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Preface

According to the International Union of Conservation of Nature (IUCN), endangered
species are those categorized as very likely to become extinct in their own native
ranges in the near future. Per various reports, thousands of species are lost every year,
and their numbers continue to increase annually at an alarming rate. As such, this
book provides a comprehensive report of endangered animal and plant species. Some
of the endangered animal species discussed include Chinese pangolins, Pompa cats,
and Galapagos pinnipeds (sea lions and fur seals). Endangered plant species exam-
ined include dragon blood trees and plants native to Hawaii. I hope readers will find
this book a useful resource for enhancing their knowledge of endangered species.

Dr. Mohammad Manjur Shah
Associate Professor,

Department of Biological Sciences,
Yusuf Maitama Sule University,
Kano, Nigeria
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Chapter1

Galapagos Pinnipeds, Challenges to
Their Survival

Marjorie Riofrio-Lazo and Diego Pdez-Rosas

Abstract

Pinnipeds endemic to the Galapagos archipelago are in endangered conserva-
tion status. The Galapagos sea lion, Zalophus wollebaeki, and Galapagos fur seal,
Arctocephalus galapagoensis, have adapted to an ecosystem with high environmental
variability and unpredictable marine productivity to survive. In addition to the
environmental factors that pressure their populations, these species are exposed to
anthropogenic influence, mainly in rookeries on islands with human settlements.
It has been determined that the populations of Galapagos pinnipeds have different
growth trends between regions of the archipelago, islands of the same region, and
between rookeries of the same island. 58% of the Galapagos sea lion population is
in the southeastern, with the largest rookery in direct contact with the inhabitants.
Various strategies have been proposed to reduce the negative impacts of human-animal
interaction, ensure the population’s viability over time, and reduce the species’
extinction risk.

Keywords: Galapagos sea lion, Galapagos fur seal, population trends, anthropogenic
disturbances, conservation strategies

1. Introduction

The world’s smallest sea lion and fur seal inhabit the Galapagos archipelago, a Natural
Heritage of Humanity, located in the Eastern Tropical Pacific at 1000 km off Ecuador’s
mainland. This ecosystem is exposed to strong environmental variability as a product of
local and regional processes that establish unique ecological characteristics that provide
the home of a wide diversity of taxa and a high level of endemism [1, 2].

The Galapagos sea lion, Zalophus wollebaeki, and Galapagos fur seal, Arctocephalus
galapagoensis, are endemic otariids of the archipelago that face different challenges
to survive [3-5]. Environmental and anthropogenic factors impact the population
dynamics of pinnipeds [6], so both species developed adaptation mechanisms allow-
ing them to persist in the archipelago despite the ecosystem’s uncertainty in terms of
variability in feeding resources and climatic conditions [5, 7] and human-induced
pressures that contribute to the deterioration of their habitat [8, 9].

The natural environmental variability of the ecosystem influences the life history
strategies, abundance, and distribution of pinnipeds [10-12]. The Galapagos Islands
present different levels of productivity and wide seasonal climate variability [13, 14]
influenced by oceanographic current systems and upwelling patterns [15, 16] that
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determine biogeographic patterns within the archipelago [17, 18]. Environmental dis-
turbances such as ENSO (EI Nifio Southern Oscillation), occurring periodically in the
Galapagos, intensify interannual environmental variability [19], causing fluctuations
in marine productivity that alter the trophic network and impact the demography

of top predators [20, 21]. A situation that is worrying given that the frequency and
intensity of these effects increase with global warming [22].

Natural disturbances generate negative effects that are exacerbated when
combined with anthropogenic disturbances [23]. In Galapagos, the anthropogenic
influence recorded in the last decades is related to local population growth and unsus-
tainable tourism [24]. Among the human-induced pressures are fishing, pollution,
marine litter, species introduction, and disease agents, which reduce habitat quality
and threaten the health of the species [25-27].

Like other marine predators, the Galapagos pinnipeds serve as indicators of
ecosystem health [28, 29]. They depend on terrestrial and marine habitats and are
exposed to different stressors [5, 30]. Depending on the rookery location and the level
of human interaction, Galapagos pinniped populations will present different growth
trends and threat levels, which have important implications for management schemes
[8, 21]. We provide an overview of how these species have adapted to the Galapagos
environment, facing natural and anthropogenic stressors. We also analyze their
population growth trends in the last 21 years and management actions to improve
their conservation.

2. Galapagos Sea lions and Fur Seals

Z. wollebaeki and A. galapagoensis share some similarities due to their common
environment. They inhabit the Galapagos Islands throughout the year [31], and their
rookeries are small (<1300 individuals) compared to otariids from high latitudes
[21]. They direct their foraging trips to specific areas within the archipelago [11, 32]
and have long-lasting lactation periods [7, 33]. They are non-migratory species,
although vagrants have been sighted along the coast of South and Central America to
Mexico [34, 35].

The Galapagos sea lion is distributed throughout the archipelago, mainly on south-
eastern islands where 62% of its population is concentrated [9]. It is more numerous
than the Galapagos fur seal and has a larger size, approximately 40% larger [7, 36]. It
presents a marked sexual size dimorphism. Adult males reach a length of 210 cm and
aweight of 200 kg, and females reach a length of 176 cm and a weight of 95 kg [7].
Like other sea lions, they are highly gregarious, polygynous, and territorial [5]. They
breed, nurse, rest, and thermoregulate in semiaquatic spaces along beaches on islands
and islets [30]. They are philopatric to their reproductive rookeries [31] and feeding
areas (Figure1) [28, 37].

Female Galapagos sea lions give birth to one pup after 11 months of gestation
between August and January [7], although this varies slightly, being earlier in the
western and later in the southeastern region of the archipelago [38]. The maternal
care consists of feeding cycles of the female in the sea, which ranges from a few hours
to 4 days, and suckling of the pup on land, which lasts on average five hours [38, 39].
Weaning occurs after 18 months of birth and extends to three years [33], so females
nurse all their reproductive lives [7].

The Galapagos fur seal breeds on eight main rookeries on western and northern
islands, with 95% of its population on Fernandina Island [9], which corresponds to
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Figure 1.
Juvenile Galapagos sea lion (Zalophus wollebaeki) swimming in shallow waters in Champion Islet. Photo by
Andrés Moveira-Mendieta.

regions with greater productivity and strong upwellings [19]. In seven rookeries, it
lives in sympatry with the Galapagos sea lion, where each one has specialized in a
specific foraging niche [11, 40, 41]. It presents typical characteristics of fur seals,
except for the long investment of mothers in the care of pups [33]. It has a marked
sexual dimorphism. Adult males reach a length of 150 cm and a weight of 70 kg, while
adult females reach a length of 120 and a weight of 40 kg [36]. They are polygynous
and highly philopatric to their reproductive rookeries [31, 42] and their feeding sites
[11, 43]. They rest, thermoregulate, and breed on rocky shores near deep productive
waters and use crevices, caves, large boulders, and rock ledges for shade and shelter
(Figure 2) [44].

Between August and November is the Galapagos fur seal reproductive season.
Females give birth to one pup yearly after 11 months of gestation [44]. Mothers alter-
nate pup suckling periods (7 days 1.2 days) and foraging trips (17.9 + 10.6 h) [32, 38].
Lactation lasts 18-36 months after birth, depending on environmental conditions
[44], and mothers often nurse newborns and older young simultaneously [33].

3. Environmental variability

Climate variability strongly influences marine productivity with effects that
spread via the food chain to top predators [45, 46]. The oceanic conditions of lower
productivity and the high seasonal climate variability recorded in the Galapagos
represent an ecological disadvantage for the survival of these pinnipeds compared to
others that live at higher latitudes [47].

Some of the adaptations developed by the Galapagos pinnipeds include the reduc-
tion of their body size, energy requirements [48], and the extension of the lactation
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Figure 2.
Adult male Galapagos fur seal (Arctocephalus galapagoensis) in Cabo Hammond rookery. Photo by Andrés
Morveira-Mendieta.

period (2-3 years) [33, 44]. These mechanisms allow them to cope with lower avail-
ability of prey in their habitats and increase the chances of survival of the offspring
when animals are exposed to food stress [33, 38].

The reduction in prey availability causes animals to increase foraging effort,
prolonging the duration of their foraging trips, reaching greater distances, or spend-
ing less time in the rookery nursing their young [38, 49]. From January to May (warm
season), when food availability is lower, fur seals make more foraging trips and spend
less time ashore [38]. Feeding behavior modifications are mainly observed in strong
El Nifio-years, where female Galapagos fur seals prolong their foraging trips up to
three times longer than in a normal year [50].

The El Nifio event causes variations in marine productivity, reducing the avail-
ability of the main prey of Galapagos pinnipeds, resulting in nutritional stress that is
reflected in the mortality rates of their populations, mainly of the offspring [20, 50].
The Galapagos sea lion and fur seal use different foraging niches, and there is no
overlap in their diet; however, during anomalous years, both feed on prey of similar
trophic levels in the regions where they cohabit [11, 40]. The high flexibility in the
feeding behavior of the sea lion allows it to reduce competition with the fur seal,
counteract the decrease in food in its habitat, and thus increase its survival [51].

The distinctive environmental characteristics between archipelago regions influence
these otariids [52, 53]. Both direct their foraging trips to specific patches within the archi-
pelago depending on the location of their rookeries and the feeding strategy used [32,

37, 41, 51]. The diversification of feeding strategies of the sea lion varies with the rookery
and region of the archipelago [54]. It is considered an adaptation to the availability of
prey, oceanographic characteristics, and the topography of its feeding sites that allows
for reducing competition between individuals from the same rookery [51, 53].

The geographical distribution of the Galapagos sea lion and Galapagos fur
seal rookeries, together with adaptation mechanisms, have contributed to the
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differentiation of genetically structured populations within the archipelago

[52, 55-57]. The intra- and inter-specific niche segregation has produced differ-
ences between western, central, and southeastern sea lion populations [52, 55]. In
contrast, the long-term site fidelity and long-distance foraging trips in fur seals have
contributed to differences between populations in the archipelago’s west, center, and
northeast [56, 57].

The abundance and distribution of Galapagos pinnipeds are influenced by climate
variability and intensified by the El Nifio event [5]. The intensity, length, and fre-
quency of the El Nifio event have increased in the last two decades because of global
warming [58-60]. Global warming and the associated climate changes are predict-
able. In Galapagos marine ecosystems, there is expected a reduction in biodiversity,
an increase in sea surface temperature and the thermocline depth, and intensifying
upwelling winds [60-62].

These changes will increase species that withstand warming stress, the displace-
ment of endemic species adapted to cold waters by circumtropical species with
Panamic and Indo-Pacific affinities, and the tropicalization of the ecosystem by
2050 [60]. Galapagos sea lion and fur seal populations are predicted to decline dur-
ing strong El Nifio events [9, 21], increase the likelihood of disease outbreaks, and
increase their vulnerability to the impacts of pollutants [63].

4. Anthropogenic disturbances

As natural disturbances, anthropogenic ones may alter the structure and func-
tion of the ecosystems [64]. Oceanic insular ecosystems are susceptible to these
effects [23]. Therefore, climate change and other human-induced pressures have
degraded marine ecosystems worldwide, creating challenges for species and human
societies [65].

The booming tourism industry in the last decades in the Galapagos Islands has led
to the rising resident and tourist populations [24]. The human population increase has
led to overfishing and the introduction of alien species, greater use of resources and
services, and generation of waste and pollution [24, 62]. These problems cause nega-
tive impacts on the natural resources of the Galapagos, especially on species exposed
to high human interaction [25, 66].

Like other top predators, marine mammals are threatened by varying human-
induced pressure levels [29]. In the Galapagos Islands, pinnipeds experience adverse
effects related to the alteration of their behavior, deterioration in the quality of their
habitat, and dangers to their health and physical integrity [25, 26, 67]. These effects
occur due to the interaction of otariids with humans, fisheries, and introduced spe-
cies, specifically dogs, cats, and rodents [25, 27].

