products were detected through electrophoresis on a 2% agarose gel. Primer synthesis and
microsatellite genotyping were conducted by Sangon Biotech Co., Ltd. (Shanghai, China).

Table 1. Information of nine microsatellite loci.

Loci Repeat Motif Primer Sequence (5'-3') Size (bp)

F: AGGGGAGAGAACATTGCTCG
Panda-22 (CAAI2 R: GAAGCCAGCCCAACTTTTCC 177-186

F: TTTTCAGGCCTCCGAAAAC
Ame-126 €A1 R: ATTCCCAATAAAGCAAATCAGA 114-120

F: TGCCGGAAAGTTCTAAGCAT
GPL-60 (TICTD12 - R FTTCTCTCCCTCTCCCCTTC 218-238

F: GGAAGCATTAAGGAAAACATGC
Ame-pl13 (CAN18 R: AATGATGACCATTTCAAACGC 142-171

F: TATGCCACCTGCCCAGAC
Ame-pll (CA12 R: GATGGAAAGAGTAGAGCCAAGG 228-236

F: ACCGTGCTCTTAATCCCCTT
Ame-pl0 (CA16 R: CCCATGCTTATGAGAAACAGG 138-160

F: CCTGGCAGGGCAAAGTATT
GPZ-6 (AAAG)L R: CCCCGTGAAAACATCAAGAC 194-222

F: GACCTCAGTGTACGCCCAGT
GPZ-47 (AATGR0 R CTGGACAGGCAGGTAGAAGC 174-210

F: TCCCCCTCTATGGTAAAAGG
GPL-47 (TCTAR0 R CCATGTTGGGTGTAGGGATT 140-172

2.3. Data Analysis
2.3.1. Individual Identification

The Micro-Checker 2.2.3 was utilized to identify any missing or invalid alleles [33].
The Gimlet 1.3.3 software was employed to calculate the p-value for the joint differentiation
rate among the 9 loci [34]. Subsequently, the Microsatellite Toolkit was employed to discern
individual similarities [35]. Samples were considered to belong to the same individual
if either all alleles across the nine loci were identical or only one allele within a single
locus differed.

2.3.2. Genetic Diversity and Genetic Structure

GenAIEx 6.5 was used to calculate the number of alleles (Na), observed heterozygos-
ity (Ho), expected heterozygosity (He), and Shannon-Wiener Index (I) [36]; the Hardy-
Weinberg equilibrium was tested by Genepop 4.7 [37].

Structure 2.3.4 was used to analyze the source of individuals in a population by the
Bayesian clustering method [38]. The value of K was set to range from one to eight, and
ten independent operations were carried out. Before 1,000,000 formal calculations were
repeated, 100,000 preliminary experiments were conducted. The calculation results were
estimated using the Structure Harvester online tool to determine the optimal K value [39].

2.3.3. Population Viability

The extinction rates of four populations in the next 100 years were calculated using
Vortex 10.6 [40], and each simulation was repeated 1000 times. Parameter setting: The
initial breeding age of female and male wild giant pandas is seven and eight years old,
respectively, the maximum breeding age is 20 years old, and the maximum lifespan is
26 years old [41,42]. The sex ratio is 1:1, and the annual reproductive rate is 62.5%, with a
single birth rate of 58.33% and a twin birth rate of 4.17%, and all males have the ability to
engage in reproduction [41]. Additionally, the mortality rates at different age stages can
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be found in Table S1 of Supplementary Materials [41]. Natural disasters include bamboo
flowering and forest fire, the frequency of bamboo flowering is 1/60, and the frequency
of forest fire is 1/30; their impact on survival and reproduction is both 10% [43,44]. The
lethal equivalent of inbreeding depression is 3.14 based on a study of 40 captive mammals
in North American zoos [45]. The criteria for long-term survival are an extinction rate of
less than 2% and gene diversity greater than 0.9 [46].

The number of individuals in the reserve obtained from this study represents the initial
population size. The maximum population density of giant pandas was 3.03/km? [47,48].
The area of the reserves and the coverage rate of edible bamboo for giant pandas are
sourced from the fourth survey report [32]. The maximum environmental capacity can be
found in Table 2.

Table 2. Maximum environmental capacity of giant pandas in four nature reserves.

Reserve Area (km?) Suitable and Coverage Rate of Maximum
Sub-Suitable Habitats Edible Bamboo Capacity
TIH 400.00 51.00% [49] 83.94% 519
WL 322.97 - 41.81% 409
DXL 284.50 - 98.58% 850
LZP 479.40 26.58% [50] 69.90% 270

3. Results
3.1. Genotyping and Individual Identification

A total of 227 reliable genotypes were identified from the samples. Micro-checker
analysis indicated that the amplification results were not affected by null alleles or al-
lele dropout. The joint differentiation rate of nine loci was high, with a PID value of
1.73 x 107, and the probability P (sib) of misjudgment caused by twins was 4.06 x 107%.
Even if the locus with the highest polymorphism (GPL-47) fails to amplify, the probability
of misjudgment caused by twins only increases to 1.15 x 103, which is much smaller than
0.01 [51]; this satisfies the requirement for population size evaluation. Therefore, this study
retained genotypes at eight loci and obtained a total of 139 unique genotypes. Among them,
there are 56 genotypes from TJH, 45 from WL, 25 from LZP, and 13 from DXL.

3.2. Genetic Diversity and Genetic Structure

A total of 83 alleles were detected from the 139 unique genotypes. There were
17 private alleles that were present only in a single population, and six of these occurred in
the TJH, five in the DXL, and three in the WL and LZP, respectively. Only 66 alleles were
shared among all four populations.

The average allele numbers were 7.556 and 6.333 for TJH and WL populations, re-
spectively, while LZP and DXL populations had average allele numbers of 5.667 and
5.778, respectively. The expected heterozygosity (He) ranked from high to low were
0.746 (WL), 0.743 (DXL), 0.725 (TJH), and 0.654 (LZP). The highest observed heterozygosity
was 0.578 (WL), followed by 0.536 (TJH) and 0.530 (LZP), and the lowest was 0.430 (DXL).
The Shannon-Wiener values ranked from high to low were 1.534 (TJH), 1.531 (DXL),
1.528 (WL), and 1.316 (LZP). The comprehensive genetic parameters indicated that the ge-
netic level of TJH and WL populations was higher, followed by DXL and LZP populations.
The Hardy-Weinberg equilibrium test revealed that there were seven loci with deviations
from equilibrium in TJH, six in WL and DXL, and four in LZP (p < 0.01) (Table 3).

Then, we analyzed the structure of the four populations individually. The TJH and
WL populations both exhibit three gene clusters, suggesting that they originate from
three subpopulations. The DXL and LZP populations are composed of two gene clusters,
indicating that they originate from two subpopulations (Figures 2 and 3).
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Figure 3. The map of the gene cluster of four giant panda populations. Note: Red, green, and blue
represent different gene clusters.

3.3. Population Viability

In an ideal state without inbreeding depression and natural disasters such as bamboo
flowering and forest fires, the extinction rates of the four populations were 2.4% (TJH), 4.0%
(WL), 19.6% (LZP), and 52.5% (DXL), respectively, and none of them meet the requirements
for long-term survival. The initial number of individuals is synergistically related to genetic
diversity and inversely proportional to the cumulative extinction rate. The TJH (N = 56)
population has the strongest viability, while the DXL (N = 13) population has the highest
risk of extinction. Under the separate effects of inbreeding depression or natural disasters,
the former has a stronger negative impact on the LZP and DXL populations compared
to the latter. If the two kinds of effects coexist, the extinction rate of the four populations
will increase significantly, and the extinction rate of small populations is higher than 50%,
which is about three~six times that of large populations. It is important to note that there is
the migration of exotic individuals among the TJH and WL populations. Therefore, it is
possible that the defined extinction risk is relatively high based on a set of static values. The
two small populations on the brink of extinction are relatively isolated, and if no assistance
is provided by humans, it is highly likely that they will vanish within the next 100 years
(Figure 4).
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3.4. Rejuvenation of Small Populations
3.4.1. Viability of Small Populations after Introducing Individuals

This study explored the effects of introducing individuals with different gender combi-
nations (female: F; male: M) every two, five, and ten years (year: a) on the viability of small
populations under ideal conditions. When introducing individuals, start increasing from
one only until long-term survival conditions are met (Table S2 of Supplementary Materials).

We designed 16 plans to rejuvenate LZP and ultimately found that five plans were the
most suitable (Figure 5). The extinction rate of all the applicable plans was zero, so they are
not shown in the figure. Based on the extinction rate, genetic diversity, and the expected
number of individuals in the next 100 years, it is most beneficial for the survival of LZP
to introduce 1F/2a, then 2F/5a and 1F1IM/5a, and finally 3F/10a and 2F1IM/10a. More
females means a higher birth rate, which can produce more new individuals. Therefore,
the growth rate of individual numbers in the LZP population was the highest when
1F/2a was introduced, while the growth rate was lowest when 1F1IM/5a or 2F1M/10a

were introduced.
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For the DXL with the smallest initial number of individuals, we explored 21 plans,
of which only six plans were applicable (Figure 5), and the extinction rate was zero. The
most significant way to expand the population of DXL is still to replenish 1F/2a. Then,
there are 1F1M/5a, 3F1IM/10a, and 2F2M/10a, which have similar effects. Finally, there
are 2F/5a and 4F/10a, which have weaker enhancement effects on the viability of the
DXL population compared to the first four plans. As for the population size of DXL after
100 years, it still depends on the number of females that were introduced.

3.4.2. Viability of Large Populations after Introducing Individuals

We further investigated the impact of applicable introduction plans on two large pop-
ulations (Figure 6; Table S3 of Supplementary Materials). Among the five plans applicable
to LZP, 1F/2a has the greatest impact, which leads to the highest extinction rate of TJH
and WL in the next 100 years, and the lowest gene diversity and individual number. Then,
the damage to the large populations in descending order is 2F/5a, 3F/10a, 1F1M/5a, and
2F1M/10a. The more females were introduced, the smaller the population size of TJH and
WL in 100 years.

Among the six plans applicable to DXL (Figure 6), 1F/2a is still the most harmful
introduction plan for TJTH and WL. The impact of 2F/5a and 4F/10a on the large population
is slightly lower than that of 1F/2a. Introducing 3F1IM/10a can obviously show that the gap
between the large populations and their ideal state has narrowed. In addition, 1IF1IM/5a
and 2F2M/10a are the least harmful to large populations.
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3.4.3. Genetic Level of Small Populations after Introducing Individuals
Estimation of Genetic Level of LZP

In an ideal state, the number of giant pandas in TJH after 100 years is 113 (Table S3 of
Supplementary Materials). After introducing individuals to LZP according to five introduc-
tion plans, The number of remaining individuals in TJH was 28 (introduce 1F/2a)~71 (intro-
duce 2F1M/10a), with the introduced rate of 37% [(113 — 71)/113]~75% [(113 — 28)/113].
By introducing 21 (56 x 37%)~42 (56 x 75%) individuals from 56 TJH individuals to LZP,
the genetic level of LZP after 100 years was estimated (Figure 7A). Selecting the 42 individ-
uals of TJH with the highest genotype similarity to LZP individuals, when introducing the
top 21 individuals, the number of alleles and expected heterozygosity were 7.111 and 0.688,
respectively. When all were introduced, the number of alleles and expected heterozygosity
were 7.667 and 0.703, respectively. Therefore, it is speculated that the number of alleles
of LZP after introducing individuals from TJH will be 7.111 to 7.667, and the expected
heterozygosity will be 0.688 to 0.703.

The number of giant pandas in WL after 100 years is 90 in an ideal state. After
revitalizing LZP, the number of remaining individuals in WL was about 17 (introduce
1F/2a)~56 (introduce 2F1M/10a), and the introduced rate was 38% [(90 — 56)/90]~81%
[(90 — 17)/90]. The genetic status of LZP in the future can be estimated by introducing
17 (45 x 38%)~36 (45 x 81%) individuals from the current 45 WL individuals (Figure 7B).
The number of alleles and expected heterozygosity of LZP were 6.667 and 0.706, respectively,
when 17 individuals of WL with the highest similarity to LZP individuals were selected.
When 36 individuals were selected, the number of alleles and expected heterozygosity were
7.000 and 0.741, respectively. Therefore, it is speculated that when introducing individuals
from WL to LZP, the number of alleles in LZP will be 6.667~7.000, with an expected
heterozygosity of 0.706~0.741.

Estimation of Genetic Level of DXL

Similarly, for the rejuvenation of DXL (Table S3 of Supplementary Materials), the
introduced rate of TJH is 38% (introduce 1F1M/5a; [(113 — 70)/113])~75% (introduce
1F/2a; [(113 — 28)/113]), and it is estimated that in the future, the genetic level of DXL
will need to introduce 21 (56 x 38%)~42 (56 x 75%) individuals from TJH (Figure 7A). The
number of alleles and expected heterozygosity were 7.556 and 0.734 when introducing the
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top 21 individuals, respectively. When introducing 42 individuals, the number of alleles
and expected heterozygosity were 7.889 and 0.740, respectively. Therefore, it is speculated
that the number of alleles in DXL will be 7.556~7.889 and the expected heterozygosity will
be 0.734~0.740 when individuals are introduced from TJH to DXL.

For rejuvenating DXL, the introduced rate of WL is 39% (introduce 1F1M/5a;
[(90 — 55)/90])~81% (introduce 1F/2a; [(90 — 17)/90]). According to this ratio, WL needs
to introduce 18 (45 x 39%)~36 (45 x 81%) individuals to speculate the genetic level of
DXL (Figure 7B). When the first 18 individuals with the highest similarity to DXL were
introduced, the number of alleles and expected heterozygosity were 7.111 and 0.758, re-
spectively. When 36 individuals were introduced, the maximum number of alleles and
expected heterozygosity were 7.333 and 0.764, respectively. Therefore, it is speculated that
the number of alleles of DXL will be 7.111~7.333, and the expected heterozygosity will be
0.758~0.764 when individuals are introduced from WL to DXL.
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Figure 7. The future genetic level of LZP and DXL populations. Note: (A) shows the genetic level
changes of two small populations after introducing individuals from TJH; (B) shows the genetic level
changes of two small populations after introducing individuals from WL.

4. Discussion

Reserves are highly effective tools for biodiversity conservation, and their establish-
ment and systematic planning represent a valuable legacy that can be passed down through
generations in the field of conservation [52]. TJH and WL Nature Reserves are part of
population A, situated in the northern region of the Minshan Mountains, where the largest
known population of wild giant pandas currently exists [53]. The population of giant
pandas in TJH inhabits Qingchuan County and maintains communication with the wild
populations in Wen County and Pingwu County [54]. Since the fourth survey, our research
has found that the population of TTH has increased to 56 individuals, a growth of approxi-
mately 43.6% [32]. As a core part of the Jiuzhai-Baima local population, the population of
WL has increased by nearly 60.7% compared to the previous survey, with a current count
of around 45 individuals [32], due to the healthy gene exchange among large populations.
Of the existing wild populations in the six mountains, the Xiaoxiangling populations were
geographically separated by the presence of a railway and the Dadu River, impeding gene
exchange with other mountain populations. Consequently, this isolation poses an extremely
high risk of extinction [55,56]. In particular, the LZP Nature Reserve in Shimian County,
which is divided into two parts by National Highway 108, serves as a prime example of
isolated small populations. Daxiangling is the mountain with the lowest population density
of giant pandas, except for Xiaoxiangling [8]. The distribution of individuals is also quite
scattered, with the majority living in Yingjing County [57]. In recent years, the population
growth in DXL Nature Reserve has been less than ten individuals [32], and the severity of
inbreeding depression is a cause for concern [58]. In macro perspective, the habitat research
of giant pandas has been quite comprehensive [59], while the scientific questions at the
micro level still intrigue us. Specifically, we are curious about the genetic differences and
survival abilities among wild populations of different scales, as well as the most favorable
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approach for individual introduction to rejuvenate small populations. The research objects
we have chosen are relatively representative and can provide us with an objective answer.

Genetic variation reflects the evolutionary potential of species [60]. This study em-
ployed nine microsatellite markers, with polymorphic information content ranging from
0.648 (Panda-22) to 0.810 (GPL-47), all of which were higher than 0.5, this indicates that
these markers can provide ample genetic information for our research [61]. The TJH and
WL populations have a high number of alleles and heterozygosity, indicating that their ge-
netic diversity is at a high level, which is consistent with previous research findings [62,63].
In addition to the geographical advantage of the reserves, the efforts made by the govern-
ment in management and protection should not be ignored [18]. The small populations
have relatively lower levels of genetic diversity and genetic structure analysis showed
that they also have fewer ancestral components. We further adopted population viability
analysis and used previous wild giant panda parameters to evaluate the long-term survival
ability of the four populations [41,44,46,64], and obtained the same results. In an ideal
state, the extinction rate of DXL is as high as 52.5%, while LZP is 19.6%. Their situation
is much more dangerous compared to TJH’s 2.4% and WL's 4.0%. It is also not difficult
to observe from the results that small populations are more susceptible to the effects of
inbreeding depression. If inbreeding depression and natural disasters occur together, the
extinction rates of LZP and DXL will be increased to 57.9% and 86.7%, respectively, which
is about three~six times that of the two large populations at this time. Essentially, this is
a matter of population size [65]. The greater the initial number of individuals, the higher
the probability of survival [66]. If the number of individuals in the four populations is
doubled in the ideal state, the two large populations far exceed the long-term survival
standard, and the extinction rate of DXL is reduced by about three times and LZP by about
ten times. Compared to the rejuvenation of isolated small populations, increasing the
number of large populations requires less effort. We believe that it is expected to realize
the self-maintenance of wild populations in the near future by making large populations
stronger first and then providing provenances for small populations.

Based on this, we explored the number and sex of introductions needed to meet the
long-term survival criteria for the small populations at intervals of two, five, and ten years
in an ideal state. Introducing 1F/2a, 2F/5a, and 1F1M/5a is sufficient for DXL and LZP. If
replenishment is made every ten years, the DXL with fewer initial individuals needs four
individuals to meet the standard, while the LZP needs only three individuals. Obviously,
populations with fewer individuals always require more attention and assistance [67].
Moreover, an interesting finding is that in the DXL with the smallest population size, the
extinction rates are all zero, and the gene diversity obtained from 1F1M/5a, 3FIM/10a, and
2F2M/10a are slightly higher than that obtained from 2F/5a and 4F/10a. Aligning with
the perspectives of Yang et al. [68], the female-biased sex combinations provide greater
benefits to population survival compared to introducing only one sex or having more males.
Certainly, the giant panda is a species with female-biased dispersal, it has a polygynous
mating mechanism [69], and the population litter size is determined by the number of
females [54]. Therefore, as far as the plans we have designed are concerned, the more
females were introduced to DXL and LZP, the larger the estimated population size will be
in 100 years [70]. On the contrary, when these individuals come from TJH or WL, the more
females were introduced, the lower the survival rate of TJH and WL. In particular, the most
effective introduction plan 1F/2a for LZP and DXL made the extinction rate of TJH soar
from 2.4% to 46.7%, and WL soared from 4.0% to 66.4%. The plans that not only meet the
long-term survival of small populations but also have less harm to large populations are
1F1M/5a, 2F1M/10a, and 2F2M /10a. Thus, fewer males can be taken into account in our
selection of individuals.

Previous research has shown that after the introduction of individuals, there are new
gene frequencies and alleles in this small group [68,71]. We compared the expected number
in large populations after 100 years in an ideal state with the number of large populations
after introducing individuals into small populations, and we estimated the number of TJTH
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and WL that need to be introduced by reducing the proportion of individuals, so that the
genetic level that the small population may reach after 100 years can be inferred. Consistent
with previous studies, the genetic level of LZP and DXL will be significantly improved
in the future. No matter which large population is selected, the number of alleles of LZP
and DXL can reach at least 6.667 and 7.111, respectively, and the expected heterozygosity
can reach at least 0.688 and 0.734, respectively. Compared with the genetic level of giant
pandas in five mountains except Daxiangling studied by Zhang et al. [22], DXL and LZP
populations after rejuvenation have richer genetic diversity.

We cannot deny that wild individual translocation is the method with the fastest and
the highest success rate in saving small populations [18,72]. From a short-term perspective,
the introduction of new genetic resources can quickly improve the genetic diversity of
small populations [18,71]. From a long-term perspective, migrating individuals from other
populations to establish heterogeneous populations reduces the risk of extinction and alters
the developmental trajectory of extinction at a certain point in the future [73]. However,
as it stands, it is not easy to implement. The direct introduction of wild individuals is
not realistic [74], we can only carry out it indirectly, and a better introduction plan may
need to be studied in the future. Here are some indirect individual introduction plans,
which may provide ideas for the emergence of better schemes. Firstly, the endangerment of
giant pandas is linked to the environmental pressures they are under [75]. The Xiangling
Mountains present a more challenging environment for the survival of giant pandas [76],
it is separated from Qionglai Mountains and Liangshan Mountains by the influence of
rivers, railways, and national highways [32]. It is possible to establish ecological corridors
to introduce individuals from the large populations of Lewu and Baishahe into the Xian-
gling Mountains. Secondly, like “Luxin”, individuals rescued from other mountains can
be reintroduced into the Xiangling Mountains, thus achieving long-distance individual
translocation. In addition, this would allow the offspring of wild individuals rescued to
be born and raised in semi-wild conditions before being released into small populations,
similar to “Zhangxiang” [70]. It should be noted that based on our existing data, it may not
be appropriate for TJH and WL to assist small populations in the current situation where
they cannot sustain themselves in the long term. However, it is not difficult to achieve large
population growth by strengthening genetic exchange with surrounding populations and
protecting habitats [70,77]. A planned individual introduction would be a win-win for both
large and small populations at this time. In the future, it is hoped that self-sustainability
can be achieved by introducing wild individuals, thereby reducing the pressure on the
wild release of captive individuals. Of course, in further research, we need to consider
more factors to ensure the successful implementation of the rejuvenation plan, such as the
topography of the habitat, the types and areas of edible bamboo, and the interrelations
between intruders and residents.

5. Conclusions

Currently, the rejuvenation of small populations mainly relies on the release of cap-
tive individuals into the wild, which requires significant human, material, and financial
resources. Our research indicated that the genetic diversity of large wild populations was
higher than that of small isolated populations. It can help small populations overcome their
challenges by introducing individuals. Enhancing gene flow between local populations is
crucial. It is necessary for us to continue conducting in-depth research on the specific plans
for implementing individual introduction in the future.
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Simple Summary: This study investigated core habitat areas for yellow-throated martens and
leopard cats, two endangered forest species sensitive to habitat fragmentation in Korea. Overlaying
the InVEST-HQ and MaxEnt models, priority conservation areas were identified by analyzing gaps
in currently protected areas. The core area (14.7%) was mainly distributed in forests such as the
Baekdudaegan Mountains Reserve and 12.9% was outside protected areas, and only 1.8% was
protected. Conservation priority areas were identified as those with more than 95% forest cover,
offering an appropriate habitat for the two species. These findings can be used to identify priority
conservation areas through objective habitat analysis and as a basis for protected area designation
and assessment of endangered species habitat conservation, thereby contributing to biodiversity and
ecosystem conservation.

Abstract: This study investigated core habitat areas for yellow-throated martens (Martes flavigula) and
leopard cats (Prionailurus bengalensis), two endangered forest species sensitive to habitat fragmentation
in Korea. Overlaying the InVEST-HQ and MaxEnt models, priority conservation areas were identified
by analyzing gaps in currently protected areas. The InNVEST-HQ model showed that habitat quality
ranged from 0 to 0.86 on a scale from 0 to 1, and the majority of the most suitable areas on the
Environmental Conservation Value Assessment Map, designated as grade 1, were derived correctly.
The MaxEnt model analysis accurately captured the ecological characteristics of the yellow-throated
marten and the leopard cat and identified probable regions of occurrence. We analyzed the most
suitable yellow-throated marten and leopard cat habitats by superimposing the two results. Gap
analysis determined gaps in existing protected areas and identified priority conservation areas. The
core area (14.7%) was mainly distributed in forests such as the Baekdudaegan Mountains Reserve in
regions such as Gyeongbuk, Gyeongnam, and Gangwon; 12.9% was outside protected areas, and only
1.8% was protected. The overlap results between protected and non-protected areas were compared
with different land use types. Conservation priority areas were identified as those with more than
95% forest cover, offering an appropriate habitat for the two species. These findings can be used to
identify priority conservation areas through objective habitat analysis and as a basis for protected
area designation and assessment of endangered species habitat conservation, thereby contributing to
biodiversity and ecosystem conservation.

Keywords: habitat quality; InVEST; MaxEnt; protected areas; gap analysis; endangered species

1. Introduction

Biodiversity is a critical component of Earth’s ecosystems, providing multiple re-
sources and playing an essential role in maintaining the stability and functioning of
ecosystems. This biodiversity is intimately connected to our lives and well-being and
its conservation is of great value. The loss of biodiversity due to ecosystem degradation
also affects the services ecosystems provide humans [1]. The most effective way to conserve
ecosystems and biodiversity is to protect habitats and designate areas of high ecological
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value as protected areas [2]. In Korea, top predators such as tigers (Panthera tigris altaica),
leopards (Panthera pardus orientalis), and wolves (Canis lupus coreanus) have become extinct
or ecologically irrelevant over the past century, increasing the importance of the remaining
predators such as yellow-throated martens (Martes flavigula) and medium to large mammals
such as leopard cats (Prionailurus bengalensis). Yellow-throated martens and leopard cats,
both listed as Class II endangered species by the Ministry of Environment, exhibit a wide
range of behavior and are highly vulnerable to the effects of habitat fragmentation because
of their small population size [3]. Specifically, 63% of South Korea’s territory is covered
in forests [4]. Endangered forest-dependent species like the yellow-throated marten and
leopard cat are important subjects for studies on forest landscape conservation and the
designation of protected areas [5,6]. In addition, yellow-throated martens and leopard
cats are flagship species for the Korean ecosystem, and targeting them will increase the
likelihood of protecting other populations, which will help conserve biodiversity.

Current domestic wildlife reserves are small in area and have vague designation
criteria; there is a need for objective assessment and specific protections for endangered
species [4]. Many countries have historically prioritized and managed conservation solely
by assessing areas rich in biodiversity, which may underestimate the potential value of
species with broader influence ranges. Therefore, numerous recent studies have assessed
the diverse functions and values of ecosystems in order to address these limitations [3,7].

Ensembling results by combining multiple models instead of using only a single
model has become popular in recent research. This is to overcome the limitations of a single
model and produce more reliable results [8,9]. In this study, we followed this approach and
combined the results of two or more models. In particular, the IN'VEST-HQ model has the
advantage of being able to consider land use change, but has limitations in its application to
endangered species habitats. On the other hand, the MaxEnt model provides more realistic
results because it bases its predictions on actual occurrence data of species. Therefore, in
this study, we combined the results of these two models, a technique that has been adopted
by other studies recently [10-13].

This study analyzed priority areas for habitat conservation for endangered forest
species, such as the yellow-throated marten and leopard cat, that are sensitive to habitat
fragmentation. To analyze the habitat of these two species, we (1) evaluated protected
areas designated and managed for wildlife habitat protection; (2) habitat quality in Korea
was assessed using the INVEST Habitat Quality Model, which evaluates habitat quality
in the area using land cover; and (3) used the MaxEnt model to predict the probability of
species occurrence, allowing us to identify suitable habitats for endangered species with
small populations. Finally, we combined the results of the two models to identify the most
suitable core area likely to be used by the yellow-throated marten and leopard cat and
conducted a gap analysis with existing protected areas to identify priority conservation
areas. The findings provide a basis for habitat conservation for the yellow-throated marten
and leopard cat, as well as assist in the designation of new protected areas and evaluation
of existing ones.

2. Materials and Methods
2.1. Study Flow

The overall research flow is depicted in Figure 1. After overlaying the results of the
InVEST Habitat Quality and MaxEnt models, we conducted a gap analysis with existing
protected areas to identify priority areas for conservation.
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Figure 1. Study flow.