Human presence in sea lion rookeries alters the animals’ behavior, both the haul-
out behavior and nursing patterns [68-70]. The level of aggression of Galapagos sea
lions decreases as the level of exposure to human disturbance increases [26]. This
behavior is observed on beaches near San Cristébal Island town due to the large influx
of bathers to which the animals have become accustomed (Figure 3). The level of
human exposure is unrelated to rookery size [26]; however, may influence the quality
of maternal care to pups [68]. The largest rookery of sea lions is, in turn, the most
exposed to human presence [9], which, in the long term, could negatively impact the
breeding successes of this species because of continuous stress, as has been revealed in
other pinnipeds [71, 72].
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Figure 3.
Galapagos sea lions from the El Malecén rookery resting on Playa Mann, a highly crowded beach near the town
on San Cristébal Island. Photo by Camila Pdez-Riofrio.

The interaction of marine mammals with fisheries poses a threat to these species due
to by-catch and vessel strike [73]. Adult Galapagos sea lions are more prone to wounds
from propeller strikes when they try to steal fishermen’s catch during fishing activities at
sea, causing damage to hooks and gillnets [25]. They also cause damage to fishing vessels
when they climb onto them to rest during the day, causing them to sink [30]. These
adverse effects of fishing by sea lion behavior led fishers to take actions that threaten the
species’ integrity and protect boats with barbed wire and wood with nails [8].

Marine litter constitutes a significant global threat to biodiversity [74]. Impacts
on Galapagos sea lions include cuts, entanglement, strangulation, suffocation, and
intestinal obstruction [75]. Plastics are the primary debris type found in oceans
affecting otariids [76-79] and are one of the main threats to Galapagos sea lions
(Figure 4) [79, 80]. This is due to the susceptibility of this species to biomagnification
of persistent organic pollutants (POPs), which can be absorbed and transported by
microplastics [67, 81].

The Galapagos pinnipeds are exposed to POPs and mercury, which are toxic
and bioaccumulative [75, 81]. These compounds impact the immune and endocrine
systems of animals, affecting their ability to fight diseases and reproduce successfully
[75, 81], especially during periods of nutritional and environmental stress such as
those recorded during strong El Nifio events [67]. Climate change can exacerbate the
effects of pollutants on species, increasing their vulnerability and the risk of reaching
their population tipping point [63].

Introduced animals in continuous interaction with endemic species may increase the
risk of pathogen spillover in island ecosystems [82, 83]. Diseases with low pathogenic-
ity may become life-threatening for marine mammals during food stress periods [84],
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Figure 4.
Galapagos sea lions exposed to plastic residues in Champion Islet, an uninhabited site of Floreana Island. Picture
taken during the Galapagos pinniped 2022 annual census. Photo by Marjorie Riofrio-Lazo.

producing significant mortalities in pinnipeds [85]. Galapagos pinnipeds face an increas-
ing threat due to infectious diseases related to domestic animals (dogs, cats, and rats) [27,
83, 86, 87]. Pathogens of canine and feline origin have been reported in the four popu-
lated islands of the archipelago [82]. As a consequence, Galapagos sea lions have shown
symptoms of infection by Leptospira, Canine distemper virus [88], Dirofilaria immitis
[27], Mycoplasma [87], and group A rotaviruses [86]. The latter, in turn, is present in
Galapagos fur seals [86].

5. Population abundance and conservation status

The Galapagos sea lions and Galapagos fur seals are among the endemic species
with conservation priority in the archipelago [9]. They are cataloged in endangered
status by the International Union for Conservation of Nature IUCN as their popula-
tions have declined over the last decades with no apparent recovery [3, 4, 9].

The causes of population reduction include (1) the environmental variability
of the ecosystem [5]; (2) natural disturbances such as the intense El Nifio events
recorded in 1982/83 and 1997/98 [21, 89] whose residual effects persist; and ((3)
anthropogenic disturbances with notable effects in rookeries located on islands with
human settlements [8, 21, 89, 90].

Ten censuses were carried out in the entire archipelago from 1978 to 2022 [9, 31,
91]. The correction factors used in the first two censuses (1978 and 2001) for popula-
tion estimates were not reported. However, from 2014 to the present, this methodol-
ogy and animal counting have been standardized [5], reducing the uncertainty in
population estimates in the last eight years.

The Galapagos sea lion suffered a substantial 50% population decline from 1978 to
2001 (Table 1) [3]. Monitoring in the El Malecén rookery in the southeast indicated
an annual growth rate of 2% from 2005 to 2015 [21]. E] Malecén is the largest rookery
in the archipelago, currently making up 16% of the total population (Riofrio-Lazo
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Census year Population counted Population estimated Reference
1978 8000 30,000-40,000 Trillmich [31]
2001 4937 14,000-16,000 Alava and Salazar [91]
2014 4980 18,864-26,895 Péez-Rosas, Torres [9]
2015 3791 14,579-20,726 P4ez-Rosas, Torres [9]
2016 4309 16,809-23,963 Péez-Rosas, Torres [9]
2017 4344 16,313-22,951 Paez-Rosas, Torres [9]
2018 4891 17,617-24,649 Péez-Rosas, Torres [9]
2019 4435 - DPNG unpublished data
2021 4561 - DPNG unpublished data
2022 4385 13,411-18,487 Riofrio-Lazo et al. unpublished data
Table 1.

Galapagos sea lion population abundance in the archipelago per census year.

et al., unpublished data). From 2014 to 2018, the population in the archipelago
increased at an average annual rate of 1% [9]. From 2018 to 2022, the number of
animals counted decreased by 14% in the archipelago, registering 4385 individuals in
2022 (Riofrio-Lazo et al., unpublished data).

The Galapagos sea lion population in 2022 is estimated at 13,411-18,487 indi-
viduals. It has maintained fluctuations in its number over the last eight years,
with a slight tendency to decrease from 2014 to 2022 (Riofrio-Lazo et al., unpub-
lished data). The average annual variation rates of the population are different
between regions and tend to increase (<6.5%) in the west and north and decrease
slightly (<2%) in the center and southeast (Riofrio-Lazo et al., unpublished data,
Figure 5). The little variability in abundance from 2001 to 2022 and concerning the

o 3000
=
-g 0]
5 2500
i B e o
= o © 8 e,
o
8= 2000 A
'
S
B °
g 1500 A o o ©
=
=)
E 1000 o . © Western
z @ Northern
3
® 004 ©.. . ﬁ ......................... Fo) © Central
& © o s iR © Southeastern
-8' @.. o e®

0 T T T T

2013 2015 2017 2019 2021 2023

Years

Figure 5.
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taken from Pdez-Rosas, Torves [9] and 2022 census data (Riofrio-Lazo et al., unpublished data).
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Census year Population counted Population estimated Reference
1978 9785 30,000 Trillmich [31]
2001 2733 6000-8000 Alava and Salazar [91]
2002-2005 — 15,000 Salazar and Denkinger [92]
2014 2843 10,676-15,173 P4ez-Rosas, Torres [9]
2015 1760 6990-10,230 P4ez-Rosas, Torres [9]
2016 2118 7591-10,858 P4ez-Rosas, Torres [9]
2017 1996 7110-10,025 P4ez-Rosas, Torres [9]
2018 3093 11,615-16,512 P4ez-Rosas, Torres [9]
2019 2791 — DPNG unpublished data
2021 3183 — DPNG unpublished data
2022 2834 8815-12,005 Riofrio-Lazo et al. unpublished data
Table 2.

Galapagos fur seal population abundance in the archipelago per census year.

first census in 1978 suggests that the reduction of more than 50% of the population
persists in the last four generations and that its IUCN conservation status should
be kept as endangered.

The Galapagos fur seal suffered a drastic population reduction of 74-80% from
1978 t0 2001 (Table 2) [4]. Based on extrapolation from 2002 to 2005 primary
rookery surveys, it was estimated that the population had decreased by more than
60% from 1978 to 2005 [90]. However, from 2014 to 2018, an average annual increase
rate of 3% was estimated [9]. The census 2022 shows values close to those recorded in
2001 [91], with 2834 animals counted.

The increasing trend of the Galapagos fur seal is maintained in the three regions
where it lives, with fluctuations over the last 8 years (Figure 6). In the west and
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Figure 6.
Population trend (from 2014 to 2022) of the Galapagos fur seal by archipelago region. 2014—2018 census data
taken from Pdez-Rosas, Torves [9] and 2022 census data (Riofrio-Lazo et al., unpublished data).
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north, the population decreased by 12.47% and 3.73% from 2018 to 2022, respectively,
while, in the center, the population increased by 58.93% in those years (Riofrio-Lazo
et al., unpublished data). Little abundance changes from 2001 to 2022 suggest that
the population remains stable, and about the first population monitoring, more than
60% reduction persists in the last four generations (1978-2022). Therefore, its IUCN
conservation status should be maintained as endangered.

5.1 Analyzing population trends

Habitat characteristics and population dynamics of Galapagos pinnipeds influ-
ence their habitat use in each region [43, 55]. Abundance patterns between regions
and between rookeries in the same region of the archipelago are different [9, 21].
Therefore, the population trend of a single rookery should not be considered repre-
sentative of the trend in the entire region or archipelago [21, 89].

Population trends from 2014 to 2022 of the Galapagos fur seal in the west, center,
and north follow the same pattern of increase; however, the average annual growth
rates (~3 to 8%) are distinct (Riofrio-Lazo et al., unpublished data). Differences in
growth rates show that Galapagos fur seals’ most important breeding rookeries are
in the west, where greater production of offspring is recorded annually [9], which is
related to high-quality habitat and greater availability of prey [11, 41].

The differences in the Galapagos sea lion population trends between regions are
explained by various factors: (1) Shelf habitat characteristics that could lead to a
restriction of food resources in the north [32]; (2) High levels of marine productivity
that promote greater abundance and availability of food but are not used by the sea
lion by limiting their feeding effort and the size of their rookery to reduce competi-
tion with the fur seal in the west [11, 32]; (3) Different rates of offspring production
between rookeries around the archipelago linked to feeding resources available for
mothers [28, 51]; and (4) Specific foraging areas with distinct prey species in the diet
of individuals for each region [43, 54]. This last explains that sea lions inhabiting less
productive areas, such as the center and southeastern, consume prey of high caloric
value [43, 51, 93], which allows them to sustain large populations in these regions.

Three of the four populated islands are in the southeast and center; in one of them,
San Cristébal Island, is the El Malecén rookery, which is the most numerous with the
highest annual pup production, near the town, and in direct contact with Galapagos
residents and tourists [9, 21]. Anthropogenic disturbances to which this population
is exposed are domestic animal contact and the potential transmission of infectious
diseases [27, 87, 88], wounds resulting from propeller strikes, marine litter, human-fecal
contamination by domestic sewage effluents and other sources of pollution [25, 67, 79].
Although the El Malecén rookery has shown a trend of sustained growth in recent years
[21], human-induced pressures can have long-term effects on the population, impacting
its survival [25, 26]. Due to not all rookeries showing the same growth trend and being
exposed to similar problems, for the management actions design, it is relevant to evalu-
ate each rookery independently according to its specific conditions [9].

6. Importance of conservation strategies

Marine protected areas, along with other management tools, are helpful for
resource management and biodiversity conservation [2]. However, they should be
established based on a comprehensive analysis of the ecosystem functioning [94].
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After 22 years of the implementation of the zoning of the Galapagos Marine Reserve,
it does not provide sufficient protection for threatened species and key areas for

the functioning of the ecosystem, and primary fishing resources are overexploited
[62, 94, 95].

Various species are protected for their high economic or esthetic value rather than
their importance in nature [96, 97]. From an ecosystem-based management per-
spective, it is essential to protect species that maintain the ecosystem’s functioning,
order, and resilience [64]. The Galapagos pinnipeds are charismatic species with high
economic and ecological value in the archipelago [64, 98]. This recognition has a great
social impact reflected in the attention of its populations regarding management and
conservation [8].