2.2. Study Species and Site

The yellow-throated marten and leopard cat are classified as least concern by the IUCN
Red List of Threatened Species and are listed Class II endangered species by the Ministry of
Environment and in the vulnerable category on the National Biodiversity Red List in South
Korea. (Figure 2). The yellow-throated marten is found in mountainous areas throughout
Asia in dense forests and forested valleys near streams. In contrast, the leopard cat is found
throughout Korea in forests and fields, except on Jeju Island and some other islands. While
both species have experienced a dramatic decline in their populations in recent years due
to deforestation, lack of habitat, and poaching [14], there has been insufficient research on
conserving their habitats in Korea. The yellow-throated marten and leopard cat are the
flagship species of the Korean ecosystem, and we chose them as targets because of their
common use of forests. If we can identify critical habitats through habitat analysis, we can
inform the selection of additional protected areas.

Figure 2. Study species: (a) yellow-throated marten (Martes flavigula), and (b) leopard cat (Prionailurus
bengalensis) [15].
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The study was conducted across South Korea as follows, and each administrative
region was divided into nine regions for area comparison (Figure 3b). South Korea is located
between China to the west and Japan to the east (Figure 3a), between 33~43° latitude and
124~132° longitude. It is a peninsula bordered on three sides by the sea and consists of 63%
forests. The Baekdudaegan Mountains Reserve stretches from north to south, forming a
high plateau in the east and a low one in the west. There are also four distinct seasons, so
the vegetation varies with different types of forests depending on the region.

(a)

(c)

Protected areas

Figure 3. (a) Study site; (b) provinces in Republic of Korea; and (c) protected areas selected in
the study.

2.3. Selection of Protected Areas

This study selected protected areas closely associated with forest wildlife habitats, with
yellow-throated marten and leopard cat as the target species: the protected areas designated
under the Fourth Basic Plan for Wildlife (2021-2025) and the Baekdudaegan Mountains
Reserve, excluding Special Islands that are not habitats for the yellow-throated marten
and leopard cat [2]. Finally, a total of five protected areas were extracted from the existing
protected areas and built into a 1 km? resolution raster (Figure 3c): the Wildlife Protection
Area, the Wildlife Special Protection Area, the Wetland Protected Area, the Nature Park
(including National Park, County Park, and Provincial Park), and the Baekdudaegan
Mountains Reserve [16].

2.4. Analyzing Habitat Quality with the InVEST-HQ Model
2.4.1. InVEST-HQ Model

To analyze the habitat quality for yellow-throated martens and leopard cats, it is
crucial to employ multiple metrics and models that can quantitatively assess the diverse
benefits of an ecosystem. The InVEST (Integrated Valuation and Environmental Services
and Tradeoffs) model used in this study consists of various ecosystem service valuation
items that can be valued using relevant variables based on land cover. It is open source and
easily accessible, and the analysis results can be visualized on a map [17]. Therefore, it has
recently been used as a decision-support model for ecosystem services [13,18].
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One of the INVEST models, Habitat Quality (HQ), utilizes land cover to assess an
area’s habitat quality. This model can be used as an indicator of biodiversity [17]. The
InVEST-HQ model can easily overlap with the species distribution model [13].

2.4.2. Creating Threats and Sensitivity Variables

The threats in the In'VEST-HQ model were prioritized based on the threats presented
in the ecological papers of the yellow-throated marten and leopard cat, except poaching,
which is challenging to incorporate into raster data [19—22]. Nine threats were selected: res-
idential areas, industrial areas, commercial areas, recreational areas, roads, public utilities,
agricultural land (excluding paddy and dry fields), paddy fields, and dry fields. Among
these, roads were divided into traffic areas in the land cover map and further classified
into three levels based on the maximum speed (MAX_SPD), taken from national standard
node-link data (Table 1).

Table 1. Threat and sensitivity values for the InVEST Habitat Quality model input for yellow-throated
marten and leopard cat.

. Sensitivity to Threat 2
Description HS1

T Res Ind Com Rec Roadl Road2 Road3 Pub Agri Pad Dry
reat Weight - 0.58 0.88 0.88 0.88 0.59 0.40 0.20 0.88 0.57 0.67 0.57
Maximum Distance - 3.8 59 59 59 24 2.0 1.6 59 34 4.7 4.7
Decay 3 - Expo Line Line Line Expo Expo Expo Line Line Line Line

Residential area 0.05 0 0 0 0 0 0 0 0 0 0 0

Industrial area 0.05 0 0 0 0 0 0 0 0 0 0 0

Commercial area 0.05 0 0 0 0 0 0 0 0 0 0 0

Recreational area 0.05 0 0 0 0 0 0 0 0 0 0 0

Road 0.05 0 0 0 0 0 0 0 0 0 0 0

Public utility area 0.05 0 0 0 0 0 0 0 0 0 0 0
Paddy field 0.25 0.33 0.41 0.41 0.41 0.25 0.15 0.05 0.41 0.31 0 0.10

Dry field 0.30 0.33 0.41 0.41 0.41 0.25 0.15 0.05 0.41 0.31 0.16 0

Facility plantation 0.25 0.33 0.41 0.41 0.41 0.25 0.15 0.05 0.41 0.31 0.16 0

Orchard 0.30 0.33 0.41 0.41 0.41 0.25 0.15 0.05 0.41 0.31 0.16 0

Sensitivity Other plantations 0.40 0.33 0.41 0.41 0.41 0.25 0.15 0.05 0.41 0.31 0.16 0
Broadleaved forest 0.86 0.60 0.75 0.75 0.75 0.52 0.42 0.32 0.75 0.66 0.61 0.51
Coniferous forest 0.86 0.60 0.75 0.75 0.75 0.52 0.42 0.32 0.75 0.66 0.61 0.51
Mixed forest 0.86 0.60 0.75 0.75 0.75 0.52 0.42 0.32 0.75 0.66 0.61 0.51
Natural grassland 0.50 0.36 0.45 0.45 0.45 0.33 0.23 0.13 0.45 0.46 0.41 0.41
Artificial grassland 0.34 0.36 0.45 0.45 0.45 0.33 0.23 0.13 0.45 0.46 0.41 0.41
Inland wetland 0.70 0.56 0.70 0.70 0.70 0.55 0.45 0.35 0.70 0.75 0.85 0.75
Coastal wetland 0.70 0.56 0.70 0.70 0.70 0.55 0.45 0.35 0.70 0.75 0.85 0.75
Bare ground 0.08 0.11 0.14 0.14 0.14 0.05 0.04 0.03 0.14 0.15 0.15 0.15
Artificial ground 0.08 0.11 0.14 0.14 0.14 0.05 0.04 0.03 0.14 0.15 0.15 0.15
Inland water 0.65 0.58 0.73 0.73 0.73 0.55 0.45 0.35 0.73 0.65 0.75 0.65
Marine water 0.65 0.58 0.73 0.73 0.73 0.55 0.45 0.35 0.73 0.65 0.75 0.65

1 HS: habitat suitability; 2 Res: residential area, Ind: industrial area, Com: commercial area, Rec: recreational area,
Road 1: ~60 km/h, Road 2: 60~80 km/h, Road 3: 80 km~/h, Agri: agricultural land, Pub: public utility, Pad:
paddy field, Dry: dry field; 8 Decay: Expo: exponential, Line: linear.

Next, we set the suitability and sensitivity values for the threat factors using the values
verified in South Korean research. Habitat suitability and sensitivity can range from 0 to 1,
with values closer to 1 indicating higher suitability and sensitivity. Values set by experts
in [18] were preferentially used for domestic conditions, and residential values that were not
included in their report were derived from other previous studies [23,24]. The proportions
of roads and agricultural land were set to match those in previous studies, considering the
available information from studies that assessed forested mammals and forests [23,25,26].
All threats except roads (national standard node-link, 2023) were extracted from the land
cover map (Environmental Geographic Information Service, 2022). The finalized threat and
sensitivity table is presented in Table 1.

This study used the INVEST (v3.14.0) model (https:/ /naturalcapitalproject.stanford.
edu/software/invest (accessed on 1 October 2023)) for analysis. In addition, the habitat
quality results were compared to the Environmental Conservation Value Assessment Map
(ECVAM) for validation, and the habitat excellence areas were examined based on ECVAM
ratings [27].
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2.5. Analyzing Potential Habitats with the MaxEnt Model
2.5.1. MaxEnt Model

There is an increasing need for a species distribution model that can predict the
probability of species occurrence in the case of endangered wildlife, where identifying the
habitat is challenging due to the small population. The MaxEnt (Maximum Entropy) model
is one of the species distribution models that can predict the probability of distribution
by utilizing actual species occurrence data and environmental variables [28]. As the data
surveyed in Korea only include occurrence data, the MaxEnt model is more suitable than
other models [29,30]. For this study, the MaxEnt model was selected to predict potential
habitats for the yellow-throated marten and leopard cat.

2.5.2. Creating Occurrence Data and Environmental Variables

The occurrence data of yellow-throated martens and leopard cats were obtained from
the 4th National Natural Environment Survey. Spatial autocorrelation (SAC), a measure of
the spatial dependence of the data, was determined using the average nearest neighbor
index in R (v.4.3.1). Coordinates were clustered to some extent, and to avoid overfitting
due to spatial autocorrelation we used the spThin package in R to ensure that each point
was at least 1 km? apart and adjusted accordingly. In total, we used 446 occurrence points
for the yellow-throated marten and 2379 points for the leopard cat.

The environmental variables used in the MaxEnt model were topography (elevation,
gradient, aspect, and topographic wetness), distance (distance from residential areas, used
areas, roads, and agricultural land), climate, vegetation (normalized difference vegetation
index, diameter, age, and density), and land cover, based on previous studies of yellow-
throated martens and leopard cats [6,20,25,31-34] (Table 2).

Table 2. Environmental variables used for MaxEnt modeling.

Classification Code Variables Type Source
DEM Elevation Digital Elevation Model
Slope Gradient (National Geographic
T Aspect Aspect Information Institute, 2014)
opography
Topographic Wetness Index
TWI Topographic Wetness Index (Korea Institute of Geoscience
and Mineral Resources, 2019)
Res Distance from residential area
Used Distance from used area Land cover map (Environmental
Distance Road Distance from road Geographic Information
Agri Distance from agricultural land . Service, 2022)
Water Distance from water Continuous
Bio3 Isothermality (Bio2/Bio7) (x100)
Climate Bio? Temper?g‘gg_%?gg)al range WorldClim (1970~2000)
Biol2 Annual precipitation
Biol3 Precipitation of wettest month
Normalized Difference
NDVI Normalized Difference Vegetation Index (Korea Institute
Vegetation Index of Geoscience and Mineral
Vegetation Resources, 2022)
DMCLS Diameter of forest 1: 5000 Forest type map
AGCLS Asge of forest (Korea Forest Service, 2022)
DNST Density of forest c . !
ategorical
Land cover map (Environmental
Land cover LULC Land cover type Geographic Information

Service, 2022)
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All environmental variables were utilized at a spatial resolution of 1 km?, and Pear-
son’s correlation coefficient () was computed to prevent multicollinearity. Most of the
highly correlated variables (|71 > 0.7) were climate variables. After removing a proportion
of the variables, 18 environmental variables were constructed (Table 2).

For the MaxEnt (v.3.4.4) model (https:/ /biodiversityinformatics.amnh.org/open_
source/maxent/ (accessed on 1 October 2023)), we used 70% of the occurrence points as
training data for model development and the remaining 30% as test data to verify the
model results. The training and test data were selected five times using the cross-validation
method. In the model, the background points were set to 10,000, the regularization multi-
pliers were set to 1, and the auto features included linear, quadratic, product, and hinge
types. The output from the model was formatted as logistic. This is because the effect
on the appearance of a species can be assessed with a value between 0 and 1 through the
logistic setting, and an appropriate threshold can be set to generate a binary map marked
with suitable and unsuitable habitats [35].

The model’s predictive power was assessed by measuring the AUC (area under cover)
of the ROC (receiver operating characteristic) curve. The AUC value of the ROC curve,
which can be used to evaluate the accuracy of the MaxEnt model, is close to 1, indicating
that the model has a high predictive probability (the explanatory power of the model
is considered meaningful when it is around 0.7 or higher) [28]. The jackknife test was
also conducted to determine the relative importance of environmental variables in model
generation, along with the response curve.

2.6. Gap Analysis

After selecting core areas for the yellow-throated martens and leopard cats, we con-
ducted a gap analysis to identify priority conservation areas by comparing the core areas
derived from the nested INVEST-HQ and MaxEnt models with existing protected areas. Gap
analysis is an analytical method that identifies gaps in the status of different components of
wildlife habitat and conservation and determines suitable habitats [7,8].

The habitat quality results of the INVEST-HQ model were used for the gap analysis to
extract the habitat quality of yellow-throated marten and leopard cat occurrence points,
with the mean value set as the threshold. Areas above the threshold were classified
as “excellent” habitat areas, while areas below the threshold were classified as habitat
“management” areas [18]. The “maximum test sensitivity plus specificity” threshold from
the logistic output of the MaxEnt model was used to identify potential habitat areas. Areas
that exceeded the average thresholds for both species were classified as “suitable” areas,
while areas below the threshold were classified as “unsuitable” [35].

The converted “excellent” habitat areas and “suitable” areas were overlaid, and the
“core area” was selected as habitats expected to be excellent for yellow-throated martens
and leopard cats and with a high probability of occurrence. In addition, by overlaying
the previously extracted protected areas, we compared the excellent habitat areas, suitable
areas, and core habitats outside and inside the protected areas. Finally, we selected priority
areas for conservation with Table 3.

Table 3. Determining the ranking of conservation priorities and explaining the overlay map.

Ranking Overlay Map Explain
InVEST-HQ MaxEnt PAl

1 (@] O Core area outside PA
2 O O O Core area inside PA
3 O Suitable area outside PA
4 O (¢) Suitable area inside PA
5 O Excellent area outside PA
6 (@] (¢} Excellent area inside PA
- (¢) Over-PA

Unsuitable habitat area

1 PA: protected area.
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[InVEST-HQ]

[MaxEnt]

3. Results and Discussion
3.1. Habitat Quality Analysis Results

The results of the habitat quality analysis for yellow-throated martens and leopard
cats using the InVEST-HQ model are shown in Figure 4a. Habitat quality ranged from 0
to 0.86 on a scale of 0 (low quality) to 1 (high quality), averaging 0.53 & 0.27. The redder
the color of the map, the higher the habitat quality. We found that the highest habitat
quality was centered around significant mountain ranges such as Gangwon and parts of
Gyeongbuk, where there is significant forest cover outside of city centers. Areas with
high habitat quality have a higher likelihood of biodiversity sustainability [13], and active
protection and management of these areas are needed to conserve them.