The global concern for the protection of Galapagos pinnipeds has led various
institutions to carry out outstanding research efforts to understand the population
dynamics of these species [9] and establish specific conservation plans for the man-
agement of its natural environment [8]. The product of this is the Galapagos pinniped
monitoring program developed since 2008 on San Cristébal Island in the southeastern
region, and the global monitoring of these populations through annual research
cruises throughout the archipelago (from 2014 to 2022). This knowledge is relevant
for decision-makers in establishing effective protected areas that facilitate wildlife
management [9].

Each reproductive rookery should be evaluated independently to improve man-
agement strategies since population dynamics are variable. The relevance of certain
rookeries has been identified by analyzing the population growth trends of both spe-
cies in different regions [9]. Factors to consider are (1) the high degree of philopatry
to its breeding rookeries [99], (2) the high mobility of individuals between rookeries
[52, 99] that provide the potential for transmission of infectious diseases, and (3)
the level of interaction with humans. Considering these factors, different levels of
importance or vulnerability of populations may be determined, and those rookeries
with conservation priority to be identified.

Under normal conditions of environmental variability, only two-thirds of all pups
survive to the age of one year, and half of the juveniles to the age of two years [100].
An increase in mortality due to human-induced pressures or disease may impede
population recovery in the long term [25]. Thus, actions aimed at improving the qual-
ity of their habitat, avoiding the deterioration of their health, and raising awareness
among the human population about protecting these species must be intensified.

Various strategies have been implemented and suggested to reduce the exposure
of sea lions to human presence, avoid the deterioration of the quality of their marine-
terrestrial habitats in urban sites as a result of the daily activities of their inhabitants,
reduce the negative impact of sea lions on fishing vessels, and reduce their interaction
with introduced species; see [9]. However, to achieve these objectives, it is necessary:
(1) the joint effort and long-term commitment of the authorities responsible for man-
agement, (2) compliance with the regulations by all inhabitants and tourists who visit
the Galapagos, (3) the continuation of the annual global censuses of these otariids,
and (4) the reinforcement of health studies of their populations, to adopt prevention
and early control measures of their infectious agents.

A greater understanding of the threats that the Galapagos pinnipeds face for
their survival and monitoring their population allows the establishment of more
effective protection measures. The conservation of these species benefits the entire
socio-ecosystem of the Galapagos Islands as it promotes a healthier and more resilient
ecosystem [64].
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Little We Know and an Action Plan
to Try to Save It
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Abstract

Leopardus munoai, the Pampa cat, is a small felid (ca. 3-4 kg) recently separated
from the Leopardus colocola complex. This Pampa cat is endemic to the Pampas
grasslands of Uruguay, western Argentina and southernmost Brazil. Originally,
the Pampas had a long history of extensive cattle ranching; however, its fields have
been exponentially converted mostly to soy fields in the last five decades. Species
distribution models have shown a reduction in their area (1997-2022) of 42%, with
only 31,808 km” of suitable habitat remaining, Despite the Brazilian Pampas being
surveyed in their entirety, no records of this felid have ever been repeated at the same
site in different years since 1997 (50,000 trap-nights; 400,000 km of highway day/
night crossing). This effort generated only 32 records (17 road-kills). Despite the
huge detection efforts, there has never been a confirmed resident population detected
anywhere. The scenario that unfolds is of an extremely rare felid that seems to use
the vanishing native herbaceous fields, which are dependent upon cattle grazing,
in replacement of the original (now extinct) grazing megafauna. With an expected
population of 45-50 individuals, which has become virtually extinct in its original
eastern portion, all signs point towards imminent extinction.

Keywords: Leopardus munoai, extinction, natural history, population assessment,
action plan, Pampa
1. Introduction

The Neotropical region presents a rich diversity of felines with many species
living in sympatry. In the temperate fields of the Brazilian Pampas, the usual feline
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assemblage is composed of the Geoffroy’s cat (Leopardus geoffroyi d’Orbigny &
Gervais, 1844), the Pampas cat (Leopardus colocola Molina, 1782), the margay
(Leopardus wiedii Schinz, 1821) and the jaguarundi (Herpailurus yagouaroundi Saint-
Hilaire, 1803) [1]. This set of species is unique in the world due to the Pampas being
the limits of the northeastern distribution of Geoffroy’s cat, the southern distribu-
tion of margay and jaguarundi and a place of occurrence of a disjunct population

of Pampas cat that is recognized as a species/subspecies L. (colocola) munoai [2, 3].
Here, we use the term Pampas cat in Ref. to the original broader group, i.e., L. colocola
group/complex, and Pampa cat to refer specifically to the species that is endemic to
the Pampas biome, i.e., Leopardus munoai.

The Pampa cat (Leopardus munoai) — Figure 1, also known as the Uruguayan
pampas cat, is a small wild felid that almost exclusively inhabits the fields of the
Uruguayan savanna, a subtropical native grassland ecoregion [4] that is located in
Uruguay, the extreme south of Brazil (state of Rio Grande do Sul - restricted area
to the Pampas biome), as well as a small area in northeastern Argentina. This field
seems to have been historically isolated in this region, possibly due to geographi-
cal barriers such as the Plata River to the south, the Parana/Paraguay rivers to the

Figure 1.
Leopardus munoai, the Pampa cat. Top and right-side pictures by Caio Sarmento Belleza.
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west and the Atlantic Forest to the north [3, 5-7]. For Martinez-Lanfranco and
Gonzalez [8], the term pampas cat has traditionally been used to refer to small,
non-spotted, Neotropical felines of the genus Leopardus Gray, 1842, which, unlike
their spotted congeners that mainly use forest habitats, occur in open environments
throughout South America [3, 9].

The region where the Pampa cat lives are formed by a complex of fields that are
native to the southern region of the state of Rio Grande does Sul (extreme south
of Brazil on the border with Argentina and Uruguay), which is both officially and
popularly named as the Pampas biome and is characterized by elements of the Austral-
Antarctic flora [10-12]. In addition, due to the fertile and deep soil favorable for
agriculture, this ecoregion is considered one of the most critical conservation priori-
ties for terrestrial vertebrates in the Neotropics [13]. Given this scenario, the Pampa
cat has been classified as ‘endangered’ (EN) of extinction in the regional listing of the
state of Rio Grande do Sul [14] and as a threatened species with conservation priority
in Uruguay [15]. These categorizations, as well as a general overall assessment for the
complex L. colocola [16], were performed before this endemic felid was formally rec-
ognized as a distinct taxon [3] and were based on ecological data that was more scarcer
than what is currently available. In Brazil, it was recently classified as L. munoai and
placed in the critically endangered (CR) category. As an aggravating factor, when
reviewing the conservation status of this small felid as well as the conservation status
of the species’ native fields, Tirelli et al. [17] showed that the 24 demographic scenar-
ios evaluated generated an estimated population size that places the Pampa cat in one
of the IUCN in danger of extinction categories. Furthermore, eight scenarios placed
it in the endangered category (EN) and five scenarios in the critically endangered
category (CR), which indicates that the species may be seriously endangered.

2. Brief taxonomic overview

Despite previous taxonomic assessments [9] there are currently two taxonomic
proposals within the Leopardus colocola complex. Kitchener’s who evaluated pre-
vious studies and took into account biogeographic, morphological and genetic
aspects, recognized only one species with seven subspecies [2]: Leopardus colocola
colocola, Le. c. wolffsohni, Le. c. pajeros (including crucina), Le. ¢. budini (including
steinbachi), Le. c. garleppi (including Thomasi), Le. c. bracatus, and Le. c. munoai.
Nascimento et al. [3] using the widest morphological coverage of the Le. colocola
complex at that moment, combined with multilocus phylogeny, species delimitation
techniques, and ecological niche analyses, stated that treating pampas cats as a single
species would underestimate their actual diversity. When analyzing the distribution
and frequency of characters along the entire distribution of the pampas cat to detect
sharp clines and discontinuities and take into account intra- and interpopulational
variation, which are key factors for defining taxa and searching for diagnostic char-
acters [18-20], the authors claim to recognize five allopatric groups, in which each
would have clear diagnostic characteristics and well-defined geographical distribu-
tion. The oldest epithets available for the groups would be: Group I = colocola Molina,
1782; Group II = garleppi Matschie, 1912; Group III = pajeros Desmarest, 1816; Group
IV = braccata Cope, 1889; and Group V = musioai Ximénez, 1961. Overall, these analy-
ses demonstrated that specimens with this genotype/phenotype have unique mor-
phological, genetic, and ecological characteristics, and they should be considered a
distinct unit for conservation assessment and management actions. Leopardus munoai
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is a species that occurs in rural areas with heavy rainfall in the dry season in southern
Brazil, Uruguay and northeastern Argentina. There is an urgent need to carry out
such conservation planning on behalf of this endemic felid, since the native fields of
the Uruguayan savanna have been largely transformed by agriculture (especially rice
and soybean crops) and forest plantations (Eucalyptus spp. and Pinus spp.) [21, 22].
These human activities have led to the extinction of several species of local mammals
[23], although not endemic species such as the Pampa cat.

Note it has been argued recently that the species name should change from
Leopardus munoai [24], to Leopardus fasciatus [25], which is likely to happen [8]. We
are not discussing the merit; we are simply using the most currently recognizable and
used name in this chapter, Leopardus munoai.

3. Aims and scope

Given the current understanding of its high degree of endemism, taxonomic dis-
tinction, scarcity of refined ecological data, and successive exponential reduction of
its habitat, which demonstrate an increasingly real scenario of the threat of extinction,
we consider it appropriate to present an in-depth assessment of its little-known natu-
ral history and conservation situation. To this end, we seek to refine the occurrence
records, relate them to the analysis of suitability and habitat loss, and make a profound
analysis of the causal factors that have led the species to the threshold of extinction in
Brazil, in order to present a proposal for an emergency action plan to try to save it.

4. The setting

The Pampas biome, which has approximately 178,000 km?, corresponds to 2.07%
of the Brazilian territory, and is restricted to the state of Rio Grande do Sul, though it
is the dominant landscape in 63% of the territory of the state [26]. This domain is cov-
ered by four geomorphological regions, specifically the Gaticha Central Depression,
the Rio Grande do Sul Shield (Serra do Sudeste), the Coastal Plain and the Plateau of
the Campanha [26] - Figure 2.

The climate, according to the classification of Képpen [27], is of the humid
subtropical type, with precipitation equally distributed throughout the year (Cfa and
Cfb). The average temperature for the entire study area varies between 17 and 18°C,
where maximum temperatures can exceed 40°C and minimum temperatures fall
below —5°C.

The pastures of the region are vegetable formations that are conditioned, mainly,
by edaphic characteristics and not so much climatic ones [28, 29]. In addition to
edaphic factors, grazing pressure and conversion to agricultural or forestry areas
strongly influence these rural formations, thus creating different physiognomies
(fields with low vegetation; fields with tall vegetation, subshrubbed or scrubby fields;
and mixed fields, fields of Baccharis dracunculifolia or paleaceous fields), as described
by several authors [28-30]. Recently, based on climatic conditions, floristic composi-
tion and edaphic characteristics, Menezes [12] concluded that the fields of the Pampas
biome could be subdivided into three distinct groups: Pampas Mesic fields, Coastal
Pampas and Coastal Pampas pasture.

According to Marchiori [31], the native vegetation of the southwest, which
consists of extensive rural areas with forests on the slopes of sandstone plateaus and
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Figure 2.
Map showing the limits of the pampas biome and the geomorphologic regions of the state of Rio Grande do Sul,
Brazil.

river banks and park-like formation, still presents areas in its original state, although
the complications promoted by anthropic actions have spread exponentially. Verdum
[32] reports the natural process of the sandification of the fields, which is currently
accelerated, and that the fields are subject to degradation by inappropriate land use
such as agrarian expansion and implementation of monocultures.

4.1 Data collection

All possible types of records were compiled from those used in surveys of
Neotropical carnivorous mammals. These included the use of camera traps, capture
traps for radio collar placement and collection of biological material, recording foot-
prints and faeces, random visual observations, and/or in night-time transections. A
search was also carried out for individuals run over on highways in the Pampa biome
or killed specimens (firearms or domestic dogs) as a form of retaliation for attacking
poultry farms [33].

The information collected, provided by third parties (colleagues and farmers)
and systematic searches for the Pampa cat began in 1997. This generated an effort
of 50,000 trap-nights, 7000 hours of active searches in night transections, 1100
live-catch traps/night, in addition to 300,000 kilometers of highways traveled in the
search for individuals that had been run over. Camera trapping followed standard
and well-established protocols that targeted small cats (for a detailed description
see [34-36]). In 2021, at the Saici site, which covers 51,000 hectares and is located
between the municipalities of Rosario do Sul and Cacequi (RS), we deployed 6-9
camera traps spaced at ca. 500 m (400-600 m) from each other that focused on the
native fields that have been free from agriculture for at least 40 years. Thus, cameras
were placed specifically targeting the Pampa cat’s presumed preferred habitat.

Live-captures followed strict protocols, such as those of the American Society of
Mammalogists [37], all with proper licenses from environmental agencies (IBAMA/
SEMA), none of them were conducted for the purpose of this work, and all of them
to attend the legal requirements of the aforementioned environmental agencies.

All records refer exclusively to the Brazilian Pampas biome (part of the Uruguayan
savanna ecoregion in Brazil). All the municipalities that belong to the domains of the
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Brazilian Pampas were included in the searches, with the area covered and time effort
varying between areas. Additionally, in 2023, all of the points where the records of
the species occurred between 1997 and 2022 were visited again, as a form of in-person
assessment of the state of conservation of the habitats. In order to determine the rela-
tive abundance index (RAI), we considered only one record/hour [38].

4.2 Data analysis

We modeled the habitat suitability of the Pampa cat in Rio Grande do Sul state
using the maximum entropy algorithm in Maxent 3.4.4 [39]. This algorithm uses
presence-only data as well as background points obtained from a geographical area
defined a priori. In our case, we defined our sampling area as the areas of Rio Grande
do Sul state in the Uruguayan savanna ecoregion [4]. Using the species locations and
the covariate values, the algorithm estimates the target probability distribution by
using the principle of maximum entropy (i.e., finding the distribution that is closest
to uniform). Maxent has been widely applied for modeling species distribution and
habitat suitability, and thereby identifies priority areas for conservation as well as
delineating species ranges.

We contemplated 19 bioclimatic variables [40] and land cover [41]. All bioclimatic
predictors were checked for multicollinearity, and a PCA was performed to select the
three variables that maximized variability among the locations where the Pampa cat
was registered. The variables selected were mean annual precipitation (biol2), annual
temperature range (bio7), and isothermality (bio3). Since our records date back to
1997, and given the fast rate of habitat loss in the Brazilian Pampas, suitability for the
species was modeled using land cover data for the year 1997. We then estimated the
current suitable habitat that is left by removing areas that were transformed between
1997 and 2021.

5. Natural history traits of an almost extinct species
5.1 Diet

Analysis of the stomach contents of 14 specimens that had been run over [42]
indicated that rodents represent 63.2% of the diet, followed by birds (31.6%) and
amphibians (5.2%). Of the species of prey, Brazilian guinea pigs (Cavia aperea
549 g) comprised 33.3% of all prey consumed, followed by the small rice rats (22 g;
19.1%), Passeriformes (10-20 g; 14.3%) and tinamous (350-550 g; 9.5%). The average
mean weight of mammalian prey (MWMP) was 287 g. Prey of 500 g appears to be
important both numerically and in terms of biomass consumed by this small felid.
Compared to other felines found in the Pampas, their diet had greater similarity to
that of the jaguarundi (which also makes use of open environments), with lesser
similarities to those of Geoffroy’s cat and the margay [42]. These findings give sup-
port to the old reports that described the species preying mostly on cavies and ground
birds [43].

5.2 Notes on habitat, activity and reproduction

The rare reports made by authors from the late 19th to the early 20th centu-
ries already mentioned the species rarity and its “favored” habitat, the native tall
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Figure 3.
Views of the Pampa cat’s (Leopardus munoai) suitable habitat, its latrine (bottom middle) and tracks.

grasslands [44, 45]. Based on prey habits [42], it is possible to infer that Pampa cats
prefer open fields with shrubby cover and edges of bogs to forage for terrestrial prey
in the savannas of the Brazilian Pampas (Figure 3). Further support comes from the
alternative ways to unlock the species habitat before telemetry information can prop-
erly elucidate this issue. A road-killed young male Pampa cat had a tick (Amblyomma
tigrinum) whose life cycle is associated with weeds present only in virgin native fields.
Casual observations lead us to assume that, although the species presents a greater
diurnal activity, it would also present nocturnal activity (FD Mazim, pers. obs.),
unlike the northern species of the country, Leopardus braccatus, whose activity is
mostly diurnal [46, 47].

During four encounters with observations of females with cubs, the number
of cubs varied between 1 and 2, with an average of 1.25. Birth estimates would be
for early summer, late summer and early spring, and late spring/early summer
(Figure 4). When they detect danger, the cubs enter armadillo burrows (Euphractus
sexcinctus), or they crouch down to the ground, as do adults when hiding from an
imminent threat.

6. The rarity of the species: Carnivores and the pampas

The summarization of the records obtained in the last 25 years was sufficient to
obtain only 32 concrete records of the Pampa cat within the Brazilian Pampas. These
comprised 2 (6.25%) camera-trap records, 9 (28%) visual observations, 17 (53%)

29



Endangered Species — Present Status

Figure 4.
Rare views, Pampa cat (Leopaurdus munoai) mother and cub playing (photo: Caio Sarmento Belleza) and a cub
that was playing with a piece of tyre by the side of the highway (photo: Michel Correia).

road-kill specimens and 4 (12.5%) hunted individuals (Table 1). This would lead to
an average of only 1.28 records per year. The overall relative abundance index (RAI)
for all areas was a paltry 0.004 ind/100 trap-nights. Comparatively, rarity in terms

of abundance of photographic records for Neotropical mammals was considered at
0.300 ind/100 trap-nights [63]. The inexorable rarity of Leopardus munoai is con-
firmed by comparing it with the observations of other sympatric cats, as well as other
grassland carnivores for all indices — Table 1. Ironically, the Pampa cat is the rarest

Species RAI-Pampa Cam-trap Visual Road-kills Captures
(ind./100 records observations
trap-nights)

Leopardus 0.004 2 (0.001%) 9 (0.79%) 21 (0.89%) 0 (0%)
munoai
Pampa cat

Leopardus 0.442 221 34 88 103

geoffroyi
Geoffroy’s cat

Leopardus wiedii 0.432 216 17 75 78
Margay

Herpailurus 0.024 12 6 18 4
yagouaroundi
Jaguarundi

Pseudalopex 1.430 715 422 935 473
gymnocercus
Pampas fox

Galictis cuja 0.184 92 111 94 23
Lesser grisson

Conepatus chinga 0.434 217 534 1103 67
Molina’s hog-
nosed skunk

Total 1475 1133 2334 748

RALI = relative abundance index.

Table 1.
Records of the Pampa cat (Leopardus munoai), other sympatric felids and carnivores in the Brazilian pampas
between 1997 and 2022.
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felid in the Pampas, 100 times rarer than Geoffroy’s cat and even the margay, a species
that is notorious for living in the forests though present in a mostly grassland biome.

At the Saic4 site, two records were obtained after 1080 trap-nights or 25,920 hours
of camera trapping that focused on the native fields free that have been from agricul-
ture for at least 40 years. This would yield a relative abundance of 0.185 ind/100 trap-
nights in the supposedly prime L. munoai habitat, which is far below the threshold of
0.300 ind/100 trap-nights proposed as the rarity index for medium-large Neotropical
mammals on camera [48]. Considering the additional camera trapping carried out at
other habitats not favored by the species (e.g., forest formations and crop edges), the
relative abundance after 1975 trap-nights would drop to 0.101 ind./100 trap-nights,
far below those presented by Geoffroy’s cat (1.266 ind/100 trap-nights) and the mar-
gay (0.608 ind/100 trap-nights) in the same area. Nevertheless, L. munoai’s index was
on par with that reported for its sister species, Leopardus braccatus, in the northern
savannas (0.119 ind/100 trap-nights; [34]). Perhaps the Saicd estimate would be more
appropriate in areas where the species might still be found.

In the 19th century, the Pampa cat was already considered rare by Ihering [44] and
Aratjo [45], both citing the species as being in population decline in the Coastal Plain
and in the Serra do Sudeste (currently the municipalities of Pelotas, Cangugu, Morro
Redondo, and Arroio do Padre), eastern-central portion of the Pampas, with a tendency
to isolation in the native fields of the western border of the state of Rio Grande do Sul.
Salvini [49] emphasized that in the fields of the extreme southeast of the Coastal Plain,
between the municipalities of Santa Vitéria do Palmar and Chui, the species was practi-
cally extinct due to retaliatory and sport hunting by chicken farmers and the increasing
reduction and degradation of native fields. In addition, it is a species that, since its type
registration carried out in 1923, has less than 200 independent records throughout its
entire geographical distribution zone [8, 17], which equates to less than two records per
year, notably of individuals killed, run over, or hunted. The species became so scarce
everywhere that any signs of it are becoming subject of publication [50].

7. Assessing the current species range and the expected population size

The model results were robust, with high predictive power (AUC = 0.89), low
omission rate of test samples (o.r. = 0.13), and were highly significant (P < 0.001).
The top three variables that influenced Pampa cat distribution were annual tempera-
ture range (% contribution = 44.6), mean annual rainfall (% contribution = 26.5),
and isothermality (% contribution = 25.4). Suitability increased with mid values
of annual temperature range (22-23°C, Figure 5A), rainfall (1350-1400 mm,

Figure 5B), and increased isothermality (Figure 5C). Model results indicated a
suitable area of 54,860 km? in 1997, which by 2021 had declined by 42%, resulting

in 31,808 km” of suitable habitat left for the species in the Pampas region of the state
(Figure 6). The bulk of this region is located in the central-southern portion of the
state, along the Uruguayan border. Given the very few recent records of the species, it
is likely that the Pampa cat is in fact absent from most of the suitable remaining habi-
tat. On the other hand, if properly protected, the remaining suitable habitat is still
large enough for reintroduction programs aided by ex situ conservation. Given the
current rates of habitat loss in the Brazilian Pampas, it is expected that this suitable
area will be even smaller as of 2023. Modeling conducted for Uruguay showed higher
suitability for two main areas, both wetlands, while Tirelli’s prediction indicated Rio
Grande do Sul with most part of the suitable area remaining [17].
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Figure 5.
Predicted habitat suitability of the Pampa cat (Leopardus munoai) in vesponse to: A) annual temperature range;
B) mean annual rainfall; C) isothermality.
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Suitable habitat for Pampa cat in 1997 and 2021. Potential suitable habitat in 1997 was derived from Maxent
models. Suitable habitat in 2021 was obtained by removing areas in which natural habitat was lost between 1997
and 2021.

Considering all the suitable areas remaining and the lower levels of population
densities known for small Neotropical cats, 0.01 ind./km? and 0.0014 ind./km? [51],
we would expect a total population of 45 to 318 individuals in Brazil. With a higher
likelihood towards the lower values. The field-based best estimate of total population
of no more than 50 individuals matched the lower predicted value. As such, we would
consider the total remaining adult population of Pampa cat in Brazil to be 45-50
individuals. No field-based estimates and population information is available for
Uruguay and Argentina. Bou et al. [52] estimated 144,483.3 km” of suitable habitat for
the species in Uruguay, however with only 42 records in the country, it is likely that
large swaths of otherwise suitable habitat are in fact devoid of Pampa cats.