(d)

3
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Figure 4. (a) InVEST habitat quality map; (b) potential distribution map of the yellow-throated
marten; (c) potential distribution map of the leopard cat; (d) excellent/management areas of habitat
quality map; and (e) suitable/unsuitable areas of potential distribution map.

The average habitat quality value of the yellow-throated marten and leopard cat was
calculated to establish the threshold. The final threshold was determined to be 0.67, with
44,021 km? (43.9%) of excellent habitat areas above this value and 56,178 km? (56.1%) of
habitat management areas below it (Figure 4d). To evaluate the validity of the habitat
quality results, we compared them with the ECVAM [27]. We found that most of the
excellent habitat areas for yellow-throated martens and leopard cats were rated as grade 1.
This confirms that the excellent habitat areas were appropriately identified based on Korean
conditions.

3.2. Potential Habitat Analysis Results

In our analysis, the AUC values for the yellow-throated marten and leopard cat were
0.810 and 0.645, respectively (Table 4). In the case of leopard cats, it is difficult to exceed 0.7
on average because the occurrence coordinates are widely distributed across the country,
similar to general species, and like previous studies that ran MaxEnt models for leopard
cats at the national level, we found that the AUC values were relatively low (0.561, 0.629,
and 0.761) [25,32,36]. Therefore, although the AUC value does not indicate a very high
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accuracy, it can be evaluated as relatively reliable because it aligns with relatively low
values in previous studies [25].

Table 4. AUC values, relative importance of environmental variables, and jackknife test by Max-
Ent model.

Species AUC Percent Contribution Jackknife
. DEM ! > Bio3 > Bio7 > DEM > Slope > Used >
Martes flavigula 0810 Used > Slope DMCLS > AGCLS
Prionailurus 0.645 Bio7 > Slope > DEM > Bio7 > Bio3 > Slope >
bengalensis ’ LULC > Used Biol2 > LULC

! Bold variables indicate those common to both percent contribution and jackknife tests.

In addition, although we have addressed spatial clustering in our study, there is still
some degree of SAC remaining. This clustering could be due to differences in survey
methods or specific behavioral patterns of the species. Due to time and data constraints,
adjustments to the SAC were limited, but future studies will address this issue in more
depth with spatial econometric models [37].

The results of the jackknife test to assess the contribution of variables to the distribu-
tion of potential habitats for the yellow-throated marten and leopard cat and the relative
importance of each variable are shown in Table 4. Of the environmental variables, eleva-
tion, slope, and distance from used areas were the most important variables affecting the
distribution of yellow-throated martens. Bio7 (temperature annual range), slope, and land
cover were the most critical variables for leopard cats. The response curves indicated that
yellow-throated martens were more likely to be located at higher elevations, slopes, and
distances from used areas, which is similar to the findings of previous studies that have
shown that yellow-throated martens are more likely to occur in forests with higher eleva-
tions and a more complex canopy structure, especially in broadleaf forests with plant fruits
and rodents that can serve as food sources [20,33]. In the case of leopard cats, we found
that they were more likely to be located in forests and wetlands with annual temperature
differences between 30 °C and 33 °C and low slopes, which aligns with previous studies
that showed that leopard cat prefers relatively low elevation, medium-hardwood forests
with gentle slopes, and abundant streamside grasslands [19,38]. Therefore, this study’s
MaxEnt model of yellow-throated martens and leopard cats supports the results of these
previous studies.

The results of predicting potential habitats for yellow-throated martens and leopard
cats using the MaxEnt model are shown in Figure 4b,c. The predicted values range from
0 to 1, with redder colors on the map indicating a higher distribution probability. In the
case of the yellow-throated marten, the distribution probability was concentrated in areas
with high mountain ranges, centered on the Baekdudaegan Mountains Reserve. In the
case of leopard cats, the distribution probability was high throughout the country except
for some urban centers. Since the leopard cat uses forests as its primary habitat but has
ecological characteristics that allow it to live throughout Korea, it is appropriate to establish
protected areas centered on major forest areas where leopard cats can live when considering
long-term biodiversity conservation [14].

For thresholding, we used 0.42 £ 0.06, the average of the values for both species where
the sum of sensitivity and specificity was maximized as the final threshold. The area of
possible occurrences with a threshold of 0.42 or suitable areas was 17,943 km? (17.9%),
while the area of unsuitable areas with a threshold of 0.42 or lower was 82,256 km? (82.1%)
(Figure 4e).

3.3. Core Area Analysis Results

To identify the core habitat, we overlaid the habitat results from the InVEST-HQ and
MaxEnt analysis, focusing on forests shared by yellow-throated martens and leopard cats
(Figure 5). The core area was selected by overlaying the best and most likely habitat areas
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divided by the thresholds of the INVEST-HQ and MaxEnt models. The core area (red)
covered 14,718 km?, or 14.7% of the total area; MaxEnt results only (green), 3225 km? (3.2%),
InVEST-HQ results only (blue), 29,303 km? (29.2%), and unsuitable habitat areas (gray)
covered 52,953 km? (52.9%) (Figure 5).
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Figure 5. Mapping overlay of the core area map by MaxEnt and InVEST-HQ.

The difference between the IN'VEST-HQ and MaxEnt models is visible on the map
because the habitat quality value of forests was set to be high to match the ecological
characteristics of yellow-throated martens and leopard cats in the input data. The InVEST-
HQ model evaluates habitat quality by considering actual land use changes, and it is
necessary to refine the habitat quality evaluation system further in conjunction with other
models [13]. In this study, MaxEnt results using actual yellow-throated marten and leopard
cat occurrence coordinates yielded similar predictions to the ecological characteristics of
each species, supporting the utility of MaxEnt models for supporting decision making at
the site selection stage in the management plan of protected areas in conjunction with the
InVEST-HQ model [11,12].

3.4. Priority Areas for Conservation

Finally, we analyzed the gap between protected areas and our analysis-derived core
area to identify priority areas for conservation. For this, we overlaid the maps of protected
areas on the maps of wildlife habitats and the core area of yellow-throated martens and
leopard cats, where they are likely to occur. The overlapping maps identified priority areas
for conservation, as shown in Figure 6.
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Figure 6. Gap analysis results for conservation priority area: (a) core area outside/inside PA, (b) suit-
able area outside/inside PA, and (c) excellent area outside/inside PA.

On the conservation priority areas map, the red color scheme indicates core areas in
and outside protected areas, the green color scheme indicates suitable areas in and outside
protected areas, and the blue color scheme indicates excellent habitat areas in and outside
protected areas. Protected areas that do not overlap with the core areas are shown in purple
as overprotected areas, and the boundaries of protected areas are also shown in purple.
Otherwise, gray indicates unsuitable habitat areas, and yellow indicates the Baekdudaegan
Mountains Reserve and prominent forest veins (Figure 6).

The gap analysis sorted administrative regions in order of the largest area of core area
outside of the highest priority protected areas for conservation (Figure 7) and identified
the proportion of this area in each region (Table 5). The results showed that the highest
priority areas for conservation were Gyeongbuk (5932 km?), Gyeongnam (2130 km?), and
Gangwon (1845 km?), while Gyeonggi and Jeju had small areas (Figure 6).

The total area of core areas outside protected areas was 12,914 km? (12.9%), while core
area inside protected areas was only 1804 km? (1.8%) (Table 5). Thus, we found that most of
the core area for yellow-throated martens and leopard cats in this study was not included in
protected areas, suggesting that current protected areas could benefit from a reassessment.

The comparison of land use type and overlap inside and outside protected areas
showed that more than 95% of the externally predicted area is forested (Figure 8). This
indicates that these areas have a high potential for new habitats for conserving the study’s
target species, the yellow-throated marten and leopard cat. In particular, core areas in
Gyeongbuk (5932 km?), Gyeongnam (2130 km?), and Gangwon (1845 km?), which are
currently unprotected, were found to be centered on forest veins such as the Baekdudaegan
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Mountains Reserve and Nakdong veins. The Baekdudaegan Mountains Reserve is an
important migration corridor and habitat for critical plants and animals, including endan-
gered species [4]. New habitat candidates centered on forests should be considered for
designation as protected areas, reflecting the ecological characteristics of yellow-throated
martens and leopard cats, which use forests as their primary habitat.

0 5000 10,000 15,000 20,000 25,000 km?
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. [[] 4. Suitable area inside PA.
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Teiu M Over-PA
J [J Unsuitable habitat area

Figure 7. Mapping overlay of core area map by MaxEnt and InVEST-HQ.

Table 5. Percentage and conservation priority ranking area (km?) by administrative district.

Ranking 1 2 3 4 5 6 - -
Map Color
(Figures 6 and 7) [ | ] [ ] [ [ | (] [ ] ]
ggg: Core Slg::gle Suitable Ex[gerl(::nt Excellent Unsuitable
District Outside Area Outside Area Outside Area Over-PA Habitat
PA Inside PA PA Inside PA PA Inside PA Area
Gveonebuk 19914 5932 570 1054 72 3559 132 ) 8203
yeongbu ’ (29.79%) (2.86%) (5.29%) (0.36%) (17.87%) (2.17%) (0.46%) (41.19%)
2130 293 877 62 2051 399 140 6421
Gyeongnam 12373 47510y (237%) (7.09%) 050%)  (1658%)  (3.22%) 113%)  (51.90%)
Conewon 16,664 1845 15 239 25 8640 1259 82 4149
g : 11.07%)  (2.55%) (1.43%) 015%)  (51.85%)  (7.56%) 049%)  (24.90%)
Jeormam 12,790 1407 143 463 21 2415 368 195 7778
: 11.00%)  (1.12%) (3.62%) 016%)  (18.88%)  (2.88%) 152%)  (60.81%)
952 260 269 25 1408 398 107 4668
Jeonbuk 8087 AL77%)  (3.22%) (3:33%) 031%)  (1741%)  (4.92%) 132%)  (57.72%)
505 86 8 2 2238 614 80 3789
Chungbuk 7397 (6.83%) (1.16%) (1.12%) 003%)  (3026%)  (8.30%) (1.08%)  (51.22%)
Chunenam 9263 142 27 2 1 1936 126 102 6897
g (1.53%) (0.29%) (0.35%) 001%)  (2090%)  (136%) (110%)  (74.46%)
i 1 0 0 0 2801 156 122 8781
Gyeonggi 11,861 (0.01%) (0.00%) (0.00%) 0.00%)  (23.62%)  (1.32%) 1.03%)  (74.03%)
[ 1850 0 0 0 0 356 147 16 1331
j (0.00%) (0.00%) (0.00%) 0.00%)  (1924%)  (7.95%) 0.86%)  (71.95%)
12,914 1804 3017 208 25,404 3899 936 52,017
Total 100199 (1289%)  (1.80%) (3.01%) 021%)  (2535%)  (3.89%) 093%)  (51.91%)
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Figure 8. Land use type for gap analysis result areas.

4. Conclusions

This study focused on the yellow-throated marten and leopard cat—two endangered
forest species that are sensitive to habitat fragmentation—by superimposing the results
of the INVEST-HQ and MaxEnt models to analyze core areas with high habitat quality
and high occurrence potential. A gap analysis was conducted to identify gaps in existing
protected areas and priority areas for conservation.

The “core area” of the yellow-throated marten and leopard cat, which is the overlap
between excellent areas and suitable areas, was analyzed to be 14,718 km?, or 14.7% of the
national area. Of this, “core area outside protected areas”, which does not overlap with
protected areas, was 12,914 km? (12.9%), and “core area inside protected areas” was only
1804 km? (1.8%). This suggests that much of the core habitat is not included in protected
areas and that protected areas need to be adequately assessed.

These findings suggest that among the “core area outside protected areas”, the highest
priority areas for conservation are located in areas such as Gyeongbuk (5932 km?), Gyeong-
nam (2130 km?), and Gangwon (1845 km?) and are centered on forests, especially the
Baekdudaegan Mountains Reserve and Nakdong veins. As the area of forests that serve as
the primary habitat for wildlife in Korea continues to decline, a comprehensive ecosystem
conservation plan is needed to protect existing forests and designate new protected areas.
In particular, when comparing the overlap of land use types and protected areas in this
study, areas with more than 95% forest cover were identified as forest areas, appropriately
designated as yellow-throated marten and leopard cat protected areas.

The results of this study provide an objective habitat analysis of yellow-throated
martens and leopard cats to identify priority areas for conservation, which can be used
as a basis for the evaluation and designation of protected areas to conserve habitats for
threatened species for biodiversity and ecosystem conservation. Future research should
consider various additional taxonomic groups to inform the selection of more effective
protected areas. Additionally, it is necessary to further develop the habitat assessment
method by supplementing the inputs of the INVEST-HQ and MaxEnt models and comparing
them with other ecosystem service models or species distribution models.
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Simple Summary: Exploring species’ potential suitable habitats is crucial for endangered species
conservation, in particular under future global climate change conditions. The Wushan salamander
(Liua shihi) is an endangered salamander in China, which is a national protected species (level II).
Based on the distribution records of L. shihi, the main objective of this study was to predict the
distribution of suitable habitats under current and future climate conditions for L. shihi. Our results
showed that precipitation, cloud density, vegetation type, and ultraviolet radiation were the main
environmental factors affecting the distribution of suitable habitat for L. shihi. At present, the suitable
habitats are mainly distributed in the Daba Mountain area. Under the future climate conditions,
the area of suitable habitats increased, which mainly occurred in central Guizhou Province. These
findings provided important information for the conservation of L. shihi.

Abstract: Climate change has been considered to pose critical threats for wildlife. During the
past decade, species distribution models were widely used to assess the effects of climate change
on the distribution of species’ suitable habitats. Among all the vertebrates, amphibians are most
vulnerable to climate change. This is especially true for salamanders, which possess some specific
traits such as cutaneous respiration and low vagility. The Wushan salamander (Liua shihi) is a
threatened and protected salamander in China, with its wild population decreasing continuously.
The main objective of this study was to predict the distribution of suitable habitat for L. shihi using
the ENMeval parameter-optimized MaxEnt model under current and future climate conditions. Our
results showed that precipitation, cloud density, vegetation type, and ultraviolet radiation were the
main environmental factors affecting the distribution of L. shihi. Currently, the suitable habitats
for L. shihi are mainly concentrated in the Daba Mountains, including northeastern Chongqing and
western Hubei Provinces. Under the future climate conditions, the area of suitable habitats increased,
which mainly occurred in central Guizhou Province. This study provided important information for
the conservation of L. shihi. Future studies can incorporate more species distribution models to better
understand the effects of climate change on the distribution of L. shihi.

Keywords: amphibian; maximum entropy; ENMeval; environmental factor; distribution pattern

1. Introduction

Understanding the effects of human-induced perturbations on biological diversity
is one of the central concerns in modern ecology [1]. During the past hundreds of years,
human activities have dramatically changed the environment on Earth, in particular the
climate, which has strongly affected animals in recent decades [2]. Based on previous
studies, over 27% of mammals, 13% of birds, 21% of reptiles, 41% of amphibians, and
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37%of fishes are threatened due to climate change and other human disturbances [3]. For
instance, although the Atlantic Forest network of protected areas (PAs) supports 18% of the
amphibians in South America, the number of amphibian species in PAs is declining under
changing climate conditions [4]. The reduction of precipitation will lead to a decrease in
the reproductive success rate of shovel-nosed frog (Hemisus marmoratus) and natterjack
toad (Bufo calamita), resulting in a decrease in their populations [5]. Climate change can
also cause the alteration of amphibian phylogenetic composition and niche. For instance,
most of the amphibians in PAs contracted their ranges and such responses are clade
specific. Basal amphibian clades (e.g., Gymnophiona and Pipidae) were positively affected
by climate change, whereas late-divergent clades (e.g., Cycloramphidae, Centrolenidae,
Eleutherodactylidae, Microhylidae) were severely impacted [6]. From the wet season to the
dry season, the vertical niche space of amphibians in Sierra Llorona has a clear downward
trend in response to natural levels of climate variability [7]. In recent decades, increasing
studies also indicated that climate change can lead to the shift of animals” geographical
distribution. For instance, Nottingham et al. showed that the suitable habitats of Del
Norte salamander (Plethodon elongatus) and Siskiyou Mountains salamander (P. stormi)
will shift to the coast and out of the valley with a move north into the mountains under
future climate change conditions in the Pacific Northwest of the United States [8]. Duan
et al. demonstrated that amphibians in China would lose 20% of their original distribution
ranges on average, and over 90% of species’ suitable habitats will shift to the north when
compared with their current distribution range. As a consequence, climate change can lead
to significant changes in the spatial pattern of amphibian diversity in China [9].

Among all the vertebrates, amphibians are particularly sensitive to climate change
as they cannot regulate their body temperature actively [10]. This is especially true for
salamanders, which possess some specific traits such as cutaneous respiration and low
vagility [11]. However, studies focused on the effects of climate change on salamanders are
still limited (but see [12,13]). The Wushan salamander (Liua shihi) is a national protected
(level IT) salamander in China, which was classified as Near Threatened in the Red List of
China. Although this species was listed as Least Concern (LC) in the International Union
for Conservation of Nature (IUCN), the wild populations have declined continuously in
recent years [14,15]. Based on the records, this species is widely distributed in montane
streams of eastern Sichuan, Chongqing, western Hubei, and southern Shaanxi Provinces,
with the elevation ranging from 900 to 2350 m [16], and it mainly feeds on aquatic insects
and algae [17]. In recent years, the wild population of L. shihi has been decreasing continu-
ously due to human-induced perturbations [18]. Therefore, it is urgent to understand the
distribution of suitable habitats of this species, as well as how the suitable habitat will shift
under future climate change conditions.

Species distribution models (SDMs) have been proved to be effective to predict the
effects of climate change on species distribution patterns [19]. Based on species distribution
points and environmental data, these models predict where species likely inhabit using
approaches such as statistical and machine learning analyses [20]. Accordingly, SDMs are
involved in several models such as Bioclim, random forest, maximum entropy, regression
tree, and genetic algorithm [21,22]. Although none of the above models can be regarded
as the best one, the maximum entropy model (MaxEnt) was considered to exhibit higher
prediction accuracy, have a stronger ability to integrate multiple environmental variables,
and provide more intuitive results [23,24]. Therefore, MaxEnt is increasingly used in
ecological studies to investigate the responses of species distribution patterns to climate
change. Using this model, Zhao et al. demonstrated that climate change can induce
different effects on the evolutionarily significant units (ESUs) of Chinese giant salamander
(Andrias davidianus) in China, with the northern ESU exhibiting more severe habitat loss [25].
Moreover, Zank et al. used MaxEnt to investigate the potential effects of climate change
on 24 species of red-bellied toads (Melanophryniscus) in South America, and they found
that 40% of the species may lose over 50% of their potential distribution area by 2080 [26].
However, most studies only used the default parameters provided by the MaxEnt model,
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despite the fact that MaxEnt is sensitive to sampling bias and prone to overfitting when
using default parameters [23,27]. Therefore, it is essential to optimize the parameters of the
MaxEnt before conducting the model analyses [27].

The main objective of the present study was to assess the effects of climate change
on the distribution of suitable habitats for L. shihi. Specifically, we (1) investigated the
distribution of suitable habitats for L. shihi under current climate conditions; (2) analyzed
the key environmental factors affecting the distribution patterns of L. shihi; (3) revealed
the shift of suitable habitats (i.e., the distribution patterns and the area) caused by climate
change in the future. Based on previous studies (e.g., [28,29]), we predicted that the
suitable habitats of L. shihi are mainly distributed in southwestern China at present. We
also predicted that climate change will lead to the expansion of suitable habitats from the
current distribution area to the southwest. In addition, the area of suitable habitats would
decrease due to climate change.

2. Materials and Methods
2.1. Study Area

L. shihi is an endemic amphibian species in China. Although its distribution records
were concentrated in the Daba Mountains, its potential suitable habitats could be widely
distributed in China. Therefore, and in order to better protect this endangered species, we
considered the whole of China as the study area.

2.2. Species Occurrence Data

The occurrence data of L. shihi in this study were obtained from published literature
(Table S1), the Global Biodiversity Information Facility website (http://www.gbif.org,
accessed on 28 May 2023) (Table S2), and our original field survey (Table S3). In total,
89 occurrence records of L. shihi were collected. To avoid spatial autocorrelation, redundant
records within 5 x 5 km grids were excluded using SDMToolbox (version 2.4; [30]). Finally,
a total of 53 occurrence records were obtained for further analyses (Figure 1).
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Figure 1. Distribution points of L. shihi (red triangles; after excluding autocorrelation).
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2.3. Environmental Variables

Environmental variables were selected based on previous studies demonstrating that
they may potentially affect the distribution of amphibians (e.g., [13,31,32]). These vari-
ables can be divided into five categories, including bioclimate, meteorology, vegetation,
human disturbance, and topography. In total, we obtained 31 environmental variable
raster layers (Table 1). Specifically, bioclimatic data were composed of 19 climate fac-
tors at a resolution of 2.5 min, which were derived from the WorldClim climate database
(http:/ /www.worldclim.org/, accessed on 26 May 2023) [33]. Meteorological factors were
composed of ultraviolet-B (UV-B) radiation and cloud cover, which were derived from
EarthEnv (https://www.earthenv.org/cloud, accessed on 3 June 2023) and Helmholtz
Centre for Environmental Research (https://www.ufz.de/gluv, accessed on 3 June 2023),
respectively. Vegetation data contained the percentages of tree coverage and vegetation
types, which were from Global Map Data Archives (https://globalmaps.github.io/ptc.
html, accessed on 3 June 2023) and Resources and Environmental Science Data Center
(https:/ /www.resdc.cn/, accessed on 3 June 2023), respectively. Human disturbance data
were represented by the population density, which were downloaded from the Socioeco-
nomic Data and Applications Centre (https://sedac.ciesin.columbia.edu/, accessed on
5 June 2023). Finally, topographic data included elevation, slope, and aspect at a resolution
of 90 m, which were obtained from the Geospatial Data Cloud (https://www.gscloud.cn/,
accessed on 5 June 2023). We unified their coordinate system as GCS_WGS_1984 and
resampled them to obtain a consistent spatial resolution.

Table 1. Contribution and permutation importance of environmental variables in MaxEnt models.

Code Envirnonmental Variable Percentage Contribution (%)  Permutation Importance (%)
Biol4 Precipitation of driest month 29.7 6.9
Mseason Cloud cover seasonal concentration 28.6 6.6
Veg Vegetation type 158 0.5
UVB4 Mean UV-B of lowest month 5.6 13.2
Slope Slope 5 5
Bio2 Mean diurnal range 3.5 0.6
Mspatial Cloud cover spatial variability 3.5 1.6
Bio9 Mean temperature of driest quarter 3.1 14
Biol5 Precipitation seasonality 1.6 22
Bio4 Temperature seasonality 14 2.5
UVB3 Mean UV-B of highest month 12 25.6
Pdensity Density of population 0.4 15
UVB1 Annual mean UV-B 0.4 0
Asp Aspect 0 0.1
Plantcover Density of trees on the ground 0 0

In order to reduce the influence of spatial correlation, environmental variables with
high correlation but low contribution rate were removed before the model analyses [34].
Correlation analysis was performed using SPS526.0 software. A Shapiro test was conducted
using R software version 4.3.2 (https:/ /www.r-project.org/, accessed on 7 November 2023)
before the correlation analysis to identify the distribution of each variable [35]. Variables
with a normal distribution were tested by Pearson correlations, and others were tested
using Spearman correlations [36]. For the contribution rate, we performed a pre-simulation
test in MaxEnt 3.4.4 with the distribution data of L. shihi and the 31 environmental variables.
The contribution rate of the variables was tested using the jackknife test [37]. After that,
variables with too high correlations (| PCCs| > 0.8; Figure 2) but a low contribution rate
(<1%) were removed [38], and the rest of the variables were used for secondary simulation.
Based on our results, 15 environmental variables were finally selected for constructing the
final models, including five for bioclimate, five for meteorology, two for vegetation, one for
human disturbance, and three for topography (Table 1).

39



Animals 2024, 14, 1390

.
g3 z
LR
22858522228
@clee c00 @ !
o
® LJ ° ® 08
@ce0 o0 O
L BN ) o0 ©
° °® 06
@ce0 o0 O
[ B o0 O
@cee o000 © [ 04
Biol 1 ®ce o0 ©
Biol2 [ lele} ®
Biol3 0 b 02
Biol4 000
Biol$ 000 [ ]
Biols, ©® 0 ® °® (11} L) 0
Biol7 000
Biol8 000
Biol9 000 L) 02
Asp
Ec@ 00000000 0 oo @
Slope L J -0.4
Pdensity @ © @ 00 0000 ®
Mmean 0@ @O0 - @0 0 000 @] ® ®
Mseason . -0.6
Mspatial ) L .
UVBI @ 00 0000 ® L ( 13
uvB3 @ o0 o000 © 0@ ¢ 08
UVB4 o (o e @] '
Plantcover @ 0200000000 @« LJ .
Veg . -1

Figure 2. Correlation matrix between environmental variables. Biol-19 are bioclimatic variables
obtained from WorldClim website. Asp: aspect; Ele: elevation; Slope: slope; Pdensity: density of
population; Mmean: mean annual cloud cover; Mseason: cloud cover seasonal concentration; Mspa-
tial: cloud cover spatial variability; UVB1: annual mean UV-B; UVB3: mean UV-B of highest month;
UVB4: mean UV-B of lowest month; Plantcover: density of trees on the ground; Veg: vegetation type.
Positive correlations are displayed in blue and negative correlations in a red color. The color intensity
and the size of the circle are proportional to the correlation coefficients.

The future climate data were obtained from the BCC-CSM2-MR climate system
model [39]. These data contained two shared socioeconomic pathways (SSPs), SSP126
and SSP585, which are scenarios of global economic, demographic, and energy devel-
opment in the future [40]. Specifically, SSP126 represents the combined effects of low
vulnerability, mitigating stress, and radiative forcing. SSP585 represents the future socioe-
conomic path of high-emission, high-carbon (coal, oil, and natural gas) use [41]. In this
study, two future climate scenarios (SSP126, SSP585) of three periods (2021-2040, 2041-2060,
2061-2080) were selected for projecting the future distribution area of L. shihi.

2.4. Parameter Optimization and Model Construction

There are five feature types in MaxEnt models, including linear (L), quadratic (Q),
hinge (H), product (P), and threshold (T). For parameter adjustment, we computed the AICc
values of the modeling parameters’ regularization multiplier (RM) and feature combination
(FC; the combination of the above five feature types) in R software using the ENMeval
package [42]. In this study, we considered the range of RMs from 0.5 to 4.0 and selected
six FC types (i.e., L, LQ, H, LQH, LQHP, and LQHPT). Then, we used the parameters
corresponding to the minimum information criterion AICc value to construct the species
distribution models [27].

The distribution data, environmental variables, and the optimized model parameters
were input into MaxEnt3.4.4 software (New York, NY, USA, https:/ /biodiversityinformatics.
amnh.org/open_source/maxent/, accessed on 17 May 2023). The importance of environ-
mental variables to the distribution of L. shihi was evaluated according to the relative
contributions of environmental variables and the results of the jackknife test [40]. Twenty-
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five percent of the distribution data were randomly selected as the test set, while the rest
were considered as the training set. The maximum number of background points was
10,000. A total of 10 runs were set for model construction, and the replicated run type was
cross-validation.

We used the receiver operating characteristic (ROC) curve and the area under the ROC
curve (AUC) to evaluate the accuracy of the model. The range of the AUC values was
0-1. A larger value indicates higher model accuracy, as well as higher credibility of the
model. Models can be considered as having high prediction accuracy when the AUC value
is greater than 0.8, and then the prediction results can be adopted [43]. An AUC value
greater than 0.9 indicates that the prediction accuracy of the model is extremely high [23].