From this conversion of the native matrix into agricultural areas, assuming that
the same has happened in the registration points of Tirelli et al. [17], based on the
24 demographic scenarios evaluated, which, in various estimates, indicated that this
feline might be critically endangered, the best-estimated scenario resulted in a popu-
lation of 8866 mature individuals, which would decline to 1064, and which differs
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from the reality observed in the field, while the worst estimated scenario resulted

in 62 mature individuals, currently reduced to eight mature specimens throughout
its geographical distribution. Our current lower estimates of 45-50 individuals

fall within similar levels of the worst scenario cited by Tirelli et al. [17]. Possibly
relictual individuals survive as nomads, thus decreasing the chances of reproductive
encounters and increasing the chances of being run over and exposure to predation
by domestic dogs. To date, records of the species, especially visual observations and
camera trapping, have never been repeated at the same point or location, at least in
Brazil. Even in the five rare events in which individuals were observed with pups,
they were never seen again in those same spots since these places had already been
converted into soybean fields. Based on the difficulty involved in finding records,

the rarity of herbaceous fields, the exponential conversion of native virgin fields into
fields for crops, highway losses, hunting as a form of retaliation, predation by domes-
tic dogs, possible contamination by diseases transmitted by domestic animals (dogs
and cats) and possible problems of genetic stochasticity, it is believed that the most
negative scenario is the most accurate. Not to mention that the conversion of native
fields into soybean crops is widespread throughout the Brazilian Pampa, where arable
fields are present, with deep and non-rocky soil. Considering the rarity of records and
predictions for Uruguay [52], the projections of Tirelli et al. [17] and our field-based
estimates, the total worldwide population of the Pampa cat would unlikely be much
above 100-120 individuals, which is still very critical.

As an aggravating factor, there are no concrete records of the Pampa cat in conser-
vation units in the Brazilian Pampas [53], and it is only mentioned that throughout its
geographical distribution some protected areas have habitat suitability to support its
presence [17]. At the same time, there is no allocation of government funds to create
new protected areas nor intention to do so, which leaves populations at the mercy
of the impacts or at the mercy of the management of private properties. However,
within the current scenario, even if new conservation units are implemented, the
disappearance and degradation of the fields leave the protected areas isolated. At the
same time, since we do not know the minimum size of the species’ territory and other
basic aspects of spatial ecology and natural history, there is a risk that the size and
place of implementation of a protected area are in regions that are not favorable for
the maintenance of the species.

Moreover, another immediate negative factor, and a currently growing one in the
rural matrix of the Pampas, is the passing of fields to the heirs of families that have
traditionally been cattle breeders, and end up belonging to generations that settle in
the urban area, and tend not to follow in the cultural footsteps of their ancestors in
the gaucho cattle ranching tradition. These abandon traditional livestock farming
and, after inheriting the fields, often opt to lease the land for the cultivation of rice
and soybeans, since it is more profitable.

8. The dooming of an endemic species

There have been massive mammal extinctions in the Brazilian Pampas,
such as those of the jaguar (Panthera onca), tapir (Tapirus tervestris), giant river
otter (Pteronura brasiliensis), marsh deer (Blastocerus dichotomus), collared pec-
cary (Dicotyles tajacu), white-lipped peccary (Pecari tajacu) and giant anteater
(Myrmecophaga tridactyla). Additionally, there are only relictual populations of
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puma (Puma concolor), maned wolf (Chrysocyon brachyurus), and Pampas deer
(Ozotoceros bezoarticus). All this coincides with the replacement by the agriculture of
the traditional gaucho culture of cattle-raising in native fields [23, 44, 45, 49]. Thus,
the Pampas is considered the Brazilian biome that loses more native vegetation than
any other. At the same time, one in four hectares of native vegetation in the Pampas
is secondary formation, i.e., one that has already been suppressed at least once and
ended up regenerating [41].

The current agricultural exploitation, mainly the cultivation of soybeans and
rice, has mischaracterized the native rural matrix of the Pampas in Brazil and also
in the Uruguayan Pampa (natural formations forming the Uruguayan savanna),
thus restricting continuously and annually the availability of favorable fields for the
occurrence of the Pampa cat. This fact seems to be the main motivator of the records
of the species along the highways, even the visual ones, since in the vast majority of
cases, the domain bands (linear land space, present between the highway and private
properties) are not suppressed and are impacted by grain plantations. This condition
allows the development of vegetation that is typical of native fields and the presence
of their natural prey, which becomes the only fields that are preserved with aspects
close to the original configuration in most regions of the Pampas. At the same time
that the domain lanes of the highways offer conditions for the maintenance of the
population of the Pampa cat, they result in direct mortality due to road accidents,
since it brings individuals closer to traffic and restricts them from living near vehicle
traffic. Another historical and cultural impact on the Pampa cat and other felines
of the Pampas refers to hunting motivated by prevention or retaliation, as a way of
controlling alleged predators of domestic birds [53, 54].

It is crucial to emphasize that most of the Uruguayan savanna ecoregion is cat-
egorized as having the greatest future threat of conversion, with virtually all acre-
age severely altered by agriculture [55]. As an example, between 2002 and 2016, a
190-kilometre stretch of highway (BR-293), located between the cities of Pinheiro
Machado and Dom Pedrito, in the extreme south of the Pampa biome, recorded 11
individuals run over and, as of 2017, this repetition or concentration was no longer
evidenced, since two individuals were counted. Notably, this occurred in a period
when native fields with livestock had accelerated replacement by soybean crops [41].

In Brazil, the Pampa cat lives in the smallest and most-degraded ecosystem and
biome, that also has the greatest disregard in terms of the release of government
resources for surveillance and research. This is perhaps motivated by the fact that the
Pampas biome does not have the environmental lobby and charisma that the Amazon,
the Atlantic Forest and the Pantanal have, both nationally and, above all, globally.
This scenario also reduces the chances of financing via private initiatives. The natural
absence of large forest cover (showcase of conservation) makes the Pampas biome (as
well as the Uruguayan savanna) not very emblematic, added to the absence of charis-
matic species such as the jaguar as well as other large mammals that became extinct in
the 19th century [44, 56, 57].

Since 2008, the Pampa cat is no longer recorded in the southern and central por-
tions of the Coastal Plain of the Pampas biome (state of Rio Grande do Sul). However,
before this period, only two confirmed records were obtained in this region, both
on the edges of the BR-116, one in 2002 from a visual observation (municipality of
Cristal) and another in 2008 from an individual found run over (municipality of
Jaguardo). It is in this region of the extreme east of the Pampas biome that the Patos/
Mirim lagoon complex is located, which has the phytophysionomy of a floodplain and
water-logged fields, with natural environments converted almost entirely into rice
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crops since the 1940s, though with greater intensity from the 1970s onwards. There
the shallower water-logged fields were drained for rice planting, which, as of 2010,
has been replaced by soybean crops.

It is important to highlight that, since 2010, the two main highways (BR-101
and BR-116) that cover 100% of the surface of the Pampas Coastal Plain (north-
south direction) are monitored daily by expert consultants and traffic operators of
the highway concessionaires in the search for run over specimens, as condition of
the environmental license that was granted. However, even with this daily effort, the
Pampa cat has not been recorded.

Another scenario that is capable of revealing the rarity of the species is in the
official records of the supervisory agencies. In all the records, only two individuals of
Pampa cat have been admitted to fauna rehabilitation centres in Brazil, and both were
orphaned cubs, one male specimen in the early 2000s (municipal zoo of Cachoeira
do Sul) and the other a female in 2014 (CETAS/IBAMA/RS and then sent to the zoo at
Gramado). In Uruguay, three individuals are currently part of an ex situ conservation
program, as part of the M’bopicud BioPark, with the aggravating factor that two speci-
mens are siblings, thus reducing opportunities for non-parental crosses, in other words,
the species may become rapidly and concomitantly extinct in nature and on the planet.

The doomsday scenario presented, although referring to Brazil, in great part
would also reflect the remaining areas of its range, and the little information known
does not differ from what is presented here. As such, the road to extinction that is
portrayed for the Pampa cat in Brazil likely reflects its overall scenario [17, 52]. The
last extinction of a felid species are known only from the time of the Pleistocene,
when sabre-tooth tigers, cave-lions, the American cheetah and others disappeared
[58]. There have been unfortunate extinctions of several large felids, such as the
South China, Java and Bali tigers, and the Atlas lion, but these refer to subspecies/
populations and not of an entire species. There are certainly other small and large
felid species and subspecies on the road to extinction, such as the Iberian lynx (Lynx
pardinus), the tiger (Panthera tigris), the Borneo bay cat (Catopuma badia), the flat-
headed cat (Prionailurus planiceps), and the Andean cat (Leopardus jacobita), to name
a few [59-62], but none of them are remotely close to the situation portrayed here
for the Pampa cat. The Iberian lynx was the species that got the closest to becoming
extinct, but after a massive effort to protect and expand its population, the species
recovered from a few 100 or so to nearly 400 individuals and is currently on the rise
to the point of having been downlisted from critically endangered to endangered [59].
Unfortunately, the Pampa cat is in a worse situation than that of the Iberian lynx in
the late 1970s. There is no known population established anywhere (not to mention
in protected areas), and no strong financial support, particularly because the species
has not been even properly recognized as such by the IUCN, nor does it have strong
financial support from the European Union that the Iberian lynx had. Without taking
immediate and forceful action, as the old saying goes, “all roads lead to Rome”, the
road will soon lead to extinction, the first one of a full species in the modern age!

This sad journey should serve as a warning lesson for two other small felids from
Brazil that are also found in agricultural lands and that have already suffered con-
siderable habitat losses, so far being pushed along the same path towards extinction
as the Pampa cat. These are the Brazilian Pampa cat (Leopardus braccatus), its sister
species, and the savanna tiger cat (Leopardus tigrinus), both found in the dwindling
savannas of Brazil. There is still time for these two; however, in order to avoid the
demise of the remaining Pampa cats, a conservation action plan needs to be put into
place immediately.
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9. Conservation action plan for immediate implementation

The main conservation action for the Pampa cat should be the protection of its
habitat, the native herbaceous fields. However, for the protection of these fields, man-
agement is necessary, which fundamentally includes the presence of extensive grazing
(cattle or sheep) without confinement. From the moment the cattle are removed from
the fields, the configuration of the field vegetation becomes shrubby. On the other
hand, with large stockings or confinement, the configuration of the fields is reduced
to a thin carpet of grasses. Therefore, a field without livestock or with a high stocking
of cattle tends to result in the absence of the Pampa cat.

As a crucial measure to maintain the extensive form of breeding, there is an urgent
need to create and implement environmental quality seals that value animal protein
(green beef) produced extensively in virgin native fields or those in an advanced stage
of recovery. This would be an alternative to add value to livestock, encouraging the
rural producer not to migrate and convert the fields into soybean crops. The scope of
these programs to monetize the protein produced in the native fields should cover the
cross-border scope between Argentina, Brazil, and Uruguay, especially in the interna-
tional corridors of more connected natural areas, as suggested by Tirelli et al. [17].

The creation of the seal of quality must include the name of the Pampa cat. Given
that the species occurs in an environment intended for food production, its presence
should leverage monetization; otherwise, it may be viewed negatively, and accelerate
the process of converting fields into crops, since landowners, upon becoming aware
of the rarity of this species, may associate and fear that the presence of the Pampa cat
on their properties will result in the embargo of their fields. In summary, the presence
of this feline must be seen as a possibility of increasing income, in other words, mak-
ing livestock economically competitive with purely agricultural activities (soybean
and rice crops).

A certification program for soybean and rice crops also appears as an alternative
arrangement, especially in the subsidy of agricultural areas with the planning of field
corridors between crops, thus subsidizing the areas with the presence of the Pampa
cat.