2.5. Parameter Optimization and Model Construction

We imported the average value of MaxEnt output results into ArcGIS 10.8 software
and used a conversion tool to convert layers from asc format to raster data. The habitat
suitability degree was divided into four levels, including high suitability area, moderate
suitability area, low suitability area, and unsuitable area by natural breaks (Jenks) [44].
Finally, we calculated the area and proportion of suitable areas for each level. Moreover,
we analyzed the change trend from current to future scenarios.

3. Results
3.1. Model Optimization and Accuracy Evaluation

For the current distribution models, the AAICc exhibited the lowest value when fea-
ture combination (FC) = LQHP and regulation multiplier (RM) = 2.5, indicating that the
model was optimal with these parameters (Figure 3). This best model showed that the
AUC value of the working curve of the subjects was 0.992 £ 0.004 (mean =+ standard devia-
tion), indicating the extremely high accuracy of the model prediction, thus the overfitting
phenomenon could be effectively avoided (Figure 4).
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Figure 3. AAICc of the MaxEnt models under different regularization multipliers (RMs) and feature
combinations (FCs).
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Figure 4. Receiver operating characteristic (ROC) curve and AUC value.

In terms of the future distribution models, the optimal parameters were FC = LQPH
and RM = 2 for the SSP585 (2021-2040) scenario, while FC = LQ and RM = 0.5 for the rest
of the scenarios. After applying the above parameters in MaxEnt to construct models, the
results showed that the AUC values of the working curve of the subjects were all > 0.9.

3.2. The Importance of Environmental Variables

For the MaxEnt models constructed under the current climate scenario, the top five
environmental variables accounted for 84.7% of the cumulative contribution, including pre-
cipitation of the driest month (Bio14, 29.7%), cloud cover seasonal concentration (Mseason,
28.6%), vegetation type (Veg, 15.8%), mean UV-B of the lowest month (UVB4, 5.6%), and
slope (5%; Table 1). In terms of the permutation importance (the extent to which the model
depends on the variable; [45]), the top five environmental variables were mean UV-B of the
highest month (UVB3, 25.6%), precipitation seasonality (Biol5, 22%), mean temperature
of the driest quarter (Bio9, 14%), mean UV-B of the lowest month (UVB4, 13.2%), and
precipitation of the driest month (Bio14, 6.9%). For the jackknife test (Figure 5), the test
gain value was 3.7 when considering all the environmental variables. When considering
the variables individually, precipitation of the driest month (Bio14), vegetation type (Veg),
precipitation seasonality (Bio15), cloud cover seasonal concentration (Mseason), and mean
UV-B of the lowest month (UVB4) were the top five variables that exhibited the highest test
gain values.
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Figure 5. Jackknife of test gain for environmental variables in L. shihi.
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3.3. Current Potential Suitable Habitats for L. shihi

Based on the results of MaxEnt models (Figure 6, Table 2), the potential suitable
habitat for L. shihi was widely distributed in southwestern China, including Chonggqing,
Hubei, Sichuan, Shaanxi, Hunan, and Guizhou Provinces. In total, the suitable distribu-
tion area under current climate conditions for L. shihi was 45.61 x 10* km?. Specifically,
the high-suitability region was mainly concentrated in the Daba Mountains and Shen-
nongjia National Park, which are located at the junction of Chonggqing, Hubei, and Shaanxi
Provinces. In addition, there were a small number of high-suitability regions scattered
in central Sichuan Province. The size of the high-suitability area was 6.51 x 10 km?,
accounting for 14.3% of the total suitable habitat. The moderate-suitability region included
the eastern part of Sichuan, southern Shaanxi, western Hubei, and eastern Chongqing
Provinces, showing a ring shape, and the area was 9.77 x 10* km?, accounting for 21.4% of
the total suitable habitats. The low-suitability region was wrapped around the periphery of
the moderate- and high-suitability areas, showing a strip shape. Moreover, the area was
29.31 x 10* km?, accounting for 64.3% of the total suitable habitats.
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Figure 6. Potential suitable habitat for L. shihi under current climatic conditions.

Table 2. The area of suitable habitats in different periods (values in the brackets indicate the variations
when compared with the area of the current period) (x10* km?).

2021-2040 2041-2060 2061-2080
Grade Current

SSP126 SSP585 SSP126 SSP585 SSP126 SSP585

Low 29.306 29.281 26.800 36.037 28.774 30.802 35.229
’ (—0.025) (—2.506) (6.731) (—0.532) (1.496) (5.923)

Moderate 9.774 16.646 20.535 17.336 16.262 9.889 19.076
(6.872) (10.761) (7.562) (6.488) (0.115) (9.302)

. 8.887 8.162 8.931 8.457 8.137 9.307
High 6.526 (2.361) (1.636) (—2.405) (1.931) (1.611) (2.781)
Total 45.609 54.814 55.497 62.306 53.493 48.828 63.613
' (9.205) (9.888) (16.697) (7.884) (3.219) (18.004)
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3.4. Future Distribution Patterns of the Suitable Habitats for L. shihi

In the 2021-2040 period under SSP126, the high-suitability area increased to 8.89 x 10* km?,
which was mainly contributed by the expansion in central Hubei Province and the junction
of Chongging and Guizhou Provinces. However, the high-suitability habitats in central
Sichuan Province disappeared. The area of low-suitability habitats also decreased (244 km?),
associated with the loss in central Sichuan Province. In the 2041-2060 period under SSP126,
the total area of suitable habitats increased to 62.31 x 10* km?. Specifically, more high-
suitability habitats occurred in Guizhou Province, despite the concentrated area in the Daba
Mountains decreasing. The moderate-suitability habitats in central Sichuan Province disap-
peared, while there was no obvious change for low-suitability regions. In the 2061-2080
period under SSP126, a continuous decrease in high-suitability region was observed in
the Daba Mountains, with the area being about 8.14 x 10* km?. The moderate-suitability
region in Guizhou Province was lost, while the low-suitability region can be only observed
in central and south China (e.g., Henan, Hubei, and Guizhou Provinces; Figure 7, Table 2).

Figure 7. Potentially suitable climatic distribution of L. shihi under different climate change scenarios:
(a) SSP126 from 2021-2040; (b) SSP126 from 2041-2060; (c) SSP126 from 2061-2082; (d) SSP585 from
2021-2040; (e) SSP585 from 2041-2060; (f) SSP585 from 2061-2080.

In the 2021-2040 period under SSP585, the high-suitability area increased to 8.16 x 10* km?,
which was mainly contributed by the expansion in the middle and north of Hubei Province.
The moderate-suitability area expanded to the south, mainly located in the east of Chongqing
Province and the north of Guizhou Province. The area of low-suitability habitats decreased
(2.5 x 10* km?), associated with the loss in the junction of Chongqing and Guizhou
Provinces. In the 2041-2060 period under SSP585, the total area of suitable habitats in-
creased to 53.50 x 10* km?. Specifically, the high-suitability area expanded to Guizhou
Province. The moderate-suitability area in the south of Henan Province expanded to
16.26 x 10* km?, while the area of low-suitability habitats decreased (0.53 x 10* km?).
In the 2061-2080 period under SSP585, the highly suitable areas in the Daba Mountains
were more concentrated. There was no obvious shift in the distribution pattern of the
low-suitability area (Figure 7, Table 2).
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4. Discussion

In the present study, we used optimized MaxEnt models to predict the distribution
patterns of suitable habitats for L. shihi in China under current and future climate conditions.
Based on the high AUC values, our models can be considered to have high accuracy in
prediction [46]. Many previous studies only used the default parameters when conducting
MaxEnt models (e.g., [47,48]). However, the default parameters will lead to over-fitting and
high omission rates of the model. The “ENMeval” package developed by Muscarella et al.
based on the R language has been widely used for optimizing the regularization multiplier
(RM) and feature combination (FC) in the MaxEnt model to balance the complexity and
avoid those defects [42]. Recently, increasing numbers of researchers have argued that Max-
Ent models should be optimized before conducting predictions, as the default parameters
may cause some bias [27,49]. Our results supported this claim as we found that the types
of FC and the values of RM could change in different models. However, more theoretical
work and field work are still needed to verify the effectiveness of parameter optimization
in MaxEnt models.

As ectothermic animals, amphibians’ growth and distribution are strongly affected by
external environments, in particular the climate conditions [28,29]. This is especially true
for salamanders, which are more sensitive to the change in climatic factors [13]. Among all
the climatic variables, precipitation of the driest month was the most important one that
determined the distribution of potential suitable habitats for L. shihi. Based on previous
studies [17], the breeding period for this species is between March and April, associated
with the dry season in the Daba Mountains. Therefore, sufficient precipitation can provide
suitable spawning sites for L. shihi in montane streams, and permanent streams were
critical for them to complete the life cycle [50]. High concentration of cloud cover, woody
plant coverage, and low UV-B also were the main environmental variables that affect
the distribution of suitable habitats for L. shihi. This is consistent with previous studies
showing that ultraviolet light can cause oxidative stress, DNA damage, and egg death in
salamanders [51,52]. Since an increase in ultraviolet rays may also lead to dramatic habitat
reduction and connectivity fragmentation in other amphibian species that live in montane
streams (e.g., spiny-bellied frog: Quasipaa boulengeri; [31]), low UV-B could be an important
factor driving the survival and distribution of aquatic amphibians. In the present study, it
was found that high cloud density and forest coverage can effectively reduce the damage
of ultraviolet rays to L. shihi [53], supporting the survival and distribution of this species.
In addition, the influence of slope cannot be ignored, which was associated with the water
flow rate and sunshine angle of the habitat, and salamanders usually preferred to select
places with low water flow rate and sufficient light to grow and reproduce [54,55].

Our results showed that the high-suitability habitat for L. shihi was concentrated in
the junction of Chongqing, Shaanxi, and Hebei Provinces, suggesting that this species may
prefer some specific ecological conditions in this area [56]. Therefore, this region should be
paid more attention for the protection of this species. For protected animals, a concentrated
distribution pattern means they may be more easily threatened by climate change, and
regional natural disasters and disease transmission will put the entire population at risk
of extinction [57]. Interestingly, there were no distribution points recorded in some high-
suitability regions (e.g., central Sichuan and central Chongqing Provinces), indicating that
further field investigations can be carried out in these areas. In addition, a small number
of existing distribution points were located in low-suitability or even non-suitable areas,
suggesting that these populations should be paid more attention.

In the future, the total area of the suitable habitats for L. shihi will increase, although
the main spatial distribution patterns did not change dramatically. This may be due to
the unique climatic conditions (cool and humid all year round) in the Daba Mountains
and Shennongjia National Park, which are climate transition regions between subtropical
and northern warm temperate zones [58,59]. In two periods (2021-2040 and 2061-2080),
the area of the suitable habitats under SSP126 was smaller than that of SSP585. This
shows that the high-emission and high-carbon use scenario (SSP585) may cause an increase
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in the area of suitable habitat for L. shihi, which is similar to the finding of Wider et al.
showing that the suitable range of the blue-spotted salamander (Ambystoma laterale) and
the red-backed salamander (P. cinereus) increases with the increase in greenhouse gas
concentration [60]. From the time point of view, the suitable area of L. shihi in the future is
larger than the current results, and the high-suitability area under the SSP585 scenario will
gradually increase with time. This increase may be the cumulative effect of climate change.
This is contrary to previous studies showing that the area of suitable habitats of some
other salamanders (e.g., leprous false brook salamander: Pseudoeurycea leprosa, streamside
salamander: A. barbouri, and Cheat Mountain salamander: P. nettingi) will significantly
decrease in the future [45,61]. We speculated that under this scenario, climate change has
just reached the suitable conditions for L. shihi in some areas. It is worth noting that in the
next three periods, the distribution range will be more concentrated. It indicates that the
concentrated areas may have more important protection significance, as this region should
be the refuge for L. shihi under future climate change.

5. Conclusions

In conclusion, the present study predicted the potential suitable habitats for L. shihi
using a MaxEnt model with optimized parameters under current and future climate change
scenarios for three time periods (SSP126 and SSP585). Our results indicated that precipita-
tion of the driest month (Biol4), cloud cover seasonal concentration (Mseason), vegetation
type (Veg), mean UV-B of the lowest month (UVB4), and slope are important environ-
mental variables that have a great impact on the habitat suitability. The suitable habitats
under the current situation are mainly distributed at the junction of Chonggqing, Shaanxi,
and Hubei Provinces. Under future climatic conditions, the total suitable area increased.
The new suitable habitats were concentrated in the central part of Guizhou and Hubei
Provinces. However, suitable habitats located in the central part of Sichuan and Chonggqing
Provinces were lost. The results of this study can help us better understand the distribution
of L. shihi and can provide important information for determining the suitable areas of this
species in China. Future studies can incorporate more species distribution models to better
understand the effects of climate change on the distribution of suitable habitats for L. shihi.
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Simple Summary: The common bottlenose dolphin, Tursiops truncatus, is a worldwide cetacean
species essential for marine ecosystems’ health and balance. Understanding the genetic connectivity
and structure of different populations is crucial for the correct management and conservation of a
species, such as designing Special Areas of Conservation or Marine Protected Areas. In this study, we
described the genetic composition of 49 bottlenose dolphins from the Canary Islands, which were
previously unstudied, and compared them with individuals from the rest of the North-East Atlantic
Ocean. The results showed that Canarian bottlenose dolphins have a remarkably diverse genetic
composition, and this population is possibly part of a larger oceanic population in the North Atlantic.
Therefore, the studied Special Areas of Conservation in the Canary Islands may correspond to a
hotspot of genetic diversity and could be a strategic area for the conservation of the species.

Abstract: In recent decades, worldwide cetacean species have been protected, but they are still
threatened. The bottlenose dolphin (Tursiops truncatus) is a vulnerable keystone species and a useful
bioindicator of the health and balance of marine ecosystems in oceans all over the world. The genetic
structure of the species is shaped by their niche specialization (along with other factors), leading to
the classification of two ecotypes: coastal and pelagic. In this study, the genetic diversity, population
structure, and ecotypes of bottlenose dolphins from the Canary Islands were assessed through the
analysis of 49 new samples from biopsies and from stranded animals using the 636 bp portion of
the mitochondrial control region and 343 individuals from databases (1 = 392). The results reveal
high genetic diversity in Canarian bottlenose dolphins (Hd = 0.969 and 7 = 0.0165) and the apparent
lack of population genetic structure within this archipelago. High genetic structure (Fst, ®st) was
found between the Canary Islands and coastal populations, while little to no structure was found
with the pelagic populations. These results suggest that Canarian bottlenose dolphins are part of
pelagic ecotype populations in the North Atlantic. The studied Special Areas of Conservation in
the Canary Islands may correspond to a hotspot of genetic diversity of the species and could be a
strategic area for the conservation of the oceanic ecotype of bottlenose dolphins.
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1. Introduction

The common bottlenose dolphin (Tursiops truncatus) is one of the most widely dis-
tributed cetacean species occurring in temperate and tropical waters worldwide [1]. As
top predators, they are useful bioindicators of the health and status of marine ecosystems
and play vital roles in maintaining the balance in such environments [2,3]. Thanks to their
behavioral and ecological plasticity, bottlenose dolphins can inhabit a vast range of aquatic
ecosystems, from deep oceanic waters to coastal estuarine ecosystems, even roaming into
rivers [4,5]. This great ecological variability and the lack of apparent physical barriers to
dispersal or gene flow in the marine environment make it challenging to define a popula-
tion (stock) and its boundaries, which have important implications in both evolutionary
and conservation biology.

The bottlenose dolphin is protected by the EU Habitats Directive 92/43/EEC. It is
included in the Berne Convention as strictly protected fauna, and its coastal ecotype is
present in the ACCOBAMS (Agreement on the Conservation of Cetaceans in the Black Sea,
Mediterranean Sea and contiguous Atlantic area). In Spain, it is cataloged as Vulnerable
(VU) in the National Catalog of Endangered Species in both peninsular waters (Order of
10 March 2000) and in those of the Canary Islands (Order of 9 June 1999). The bottlenose
dolphin is also included as Vulnerable in the Red Book of Vertebrates, both in the waters of
the European Union and in the Spanish Mediterranean. However, globally, the common
bottlenose dolphin is cataloged as Least Concern (LC) in the IUCN Red List of Threat-
ened Species [6], and different populations from distant geographical areas face different
anthropogenic threats; therefore, such populations should be categorized and managed
separately. For example, Mediterranean populations were classified as Vulnerable (VU)
until 2021 [7], and currently, the Fiordland subpopulation in New Zealand is listed as
Critically Endangered (CE) [8], raising special conservation concerns for small and resident
coastal populations.

Coastal bottlenose dolphin populations are commonly found in shallow waters less
than 40 m deep, while pelagic populations are observed in outer deeper oceanic waters
(200 to 4000 m) [9,10], and several studies have noted differences in their distribution, diet,
and skull morphology [11-15], leading to the idea of two different ecotypes. In addition,
findings of significant genetic structure have reinforced this idea, with coastal populations
presenting lower genetic diversity [16-23]. Site fidelity, along with resource specialization
and different social and behavioral strategies, appears to be a strong driving force of genetic
structuring in coastal resident bottlenose dolphins worldwide [12,15,16,19-21,23-26]. In
the North Atlantic Ocean, pelagic populations show a highly diverse pattern with high
levels of gene flow among extremely distant geographical regions, suggesting the existence
of a single large panmictic oceanic population [16,18,20,22]. On the contrary, some coastal
populations present fine-scale levels of genetic structure with low diversity [19,22,23,25,27],
and even the recent extinction of a genetically isolated population (e.g., Humber estuary,
UK) has occurred with no signs of repopulation so far [28]. Such contrasting patterns and
the reduced population size of coastal bottlenose dolphins raise special concerns about
the conservation of the species. Since coastal cetaceans could face more anthropogenic
threats than oceanic ones [29], and their low effective population sizes might lead to a
decrease in the adaptive potential to environmental changes [30,31], the identification of
such threatened populations is crucial for the management of the species (e.g., designation
of Special Areas of Conservation, SACs).

The Canary Islands is one of the major four archipelagos (Azores, Madeira, Canaries,
and Cape Verde) within the Macaronesian region. This region is characterized by complex
geomorphology, with several sea mountains, volcanic activity, and a rugged coastline [32].
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Its bathymetry is typical of oceanic islands, rapidly reaching depths of 200 m near the coast
(Figure 1). Many cetacean species inhabit and roam these oceanic waters, representing not
only a hotspot of cetacean abundance and diversity [33] but also an important biological
corridor for these large marine mammals due to their high dispersal capacities. Bottlenose
dolphin populations observed in different SACs from the Canary Islands show high site
fidelity patterns and are greater than populations of other archipelagos (e.g., Hawaii or
Bahamas; [34]). Several individuals have been resighted off two or more islands and
even in other archipelagos (Madeira), providing evidence of the long-distance movements
(=500 km) that these dolphins can undertake [34,35]. Nevertheless, to date, these popula-
tions remain unstudied in terms of genetic structure, connectivity with other regions, and
ecotype assessment.
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Figure 1. Map of the Canary Islands with sampling scheme of stranded (S) individuals and biopsy
(B) samples. Areas in green highlight the Special Areas of Conservation (SACs) in La Gomera (ZEC-
ES7020123) and Tenerife (ZEC-ES7020017) where biopsies were collected. Isobaths are plotted and
denoted on a scale of blue.

In this context, the aims of this study were to determine the population structure within
the Canary Islands and to assess the ecotype of bottlenose dolphins using molecular mark-
ers. Moreover, data relating to North-East Atlantic Ocean (NEAO) bottlenose dolphins were
added to our analysis to study the phylogeographic relationships and possible connectivity
with the other populations from the North-East Atlantic basin. Since no levels of genetic
structure were found in other archipelagos (within and between Azores and Madeira) of
the Macaronesian region [18], the high dispersal of Canarian bottlenose dolphins [34,35],
and the broad connectivity of the pelagic ecotype in the North-East Atlantic [18,20], we
hypothesized that none or negligible levels of genetic structure should be observed within
the Canary Islands, clustering with the pelagic ecotype of the North-East Atlantic.

2. Materials and Methods
2.1. Sample Collection

A total of 49 bottlenose dolphin samples were collected from the Canary Islands from
2005 to 2022 (Table S1). Thirty-one biopsy samples were obtained from wild specimens
in two different SACs (see studied area in Figure 1), the marine strips of Santiago-Valle
Gran Rey in La Gomera island (ZEC-ES7020123) and Teno-Rasca in Tenerife Island (ZEC-
ES7020017). The tissue size was 8 mm in diameter and length, and only adults were
sampled. Photo identification was carried out simultaneously to spot individuals with
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site fidelity. Eighteen samples were obtained from stranded animals from five different
locations (La Gomera, Tenerife, Gran Canaria, Fuerteventura, and Lanzarote). All stranding
events were of single individuals (see Table S1), and the individuals were in the fresh
decomposition stage (recently dead individuals), ensuring that death occurred near the
coast. Tissue samples were either immediately preserved in ethanol or first frozen at —20 °C
and later placed in ethanol for long-term storage.

2.2. Genetic Analysis: Population Structure and Diversity in the Canary Islands

DNA was extracted from the skin samples using DNeasy Blood and Tissue Kit (QI-
AGEN, Venlo, The Netherlands), following the manufacturer’s instructions with modi-
fications for small size samples (biopsies), such as longer lysis incubation (24 h), longer
pre-elution incubation (5-10 min) and smaller elution volume (75 uL). All individuals
were genetically sexed with the multiplexed SRY gene and ZFY/ZFX gene PCR [36]. A
fragment of the mtDNA D-loop region was amplified using the primers described in the
work of Dalebout et al. [37] following the protocol of Miralles et al. [38]. PCR sequencing
in forward and reverse directions was carried out at Macrogen Inc. (Madrid, Spain) with
a 3730XL DNA Analyzer (Applied Biosystems, Waltham, MA, USA). All of the obtained
sequences were visualized, assembled, and checked for ambiguities in BioEdit, Version
7.0.5.3 [39]. The sequences were aligned and manually edited in BioEdit, producing a
dataset of 49 sequences. Prior to molecular analyses, all of the sequences were corroborated
using the Nucleotide BLAST tool (Basic Local Alignment Search tool, NCBI).

Genetic diversity and structure (Fst, ®st) indexes were assessed using ARLEQUIN,
Version 3.5.1.2 [40]. Fst may be an indicator of short-term or recent population processes,
while ®@st may be an indicator of longer-term or older processes. Therefore, it is useful to
calculate both types of indexes for any data set. Combining these statistics will enable more
robust analyses of population structure than what is possible with only Fst. Moreover, if
they are different, it is possible that sample size and mutations have a larger influence on
the results obtained. ARLEQUIN was also used to estimate the number of segregating sites
(S), haplotypes (Nh), unique haplotypes (h), haplotype diversity (Hd), nucleotide diversity
(7), and the average number of nucleotide differences between pairs of sequences (k). To
determine if there were any deviations from the Wright-Fisher mutation-drift equilibrium
due to population bottlenecks or expansions, Fu’s Fs and Tajima’s D indices were calculated
in ARLEQUIN with their respective p values.

Phylogenetic relationships among the different haplotypes were inferred from a
median-joining network constructed with PopArt, Version 1.7 [41,42], with the homo-
plasy parameter (¢) set to zero. To further visualize the possible genetic structure within
the Canary Islands, non-metric Multidimensional Scaling (nMDS) analysis was conducted
in PAST, Version 4.03 [43], using the mutation distribution of haplotypes and applying
Tamura [44] for genetic distances and considering tolerable stress values <0.2 [45].

2.3. Genetic Analysis: Population Structure and Diversity in the NEAO

To study the phylogeographic relationships of the Canary Islands within the NEAO,
the complete dataset of Louise et al. [20], except for the individuals of unknown origin,
was downloaded from GenBank (1 = 343). This dataset comprised four main groups
containing several regions from the NEAO and Mediterranean Sea: the coastal south group
(English Channel, Arcachon estuary, and South Galicia bottlenose dolphins), coastal north
group (UK and Ireland resident or mobile coastal groups), pelagic Atlantic group (Azores
archipelago and Bay of Biscay), and finally, the pelagic Mediterranean group (Gulf of Cadiz
and Corsica) (see Louise et al. [20] for detailed description). The sequences were aligned
using the Clustal W tool within MEGA-X, Version 10.0.5 [46], and trimmed to 636 pb to
match our dataset. Since no polymorphism was present within the trimmed regions, no
haplotype or information was lost, producing a final dataset of 392 sequences and defining
70 haplotypes, including the Canary Islands from this study. Genetic diversity and structure
(Fst, ®st) indexes were calculated in ARLEQUIN in addition to an analysis of molecular
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variance (AMOVA) with 10,000 permutations. For ®st, the best-fit model of molecular
evolution was determined using MEGA-X, which resulted in T92 +G + I [44], based on the
Bayesian Information Criterion (BIC; [47]), with a gamma value of 0.46. Finally, a haplotype
network was constructed using the median-joining algorithm in PopArt with ¢ set to zero.

3. Results
3.1. Population Structure and Genetic Diversity in the Canary Islands

In total, 49 mtDNA sequences of 636 bp were obtained, defining 28 haplotypes across
the Canary Islands; 29 individuals corresponded to previously reported haplotypes, and
20 individuals presented 15 new unreported haplotypes (CAN1-CAN15, Table S1). New
haplotypes were uploaded to GenBank under the accession numbers OQ656769-OQ656783.

Overall, mitochondrial haplotype and nucleotide diversities were high: Hd = 0.969
and 7t = 0.0165 (Table 1). Tenerife presented the highest number of haplotypes (Nh), unique
haplotypes (h), and segregating sites (S), but it was also the location with the highest sample
size (n = 27). Similar values of genetic variability in both largest samples in terms of m,
Hd, and K were obtained despite the smaller sample size of La Gomera in comparison
with Tenerife (Hd = 0.955 and 0.952, respectively) (Table 1). However, no significant
population structure was found between these two localities (Fst = 0.0008, ®st = 0.014;
p > 0.2). In addition, no differences were found between biopsies and stranding samples
(Fst =0.005, ®st = 0.049 p > 0.05), and all diversity indexes presented high similarity (Table
S2, Supplementary Materials), discarding possible confounding effects between the two
types of samples. Both Fu’s Fs (Fs = —5.88, p = 0.052) and Tajima’s D (D = 0.41, p = 0.725)
were not significant.

Table 1. Bottlenose dolphin mitochondrial genetic diversity found in bottlenose dolphins from the
Canary Islands, including sample size (1), segregating sites (S), number of haplotypes (Nh), number
of unique haplotypes (h), haplotype diversity (Hd), nucleotide diversity (7), and average number of
nucleotide differences (k). SD = standard deviation.

Populations n S Nh h Hd (SD) 7t (SD) k
Tenerife 27 35 17 11 0.952 (0.025) 0.0166 (0.009) 10.571
La Gomera 12 31 9 2 0.955 (0.047) 0.0153 (0.008) 9.713
Lanzarote 4 24 4 3 1.000 (0.177) 0.0206 (0.014) 13.121
Gran Canaria 4 16 4 3 1.000 (0.177) 0.0149 (0.010) 9.491
Fuerteventura 2 9 2 1 1.000 (0.500) 0.0128 (0.014) 8.122

0.0165

Total 49 43 28 / 0.969 (0.011) (0.009) 10.509

The median-joining network (Figure 2A) shows a highly diverse and reticulated
pattern, with most individuals forming single haplotypes with multiple mutational steps.
The two more distant haplotypes were separated by 47 bp. Only eight haplotypes were
shared between individuals from different locations, where six were shared between
Tenerife and La Gomera, one between Fuerteventura and La Gomera, and one between
Gran Canaria and Lanzarote.