* Program 1: Create and implement a monetization program (valorization §) of
animal protein that comes from livestock raised in native fields (green beef).

* Program 2: Create and implement a program to monetize (valorization $) soy-
beans and rice by decreasing planted areas while preserving native field corridors
between properties and highway domain strips.

* Program 3: Create and implement an ex situ breeding program of the Pampa cat
(increase genetic variability) in different institutions, as well as zoos, conserva-
tion centres and private properties, considering the risk of tragedies from fire,
flood, and theft, among others.

o Subprogram 3.1. Capture and take free-living individuals to centres included
in the ex situ conservation program.

* Program 4: New census and refinement of possible relictual populations or
individuals with the established territory.
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* Program 5: Characterize the basic needs of the species (spatial ecology, habitat
use, activity, genetics, zoonoses, and reproduction).

* Program 6: Set up a consultancy service with exclusive dedication to the execu-
tion of the tasks of the action plan.

o Subprogram 6.1: Set up a multidisciplinary consultancy team (professional
feline specialist, wildlife veterinarian, agronomist and professionals in the
field of communication, marketing, economics, and culture).

o Subprogram 6.2: Multidisciplinary consultancy service working in an integrated
way with the relevant agencies (IBAMA, State Secretariat, Public Prosecutor’s
Office, Environmental Military Police).

o Subprogram 6.3: Multidisciplinary consultancy service working in an integrated
way with parliamentarians linked to agricultural cooperatives to improve rela-
tions between rural producers, researchers, and public managers.

10. Concluding remarks

Based on the exponential conversion of native fields, initially into rice plantations,
and currently mostly in soybean crops, and the relation to the annual reduction in
records, we can infer that the Pampa cat will not survive extinction per se and require
immediate human intervention. Unfortunately, measures such as environmental edu-
cation do not offer guarantees of changes in the current situation — which are neces-
sary after the start of the conservation action plan — because the Pampa cat lives in an
environment that is destined to become a voluminous and profitable economic area of
production (the fields) and, if its presence in native fields with extensive livestock is
not a clearly advantageous income alternative, as or more profitable than soybeans, its
preferred habitat will inevitably be annihilated.

Associated with exponential habitat loss, another main factor in the struggle
of the Pampa cat against imminent extinction, is its specialist ecology in terms of
quality and physiognomies of the fields, where, although its concrete bioecological
needs and its basic spatial ecology are still unknown, the records of two decades
demonstrate that the species depends on specific typologies of native fields, espe-
cially virgin fields, without shrubby vegetation or simply summarized as sparse
grassy fields. In a preliminary way, its records have an association with virgin
herbaceous native fields, composed of weeds in the dry areas and straw in the
humid areas, both with moderate grazing (livestock fields), since the withdrawal
of cattle grazing makes the fields shrubby, and thus results in the disappearance of
this feline. It is important to report that, in fields without cattle breeding, where
shrubby vegetation is formed by grazing, the species was not recorded. The same
is observed in fields with large numbers of cattle, which are restricted to a sparse
configuration composed of grasses.

Therefore, it is recommended that the actions proposed as an attempt to reduce
the imminent risk of extinction of the species should be used concomitantly (research
and conservation), with the main focus on the monetization of livestock in the native
fields, through the creation of environmental seals. This guarantees the presence
of physical spaces (fields) that are favorable to the species, in order to be seen asa
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feasible guarantee of income by landowners; otherwise, there will be no justification
for maintaining the fields, given the great profitability generated by soybean crops.
Another consequence of the loss of native fields is the annihilation not only of the
Pampa cat and the biodiversity associated with it, but also of an intangible anthropo-
logical heritage, notably the culture of the gaucho people, which was forged by cattle
breeding.

The conservation of native fields for livestock is the most sustainable campesino
economic system for the conservation of rural biodiversity and, fundamentally, for
the regional culture (gaucho), since livestock farming in the Pampas does not result
from deforestation, and, since its beginning around 1620 [63], it has been conducted
on natural pastures. In summary, this is the most appropriate economic vocation
of the Pampas and is the most sustainable and responsible for maintaining regional
biodiversity and culture. Unfortunately, the current scenario reveals that new farmers
or field heirs tend not to continue the socioeconomic practices conducted by their
livestock farming ancestors, and they are inclined to convert native fields into crops in
order to achieve greater financial returns.

The negative factors regarding the Pampa cat have been reported for at least a
century and indicate an increase in this pressure every year, which restricts Leopardus
munoai to a species composed of relictual and perhaps nomadic individuals, possibly
with inbreeding occurring. In this way, the current scenario allows us to postulate that
the Pampa cat is in fact the most threatened feline on Earth and may become extinct
without even being formally recognized and known. Unfortunately, if the current
scenario is maintained, this endemic feline of the Pampas will be extinct in the wild in
less than a decade.
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Chapter 3

Reviving Chinese Pangolin
Conversation: A Brief Knowledge
Sharing

Suman Acharya

Abstract

Chinese pangolin is a unique critically endangered small mammal that is covered
by scales and feed on termites and ants. It is dark brown or dark gray in color and lives
in coniferous and broad-leaf forest, agricultural land, barren land, bamboo forest,
grassland Chinese pangolin is widely distributed in the continent of Asia but the
detailed studies on population status, ecology, behavior, and illegal trade is lacking.
With the developmental activities escalated in Asian countries, the threats to the
pangolin population and potential habitats are increasing. Additional athropogenic
factors such as deforestation, encroachment, forest fire, over exploitation, hunt-
ing, poaching, and illegal trade have caused steep decline in the number of Chinese
pangolin in wild. In fact, the pangolin is the most illegally traded animal in the con-
temporary world. Therefore, it is crucial that we revive and prolong communication
regarding the current global and national status, distribution, behavior, illegal trade,
and conservation practices across scales to promote the long-term conservation of
the Chinese pangolin population and habitat. In the end, this chapter provides some
important policy recommendations to promote Chinese pangolin conversation.

Keywords: Chinese pangolin, critically endangered, distribution, threats, conservation

1. Introduction

Pangolin is a small mammal that is widely known as a scaly anteater because its
body is covered with a tough overlapping scales that is made up of keratin. It mostly
feeds on ants and termites using an extraordinarily long and sticky tongue, and in the
case of threatened is able to roll itself up into a tight ball quickly [1]. There are Eight
species of pangolin distributed globally. The four species are categorized as Asian pan-
golin and four are African pangolin. The global population of these species of pangolin
are unknown whereas under the IUCN Red List of Threatened Species all eight species
are marked as globally threatened. Furthermore, the IUCN Red List has declared
that the population of all eight species of pangolin is in decreasing trend throughout
the world [2]. All species of pangolin are listed in Appendix I in the Convention on
International Trade in Endangered Species of Wild Fauna and Flora [3]. Pangolin is
shy, non-aggressive, solitary and burrowing strange mammal that is protected
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nationally as well as internationally but their biological details are unknown to stake-
holders. This chapter reviews the taxonomy, ecology, habitat, population, distribution,
conservation status and threats of Chinese pangolin (Manis pentadactyla) in detail and
provides some recommendations in Chinese pangolin studies.

2. Taxonomy

Based on the morphological and genetic evidences, Chinese pangolin is speci-
fied under the genus “Manis” [4]. The name “Manis pentadactyla” is derived from
two Latin words, ‘manes’ refers to the nocturnal behavior and unusual appearance
of pangolin and ‘pentadactyla’ refers to five fingers on both fore and hind limbs. In
Roman belief, the pangolin is known as the spirit of the ghost because of their noc-
turnal movement [5, 6]. Chinese pangolin is still considered as the sign of bad luck in
different parts of the world including Nepal.

3. Ecology

Closely observing the ecological behavior of Chinese pangolin is exceptionally
tough because of its lower population throughout the home-ranges and its nocturnal,
secretive, shyness, and elusive nature. Therefore, most of the ecological description
are based from the researches done in China and Taiwan where the population of the
species is comparatively higher than other countries [6].

All species of pangolin including Chinese pangolin sleeps in hollows and logs
during the day time and emerges in the evening to forage for ants and termites [1].
Chinese pangolin appears exceptionally different than other mammals. Some of the
unique body appearances including large ear pinna, a post-anal depression in the skin
and a narrowing near the distal end of the tail distinguish Chinese pangolin from
other Asian pangolin [7]. As a defense, Chinese pangolin rolls into a ball and during
these configuration soft tissues are protected or hidden by scales [8]. Its fore limbs are
powerful and contain large digging claws, while hind limbs are shorter and contain
smaller claws. It has a thick and long tail covered with large (40 cm long and 2-5 cm
diameter), round overlapping scales formed from fused hair that is dorsally rounded
and ventrally flattened, prehensile and very muscular [6]. Its tail is shorter as com-
pared to other pangolin species and is less than half of the total body length [9]. The
body of the species is entirely covered with the scales made up of keratin that grown
from the body skin forming a grid that grow continuously [10]. The purpose of the
scales is to cover and save the surface of head, trunk, lateral surfaces of trunk, limbs,
and tail from external injuries and attacks. The color of Chinese pangolin is usually
dark brown or dark gray (Figure 1) [10]. Whereas, the facial skin is yellow-pinkish
gray [7].

Male Chinese pangolin is larger than female ones. The mass of Chine pangolin
ranges from 2.35 kg (young, sexually matured female) to 7.0 kg (fat male), similarly
body length ranges from 545 mm (young female) and 795 mm (male) [8]. However,
some Chinese pangolin weight exceptionally heavy (i.e. more than 8 kg) [6]. Chinese
pangolin usually digs two different kinds of burrows based on their use. The resident
burrows are used for resting and sleeping purpose and the feeding burrows are used
for feeding on ants and termites existing under the earth’s surface [12]. Usually it
uses the feeding burrow for a shorter period of time as compared to resident burrows
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Figure 1.
Chinese pangolin. Source: Tulsi Laxmi Suwal [11].

where they spend longer time for resting and sleeping purposes. The Chinese pan-
golin prefer sunlight in the winter. For this reason it digs resident burrows on a steep
land with a slope between 30 and 60° covered with dense shrub, canopy cover, near to
water sources and that receives direct sunlight [13]. The study done by [14] also found
the similar behavior of Chinese pangolin in Nepal.

4, Habitat

The potential habitat of Chinese pangolin ranges from tropical plain landscape
to hilly regions. In some cases, the habitat is also found in high mountains like the
northern parts of Nepal. This species is found in a wide range of habitats that include
primary and secondary tropical forests, lime stone forests, bamboo forests, grass-
lands, agricultural fields, limestone, hill forests, broad-leaf forests in lower altitude
and coniferous forests in higher attitudinal zones [6, 14-17]. The habitat is generally
found in red soil at open forest with less coverage in south, south-east, and south-
west facing slopes [18]. Both protected areas and areas outside of protected areas are
the potential habitats of Chinese pangolin. However, most of the potential habitats
are found outside of protected areas as the species is present mostly in cultivable land
(Figure 2). Agricultural land, human settlement areas, and parts of private forests
are potential habitats of Chinese pangolin. Unlike arboreal Sunda pangolin, Chinese
pangolin is entirely terrestrial and digs own burrows [19, 20].

The suitable habitat of Chinese pangolin ranges within the section of mid-hills
[11, 14, 16, 17]. However, some studies have found that the burrows of the spe-
cies in lower altitude of below 100 m in Taiwan and exceptionally high altitude
of 3000 m from sea level in eastern Nepal [2]. These studies depict that Chinese
pangolin are distributed in wide range of habitats. Chinese pangolin tolerates some
kind of human disturbances, therefore it prefers burrowing in the habitats near
to human settlement and agricultural lands [14, 19, 21, 22]. The study conducted
by [14] recorded the presence of burrows in grasslands and croplands near human
settlements. Similarly, the species was sighted in evergreen coniferous forest such
as pine forest, broad leaf forests such as teak (Tectona grandis) forest, bamboo
forest, and scrubland [13, 21, 23].
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Figure 2.
Burrow of Chinese pangolin found near the settlement area. Source: Author.