Non-metric Multidimensional Scaling analysis shows the lack of genetic structure
within the Canary Islands since no clear clustering is observed, and all samples are scattered
across the plot. The low stress value (0.09) indicates the validity of the analysis (Figure 3).
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Figure 2. Median-joining network based on 636 bp of mtDNA haplotypes found in bottlenose
dolphins from the Canary Islands (A), and from the North-East Atlantic and Mediterranean (B). Each
circle represents a unique haplotype colored proportionally to the amount of individuals found in
each location. Size of the circle is proportional to the haplotype frequencies. Black circles represent
unsampled or extinct intermediate haplotypes. Hatch marks represent mutational steps. More than 3
mutational steps are denoted in parenthesis.
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Figure 3. Non-metric Multidimensional Scaling of the five localities sampled in the Canary Islands.
(A) Scatter plot showing necropsies (squares) and biopsies (circles) samples colored depending on the
locality of collection. Red = Tenerife; Green = La Gomera; Blue = Gran Canaria; Orange = Lanzarote;
Pink = Fuerteventura. Here, 95% ellipse is denoted with in a blue line. (B) Shepard plot. The stress
value of the Shepard plot is 0.09.
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3.2. Population Structure and Genetic Diversity in the Canary Islands

A dataset of 392 mtDNA sequences was obtained by combining this study (n = 49)
and the work of Louis et al. [20] (n = 343), defining 70 haplotypes. With the inclusion of
the highly diverse Canary population, the overall haplotypic diversity was augmented
(Hd = 0.905) in relation to the values previously reported by Louis et al. [20] (Hd = 0.883).
Out of the 70 haplotypes, 17 were private for the Canary Islands, being the second popula-
tion with the most unique haplotypes after the Pelagic Atlantic samples (h = 25, Table 2).
Despite having the smallest sample size, the Canary Islands presented the highest haplo-
typic diversity (Hd = 0.969) (Tables 1 and 2). Initially, an analysis of molecular variance
(AMOVA) was tested with the Canary Islands as an independent group against pelagic and
coastal populations, resulted in being not significant in the global structure (®ct = 0.377,
p = 0.139; Fct = 0.075, p = 0.268), which is likely due to the large variability within the
populations (Pst = 0.434, p < 0.0001; Fst = 0.219, p < 0.0001). A second test was performed,
grouping the Canary Islands within the pelagic group, which also resulted in no signifi-
cance (Pct = 0.436, p = 0.103; Fct = 0.136, p = 0.103). The pairwise comparisons of Fst and
®st obtained by Louis et al. [20] were replicated with the addition of the Canary Islands
population, where the last was mainly differentiated from the coastal populations (Table 3).
All of the comparisons among the Canary Islands and coastal populations were significant,
with high Fst and ®st values (p < 0.001), while no structure was found when compared
with the pelagic Atlantic populations (Fst and ®st values). However, one significant but
low level of genetic structure (Fst = 0.057, p < 0.001) was found between the Canary Islands
and the pelagic Mediterranean (but not the ®st value). It is the only comparison when Fst
is significant but ®st is not.

Table 2. Bottlenose dolphin mitochondrial genetic diversity in the North-East Atlantic, including
sample size (1), segregating sites (S), number of haplotypes (Nh), number of unique haplotypes (h),
haplotype diversity (Hd), nucleotide diversity (), and average number of nucleotide differences (k).
Data from this work and from Louis et al. [20]. SD = standard deviation.

Populations n S Nh h Hd (SD) 7 (SD) k
Canary Islands 49 43 28 17 0.969 (0.011) 0.0165 (0.009) 10.503
Coastal south 115 12 4 0 0.499 (0.044) 0.0014 (0.001) 0.889
Coastal north 76 13 5 2 0.667 (0.042) 0.0063 (0.003) 4.028
Pelagic Atlantic 101 41 38 25 0.929 (0.013) 0.0155 (0.007) 9.881
Pelagic Mediterranean 51 28 15 8 0.902 (0.022) 0.0137 (0.007) 8.680
Total 392 56 70 / 0.905 (0.009) 0.0140 (0.007) 8.894
Table 3. Population pairwise Fst (above diagonal) and ®st (below diagonal) values in terms of
bottlenose dolphins from the Canary Islands.
Populations Canary Islands Coastal South Coastal North Pelagic Atlantic Pelagic
P Y & Mediterranean
Canary Islands - 0.291 ** 0.191 ** 0.015 0.057 **
Coastal south 0.635 ** - 0.252 ** 0.279 ** 0.328 **
Coastal north 0.401 ** 0.233 ** - 0.195 ** 0.222 **
Pelagic Atlantic 0.004 0.541 ** 0.349 ** - 0.071 **
Pelagic ot - o -
Mediterranean 0.040 0.671 0.446 0.056

** p < 0.01 after sequential Bonferroni correction.

A global haplotype network including all sequences from Louis et al. [20] was per-
formed with the addition of the Canary Islands sequences (Figure 2B). All of the individuals
clustered among the pelagic haplotypes in the upper part of the network, except for one
stranded individual (CET0564), which showed the haplotype Ttrunc2, typical of the coastal
bottlenose dolphins. It is worth mentioning that, in the upper-left side of the network, a
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coastal north haplotype (in red) from the UK and Ireland clustered with several pelagic
haplotypes from the Atlantic (Azores and Bay of Biscay) and Mediterranean (Gulf of Cadiz
and Corsica) as well as five Canarian haplotypes in a branch with a star-like pattern. In
general, branches of the network were well defined in terms of several mutations between
the closest haplotypes (e.g., four, five or seven positions).

4. Discussion

The genetic identification of natural populations is of crucial importance for the
correct management and risk assessment of a species since small isolated populations
are at increased risk of the effects of genetic drift and inbreeding [30], which can increase
extinction probability. This is especially true in the case of bottlenose dolphins because
coastal populations have been described to have low levels of genetic diversity, and even
the extinction of an isolated population has been reported (e.g., Humber Estuary, UK) [28].
The results of this study would help to define key areas within the Macaronesian region for
the management and long-term conservation of this relevant marine species protected in
Europe under the EU Habitats Directive (92/43/CEE).

This study is the first to report the genetic structure of the population within the Ca-
nary Islands and to assess the ecotypes using molecular markers (i.e., mtDNA) and biopsies
of free-ranging individuals. The overall mitochondrial haplotypic diversity found in this
study (Hd = 0.969) is the highest reported in any previously studied bottlenose dolphin
population in the North Atlantic [17,18,20,27]. Bottlenose dolphins from the Canary Islands
were found to be remarkably diverse, with high genetic diversity indexes (Table 1). From a
total of 49 samples, we found 28 haplotypes, meaning that more than half of the individuals
sampled presented a different mtDNA sequence with multiple mutations between them
(overall k > 10). Both Fu’s Fs and Tajima’s D were not significant, suggesting a relatively
stable population size under mutation—drift equilibrium. No sign of genetic structuring
among the islands was found in this work (Figure 2A). The haplotype network shows both
patterns of high genetic diversity and the lack of a fine-scale structure, showing three major
characteristics: (1) the presence of many haplotypes composed of single individuals, (2)
multiple mutational steps among haplotypes, and (3) samples from different localities scat-
tered across the network (Figure 2A). Additionally, non-metric Multidimensional Scaling
analysis reinforced the evidence of a lack of genetic structure within the Canary Islands
since no clear clustering is observed and all samples are scattered across the plot (stress
value = 0.09; Figure 3). Although the lack of structure was expected, the small sample
size of Lanzarote, Gran Canaria, and Fuerteventura, coupled with the absence of nuclear
markers (microsatellites), might hinder the signals of a fine-scale genetic structure.

Previously, only Fernandez et al. [27] reported genetic data of six stranded bottlenose
dolphins from the Canary Islands. These authors found high nuclear and mitochondrial
diversity. In our study, samples from the Canary Islands were grouped with the Azores,
Basque Country, and Mainland Portugal, forming an offshore population in contrast with
the genetically isolated population of Southern Galicia and the Sado estuary [27]. As
reported in the Azores and Madeira archipelagos [18], along with photo identification
data [34,35], our results support the hypothesis of the absence of a fine-scale genetic
structure within the Canary Islands, with this population possibly grouping within the
diverse large oceanic ecotypes.

The global haplotype network indicated that individuals from the Canary Islands are
closely related to both pelagic Atlantic and pelagic Mediterranean populations by clustering
within the upper pelagic mitochondrial lineage (Figure 2B). All of the individuals clustered
among the pelagic haplotypes in the upper part of the network, except for one stranded
individual (CET0564), showing haplotype Ttrunc2, which is typical of coastal populations.
The Canary samples were scattered across the network, sharing ten and three haplotypes
with pelagic Atlantic and pelagic Mediterranean populations, respectively, which could
indicate current or historical gene flow, incomplete lineage sorting, or introgression [20]. In
addition, despite having less than half of the sample size of the pelagic Atlantic population,
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the population of the Canary Islands possessed a remarkably high number of seventeen
private haplotypes (i.e., haplotypes only found in that locality) in comparison to twenty-five
(Table 2). The lack of genetic structure with pelagic populations, the deep bathymetry
of the islands, and the high levels of haplotypic diversity support the hypothesis that
bottlenose dolphins from the Canary Islands are part of a large oceanic population in the
North-East Atlantic [18,20]. This connectivity among populations could be maintained
by the high dispersal capacity of the species [35,48,49] and adaptations to deep oceanic
environments [21]. However, one low but significant value in terms of genetic structure
(Fst = 0.057, p < 0.001) was found between the Canary Islands and pelagic Mediterranean
(but not the ®st value) (Table 3). It is known that the Fst method is largely influenced by
the presence of rare variants [50], while ®st statistics are not. ®st is derived from two
different statistical distributions: the distribution of allele (haplotypes) frequencies among
populations and the distribution of evolutionary distances among alleles [51]. When the
significance of both markers differed, it is possible that samples size and /or mutation had a
larger influence on the results obtained. After a population splits and until subpopulations
have reached a stable equilibrium, Fst is likely to increase first, indicating recent events.
Only after new alleles have arisen and monophyletic clades of alleles have begun to arise
in different subpopulations will @st begin to increase substantially [51]. This way, it takes
advantage of this additional information and provides greater insight into the patterns of
relationships among the populations.

The results obtained in this work are in concordance with those obtained by Hilde-
brandt (unpub. data; [52]), in which Canarian bottlenose dolphins showed high diversity
indexes, a lack of structure, and similarities with bottlenose dolphins from the North At-
lantic Ocean. The Canary Islands are considered a hotspot of cetacean biodiversity [33],
one of the most diverse places for cetaceans and the largest in Europe [53]. However,
just three species dominated the sightings: bottlenose dolphins, pilot whales (Globicephala
macrorhynchus) and spotted dolphins (Stenella frontalis) [53]. Comparing the results ob-
tained here with these other two delphinid species, we observed the same lack of genetic
structuring across the Canary Islands in spotted dolphins [54] but not in pilot whales [52].
On a broader scale, it has been described that spotted dolphins represent several distinct
units in the Atlantic Ocean: Macaronesian group clustering, Canary Islands, Azores and
Madeiran individuals [54].

Bottlenose dolphins are a highly endangered species due to coastal activities and
fisheries. They are protected in Europe under the EU Habitats Directive (92/43/CEE), the
Berne Convention and the ACCOBAMS, which requests the designation of SACs for their
protection. Our results highlight the importance of the SACs in terms of managing and
preserving bottlenose dolphins inhabiting the Canary Islands since this region seems to
represent a hotspot of genetic diversity for a large pelagic population. The protection of
these strategic areas could have positive impacts even in the outer parts of the marine
reserve [23,55] thanks to the high connectivity of such pelagic ecotypes in the North-East
Atlantic Ocean. This study provides baseline data for further investigations of the fine-
scale genetic structure within the Canarian and Macaronesian region. Future studies that
include nuclear markers (microsatellites) or genomics would provide higher-resolution
information [56] on the connectivity among islands and detailed information for the future
management of this protected species.

5. Conclusions

The analysis of 49 new samples, along with 343 individuals from databases, revealed
a remarkable level of genetic diversity among Canarian bottlenose dolphins, as indicated
by the highest reported mitochondrial haplotypic diversity in any North-East Atlantic
bottlenose dolphin population. In line with our hypothesis, we found negligible levels of
genetic structure within the Canary Islands, suggesting a cohesive population across the
archipelago. The results align with the absence of fine-scale genetic structure reported in

58



Animals 2024, 14,901

other oceanic archipelagos and support the hypothesis that Canarian bottlenose dolphins
are part of a larger oceanic population in the North-East Atlantic.

Results from this research highlight the importance of Special Areas of Conservation
(SACs) in the Canary Islands. The designation of SACs is crucial for preserving the
genetic diversity of bottlenose dolphins, particularly considering their classification as
a strategic area for the conservation of the oceanic ecotype. Additionally, we highlight
the importance of incorporating nuclear markers (microsatellites) or SNPs to enhance the
resolution of connectivity and provide detailed information for the ongoing conservation
and management of this protected species.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani14060901/s1, Table S1: Detailed sampling data of bottlenose
dolphins from the Canary Islands; Table S2: Comparison of genetic diversity indexes of Biopsies and
Stranding samples.
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Simple Summary: The population of Przewalski’s gazelle (Procapra przewalskii) has increased over
the past decades, but it is still threatened by a variety of environmental factors and human disturbance.
Most of the suitable habitats for Przewalski’s gazelle are limited to the vicinity of Qinghai Lake.
Moreover, most of the suitable habitat for Przewalski’s gazelle is not included in the scope of the
reserve. Thus, conservation translocation may be an effective way of protecting Przewalski’s gazelle.

Abstract: Although the population of Przewalski’s gazelle (Procapra przewalskii) has increased, this
species is still threatened by a variety of risk factors, such as habitat loss and fragmentation, grassland
fencing, grazing conflict, the segmentation of different populations, and declines in population
genetic diversity. In order to determine the potential suitable habitat of Przewalski’s gazelle and find
a new suitable location for its conservation translocation, we used the MaxEnt model to predict the
suitable habitats in Qinghai Province, Gansu Province, and the Ordos Plateau in Inner Mongolia and
other regions with historical distribution records. On the basis of the MaxEnt model’s prediction
of the potential suitable habitat of Przewalski’s gazelle, we used GAP analysis to determine the
existing protection gaps and provide a new reference for the future protection of Przewalski’s
gazelle. We found that altitude, temperature, vegetation type, and distance from roads were the main
environmental factors affecting the geographical distribution of Przewalski’s gazelle. Most of the
suitable habitat of Przewalski’s gazelle is confined around Qinghai Lake. GAP analysis revealed
that most of the suitable habitats of