5. Population

Because of the species’s nocturnal, elusive, secretive, and solitary nature,
the direct observation is very rare unlike other mammals due to which estimating the
exact number of Chinese pangolin population is extremely tough [2, 6]. Across the
scales (global through local) the information on the population of Chinese pangolin is
very rare along with the studies on habitat and abundance of species. This species gets
little care in studies and conservation compared to other big mammals, therefore the
immediate information on the population status is very low.

Unlike Taiwan, where the Chinese pangolin population is exceptionally stable
and increasing [2], other home countries have faced sharp decline in the number
of Chinese pangolin because of over-exploitation of habitat resulting to extirpation
of original population [23, 24]. For instance, the population of Chinese pangolin in
China was dramatically declined by 94% between 1960s and 1990 due to anthro-
pogenic factors including over exploitation [9]. China harvested around 160,000
individual of Chinese pangolin every year between 1960 and 1980 for consumptive
purpose that ensued in extinction of species for commercial purpose in 1990s [25].
China estimated the population of the species to be approximately 50,000-100,000
in 2002 [26] but the National Forestry Administration (now National Forestry and
Grassland Administration) estimated the population of 64,000 individuals. However,
in the same year [27] resulted that the population of Chinese pangolin was declined to
25,100 and 49,450 individuals.

Taiwan experienced substantial reduction in the population of Chinese pangolin
between 1950s-1970s due to over exploitation from hunting and poaching [28].
However, some parts of Taiwan has recovered the population remain stable at this
time as hunting and poaching are not the major threats. Vietnam hosts a few number
of Chinese pangolin population. Although, the species is seen rarely, the population of
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Chinese pangolin faced steep decline in the last two decades (1990s and 2000s) [20].
In Lao PDR, the spices was observed in Nam Theun Extension PNBCA (Proposed
National Biodiversity Conservation Area) and in a village in Nakai-Nam Theun NBCA
during 1994-1995 [6, 29]. However, the sighting of the species is exceptionally rare at
this time as the population is nearly extinct due to extreme hunting of species.

In Thailand, Myanmar, and Bhutan the information about the Chinese pangolin is
little or no information is available as the population has sharply declined to extinction.
Similarly, Nepal has faced decline in the population of Chinese pangolin due to hunt-
ing, poaching, habitat fragmentation, and illegal trade. The survey conducted in early
1990s estimated that the population of the species was good in number in the Royal
Nagarjung Forest in Kathmandu. The national population was estimated be approxi-
mately 5000 individuals, however, current population is estimated to be declined due
to several anthropogenic factors including over exploitation of resources and illegal
trade [11, 16, 30-32]. The similar trend is seen in India and Bangladesh. The population
of Chinese pangolin is severely decreasing in Northeast India [33] and in southern part
of Bangladesh due to illegal trafficking, over exploitation, hunting, and poaching [23].
Chinese pangolin population has been expected to be disappeared to extinction in south-
east Bangladesh but the existence of the species is still recorded in Chittagong Hill Tracts.

6. Distribution

Chinese pangolin is very widely distributed in the continent of Asia. The distribu-
tion mostly occur in East Asia, northern Southeast Asia, and some parts of South
Asia (Figure 3) [2]. Broadly the population of Chinese pangolin is distributed in
Nepal, India, Bhutan, Bangladesh, China, Taiwan, Vietnam, Myanmar, Lao People’s
Democratic Republic (Lao PDR), and Thailand.

To be confined within the nations, Chinese pangolin is widely distributed in Nepal.
The species is widely distributed in the mid-hills of Nepal that ranges between 500
and 1500 m [11, 17] and is exceptionally distributed at the higher altitude of 3000 m
[2]. Their existence is also recorded in the southern plane with a lower altitude.
Chinese pangolin is distributed throughout the county (central, eastern, and western
regions) and are highly recorded in 25 districts [34]. Some of the potential areas of
Chinese pangolin distribution in Nepal are Bardia, Chitwan, Makalu Barun, Parsa,
Sagarmartha and Shivapuri-Nagarjun National Parks and Annapurna, Gaurishankar
and Kanchenjunga Conservation Areas [34, 35]. In addition, Nepal’s geographical
range distributes Chinese Pangolin in Taplejung, Ilam, Pachthar, Sinduli, Ramechhap,
Kavrepalanchowk, Kathmandu, Gorkha, Bhaktapur, and Dhading [11, 16, 17, 35].

Similarly, in India Chinese pangolin is distributed in northern part of the country
that is mostly bordered to Nepal. The record of the species distribution is found in
West Bengal, Sikkim, Bihar, Assam, Nagaland, Tripura, Mizoram, and Meghalaya
[36-38]. The distribution of this species is confined to northwest and southeastern
regions of Bangladesh. The Lawachara National Park, Thakurgaon region, and
Chittagong Hills have record of Chinese pangolin [23]. The study conducted by [20]
has recorded the distribution of this species in northern and central Vietnam some
protected areas including Cuc Phuong National Park, Khe Net Nature Reserve, Ke Go
Nature Reserve, and Ba Na National Park.

Likewise, the distribution record of Chinese pangolin is very few in Lao PDR
and Thailand. In some parts of north and central Lao PDR, the species is sparsely
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Figure 3.
Distribution of Chinese pangolin [2].

distributed [29]. A few distribution has been recorded from Changwat, Chiang Mai,
and Chiang Mai in Thailand in early though mid ninety [2]. In Bhutan, Chinese
pangolin is distributed mostly in southern regions. It is distributed in Samtse (south-
west), Sarpang, Tsirang (central south), and Samdrup Jongkhar (southeast) in
Bhutan. In Myanmar, there are records of the species distribution in northern part but
the clear distribution record is not confirmed [39].

In China, the Chinese pangolin is widely distributed across southern regions.
The distribution extends from Changjiang to the provinces of Yunnan, Fujian,
Hunan, Jiangxi, Sichuan, Guizhou, Anhui, Jiangsu, Zhejiang, Guangdong,
Huibei, Chongqing, Shanghai, and in the Autonomous Regions of Guangxi
Zhuang, Tibet, and Hainan Island [2, 40]. In addition, in China the distribution of the
species has been recorded in the Funiu mountain district that is located in north of
Changjiang with no detailed verification and requiring further investigation [2, 6, 41].
The distribution of Chinese pangolin in Hong Kong is recorded in the periphery of
lower altitudinal zone [42]. The distributional record shows that the species is found
in the central and northeast New Territories and Lantau Island [6]. Unlike Hong
Kong, the Chinese pangolin is distributed very widely in Taiwan. The species is found
in cultivable land in lower altitude below 1000 m, and Central, Western, and Eastern
Coast Mountain ranges that extends to upper limit of 2000 m [15]. The species is also
distributed in the Olympics, the Taoyuan Tableland, the Tatun Volcano Group, Puli
Basin, Taipei Basin, and the Pingtun Plain [2, 6, 15, 28].
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7. Conservation status

With the increasing threats to the Chinese pangolin population to extinction, the
global, national, and some local authorities have initiated conservation of the species.
At the global scale, the IUCN Red List of Threatened Species has listed the Chinese
pangolin under the Critically Endangered category [2]. Similarly, the Chinese pango-
lin is listed in Appendix I in the CITES. Nationally, in Nepal the species is categorized
as an Endangered species and is listed as the protected species under the National
Parks and Wildlife Conservation (NPWC) Act 1973 [30, 43]. Moreover, under CITES,
Nepal has registered under Appendix I to restrict all kinds of wild killing and com-
mercial use. In 2018 the Department of National Parks and Wildlife Conservation
in Nepal developed a Pangolin Conservation Action Plan for Nepal (2018-2022) to
promote mitigating illegal trade and the conservation of Chinese pangolin in Nepal
by implementing immediate action in identifying potential habitats and the regular
monitoring of populations and suitable habitats [16]. In addition, several Community
Forests User Groups (CFUGs) have initiated pangolin conservation through their
operational plan including the Rani CFUG in Hetauda Nepal.

Likewise, China has listed the species under Critically Endangered category on its
National Red List [44]. India has listed Chinese pangolin in protected list by listing
itin Schedule I of the Wildlife Protection Act 1972 and under Appendix II of CITES
[33]. These conservation steps in India restricts for the wild catch and commercial
trade of Chinese pangolin within and outside of country. Similarly, Taiwan, Hong
Kong, Bangladesh, and Myanmar have listed Chinese pangolin under protected spe-
cies list. The primary intention of these countries to protect the Chinese pangolin is
to reduce wild catching, killing, poaching, and illegal trade for commercial purposes
within the country and outside the national boundaries [2, 6].

8. Threats

Despite several conservation efforts implemented across scales (international,
national, and some local) for along time, Chinese pangolin population is under the
severe threats that could result to the extinction of species in the near future. There exist
certain natural threats, however, anthropogenic factors are primarily responsible for the
steep decline in the population of Chinese pangolin and destruction of their habitats.
Anthropogenic threats including illegal hunting, poaching, illegal trade, deforestation,
forest fire, agriculture expansion, forest encroachment, traditional beliefs, over-grazing,
and developmental activities on haphazard manner are the major reasons behind the
dramatic decline of Chinese pangolin globally, nationally, and locally.

8.1 Hunting and poaching

Chinese pangolin has been poached and hunted in wild for both household and
commercial purposes for several decades. At the local level the species is killed as a
source of meat in some parts of the world where as the killing is done primarily for
illegal trade at national and international levels [2]. The habitats that are near the
human settlement and agricultural lands are highly vulnerable because hunters have
easy access and they often poach and hunt Chinese pangolin in these areas (Figure 4)
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Figure 4.
The scales of locally killed Chinese pangolin. Source: Badyi Binod Dahal.

[17, 27]. Evidences and studies claim that Chinese pangolin has been historically
exploited for medicinal, cultural, spiritual, and nutritional purposes [2, 23, 24, 45].
Local people consume on Chinese pangolin with a traditional belief of medicinal val-
ues that heals several kinds of diseases such as skin disease, back pain, gastrointestinal
disease, pain killer during pregnancy, and cardiac problem [46].

The meat of Chinese pangolin is consumed as a source of protein. Similarly, the
study done by [46, 47] have recorded a significant number of respondents were aware
about the protection status of Chinese pangolin but they were had also eaten the meat of
the species. Likewise, in the eastern Nepal the Limbu community have negative attitude
towards Chinese pangolin and perceive it as a symbol of bad luck and kill it wherever
they see the species [46, 48]. Some tribal communities in northeastern India consume
the meat of at the community level and they use scales for several medicinal purposes
[33, 45]. The scales of the species was also used to make decorative items, rings, musi-
cal instruments, and bags at the community level that has enhanced the threats to the
Chinese pangolin population. In China and Vietnam, the scales of Chinese pangolin is
considered as a source of traditional medicine for treating skin diseases, treating cancer,
blood circulation, and stimulating milk secretion in lactating women [2, 45].

8.2 Illegal trade

Illegal trade of a live and dead Chinese pangolin along with its body parts includ-
ing scales and meat is the primary threat to the remaining population of this species
[46]. Usually the illegal trade of Chinese pangolin happens at the international scales
because of an excessive demand of the species in China. The local hunters work
actively and with full effort in catching the Chinese pangolin alive or killing to supply
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the demand across the scales that has very sharply declined the number of the species
in the past few decades [6, 32, 47]. There is a long chain of hunters and traders in most
of the countries that host Chinese pangolin and they are connected internationally to
promote illegal hunting, trafficking and trading of the species that has led the species
in the verge of extinction in the contemporary world (Figure 5) [32, 49].

In the last 21 years, the population of Chinese pangolin has been estimated to be
declined by more than 90% because of escalated anthropogenic activities, illegal
trade in particular. Pangolin is the most widely illegally traded species in the south-
eastern Asia because of its demand in China for multiple purposes. Historically the
illegal trade of the species has been recorded by CITES. A large population of Chinese
pangolin declined in mid-1990s due to unrecorded internationalized illegal trade of
a live species that had occurred between Southeast Asia and China along with other
species [2, 20, 50]. Most of the illegally traded Chinese pangolin to China originates
from Myanmar and Nepal [32, 51]. During the decades of 1980s and 1990s, CITES
reported that international trade of more than 50,000 (estimated) Chinese pangolin
were internationally traded [6].

Although CITES banned in illegal trade of Chinese pangolin in 2000 by introduc-
ing zero export of this species following the severe decline in the Chinese pangolin
number in wild due to escalated illegal trade, illegal trade and trafficking of the spe-
cies has continued post-2000 that is governed and driven by market demand of live
individuals in China from Southeast and South Asia [49, 51]. In the time difference of
3 years (between 2000 and 2013), the seizure records of Chinese pangolin show that
more than 50,000 Chinese pangolin were internationally trafficked [49, 52]. The high
demand and conspicuously consumption of Chinese pangolin as a luxury wild meat

Figure 5.
Local hunter with dead pangolin. Source: Author.
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dish among opulent consumers in China and Vietnam has driven illegal international
trade of the species in high prices [2, 49].

8.3 Over exploitation and habitat fragmentation

Apart from illegal trade, hunting and poaching, anthropogenic factors are highly
responsible for over exploitation of resources and habitat fragmentation that has resulted
in the extirpation of Chinese pangolin from different regions including Bangladesh and
some provinces of China [6, 23]. Most of the countries in Asia that are also the home
countries to Chinese pangolin are currently on a developing phase that results in over
exploitation of resources such as forests, wetlands, agricultural lands, grasslands, and
shrub-lands for constructions and other developmental activities. These commercial
developmental activities resulting to over exploitation of resources either destroy the
potential habitats of the species entirely or fragment into parts that will directly result in
the decrement of Chinese pangolin population in the wild [6, 53].

In the countries like Nepal, India, and Bangladesh, the rural areas are in the phase
of rapid conversion to semi-urban or urban areas by destroying forests, agricultural
lands, and barren lands that are primary habitat of Chinese pangolin [11, 16, 22, 23,
53]. In addition, the human settlement has expanded by encroaching nearby forests
and agricultural lands. These activities at the household and developmental scales
have exploited resources beyond limits in one hand and increased severely threats
to the habitat on the other hand that has resulted in reduced number of Chinese
pangolin. Some examples of developmental activities such as large scale road network
constructions, industrial areas construction, infrastructure construction, mining etc.
have fragmented or entirely destroyed the potential habitats of Chinese pangolin. The
study done by [17, 53] revealed that the Balthali village is currently suffering from
speed conversion of forest and agricultural lands into resorts, hotels, and road con-
structions that have fragmented the habitat of Chinese pangolin and this has resulted
in decline of population. In addition to these threats, the excessive use of pesticides,
insecticides and other chemicals in the agriculture lands with pangolin burrows is a
severe threat to both Chinese pangolin and its habitat [6, 53].

9. Recommendations in Chinese pangolin studies

There are considerable studies done on Chinese pangolin in different parts of Asia
where this species is found. For instance, the studies in distribution based on direct and
indirect signs of pangolin, conservation, threats, spaces abundance, illegal trade based
on seizure records, and habitat preference have been conducted. In addition, the conser-
vation efforts to conserve the species have been implemented at international, national,
and some local levels. Despite these studies and efforts, the information on multiple
dimensions of Chinese pangolin still lacks in research arena and the threats to conserva-
tion of the species is still up-scaling. This section in this chapter tries to provide certain
recommendations in Chinese pangolin studies and conservation.

i. Most of the researches on Chinese pangolin has concluded that the studies on
the population is lacking. It is very important to have a scientific data on the
population of the species to support all kind of research and focus conserva-
tion efforts. Therefore, a comprehensive study on the population of Chinese
pangolin is of a dire need.
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ii. There is a lack of behavioral studies of Chinese pangolin because of its unique
nature. However, further researches should be able to develop a new tech-
niques and methods to comprehend the ecological and other behaviors of
Chinese pangolin. This will also help to understand the distribution, habitat
preference, and abundance of the species based on the direct signs as most of
the current studies are based on indirect signs.

—

iii. Although the issue of climate change in all sectors are alarming, there is no
single study on the impacts of climate change on Chinese pangolin population
and its habitats. It is a crucial topic that should be studied immediately in the
contemporary world that is apparently facing multiple impacts of climate
change in environmental sectors and biodiversity including small mammals

like Chinese pangolin and its habitats.

iv. As the conservation of wildlife species have become a clear political agenda,
the political dimensions of Chinese pangolin conservation is very crucial
subject of research. In addition, the Chinese pangolin might be threatened at
local level as the local/national politics might influence local level poaching
and hunting and national/international political sphere might influence the
global market of illegal trade and trafficking.

v. The clear records on the current illegal trading of Chinese pangolin and the
estimated projection of future illegal trade is lacking. Future researches should
focus on comprehensive research in quantifying hunting pressure and use of
the species at local, national, and international scales.

vi. The conservation efforts should be designed and implemented for an impact
results in conserving the species and its habitat rather than just being limited
within the texts. For example, Nepal developed a Pangolin Conservation
Action Plan (2018-2022) to identify potential habitats, regularly monitor
population and habitats, mitigate illegal hunting and trading. However, the
comprehensive review of the action plan to understand the impacts of the plan
over its planned objectives has not been publicized yet. In addition, the conser-
vation output from implementing expensive conservation action plan has not
been produced yet. Therefore, the conservation efforts should be designed and
implemented for an effective outputs.

Community based/initiated conservation programs should be designed and
implemented rather than imposing conservation programs designed by authorities.
This will encourage community people and enhance their understanding capacity
regarding Chinese pangolin conservation. Handing over of the power and authority
in developing, implementing, and monitoring local action plans will enhance sustain-
able conservation of the species.
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Genomics of Endangered Plants
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Abstract

Understanding in the evolutionary processes, endangered mechanisms, and
adaptive evolution history are key scientific issues in conservation biology. During
the past decades, advances in high-throughput sequencing and multi-disciplinary
crossover have triggered the development of conservation genomics, which refers to
the use of new genomic technologies and genomic information in solving the exist-
ing problems in conservation biology. Conservation genomics mainly focuses on the
endangered mechanism and conservation strategies aiming at protection of surviv-
ability and diversity of endangered species. Application of conservation genomics into
the study of endanger plant species has provided innovated protection concept for
biologists and promoted the development of population-based conservation strategies.
This chapter summarizes the studies of population genomics for agronomically and
commercially important plants threatened and endangered, discusses the advantages
of conservation genomics for the analysis of genetic diversity, inferences about the his-
tory of population dynamics, evaluation of natural forces on wild plant populations,
and the establishment of effective conservation strategies. This chapter also presents
the development trends in genomics for the conservation of endangered plant species.

Keywords: endangered species, genomics, conservation strategy, genetic diversity,
conservation biology

1. Introduction

In modern times, frequent and intense human activities and habitat degradation
have caused major and serious threats on the plant’s biodiversity [1, 2]. Global energy
consumption is becoming increasingly severe, and the global climate and environment
is undergoing drastic changes. The size of existing populations is rapidly shrinking
and many species are on the brink of extinction. The resulting population bottleneck
further reduced the adaptive potential and functional diversity of species, and poses
dangers and difficulties in the recovery of populations under natural conditions. Many
wild animals and plants are facing an unprecedented survival crisis [3-7].
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In response to this crisis, conservation biology has emerged. After years of develop-
ment in conservation biology, preservation of biodiversity in the context of ecosystem
has arrived at a consensus, and so the mechanism and priciple factors responsible for
biodiversty loss has been a hot topic in the field of conservation biology. The require-
ment of better evaluation of species endangerment degree, more accurate estimation
of endangered species habitats, and more suitable conservation strategies has led to
the development and application of multiple related technologies, such as geographic
positioning system (GPS) technology, mathematical methods, and genomics study
[8]. In recent decades, the rapid development of high-throughput technology has
greatly increased the availability of genomic data and effectively solved the manage-
ment problems of many endangered species and related key protection regions.

2. An overview of conservation genomics
2.1 Main features

As a branch of conservation biology, conservation genomics focuses on the study
of endangered mechanisms and conservation strategies for endangered species, that
aims to protect species survival ability and reduce the risk of extinction. This field is
an integration of theoretical ideas of genetics and analytical methods of genomics.

Traditional conservation genetics research often relies on only a few molecular
markers such as isozyme, microsatellites, or mitochondrial and chloroplast genomes.
Since most of these molecular markers are anchored in a few neutral regions of the
genome, there are certain limitations in tackling with questions in species conserva-
tion [9, 10]. Compared with conservation genetics, conservation genomics is more
direct and effective in addressing some important issues in conservation biology.

For example, when estimating effective population size (Ne), genome data can
provide a large number of genetic markers, which can be used to reconstruct pedigree
and extract haplotype information, with which Ne values can be monitored, popula-
tion migration direction predicted, and migrating individuals can be identified. When
inferring the adverse effects of inbreeding depression, whole genome information
can directly locate the key sites, accurately predict the population’ ability to eliminate
harmful mutations, and screen the initial founders of captive populations based on
the genotype of individual inbreeding sites.

Furthermore, when estimating the interference of climate change and human
activities on wild populations, the large amount of genetic variation information
obtained through genomic sequencing can help accurately evaluate the responsive
ability of different individuals and help to find individuals suitable for ex-situ con-
servation [11]. In fact, these issues have long been well-recognized in conservation
biology research, but due to the lack of key genomic information, there has been no
further development until the advent of next-generation sequencing, which success-
fully opened up new research perspectives.

2.2 Significance in conservation biology

In the past 200 million years, an average of 900,000 species of animals have
become extinct per million years, with a “background rate” of approximately 90
species per century, including approximately four species of higher plants [12]. In
history, the five mass extinctions that have occurred to date have generally occurred
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as a result of significant geological events or rapid environmental changes. Studies on
general biodiversity loss indicate that we are now in the sixth mass extinction [13].

It is conservatively estimated that the extinction rate of species in the past century has
been 22 times faster than historical benchmarks [14].

In 2022, 11,538 plant species were included in the red list updated by the
International Union for Conservation of Nature and Natural Resources (IUCN), of
which about 5336 (46.2%) were critically endangered, 10,202 (88.4) were endangered,
9376 (81.2%) were vulnerable, 134 (1.2%) were conservation dependent, and 3761
(32.6%) were near threatened [15]. China is one of the countries with the richest biodi-
versity in the world, with about 30,000 species of higher plants, more than 5% of which
are endemic, and ranks third in the world. According to statistics reported so far, there
are 4000 to 5000 plant species in China that are endangered or threatened, accounting
for 15% -20% of all plant species. Nearly 100 species are facing extinction. Therefore,
the application of modern multidisciplinary research methods is of great importance in
order to protect and strengthen plant germplasm resources and maintain plant diversity.

Conservation genomics not only provides more comprehensive, accurate and
reliable research results on species classification, genetic diversity, population genetic
structure and so on, but also provide insights into the historical processes of species
origin, differentiation, population size evolution, and the molecular mechanism
of population local adaptation, inbreeding status and genetic basis of inbreeding
depression [11, 16, 17]. Various models based on conservation genomics have been
developed to directly identify biodiversity hotspots to provide priority protection.

In addition, new classes of markers obtained from whole genome sequence can be
used to screen for functional genes and key adaptive sites contributing to important
ecological adaptations, such as the stresses of climate change, resistance to herbivory,
and disease, making it possible to predict species’ response to the environment in the
past and future [18].

Beginning from the studies of traditional genetic diversity, genetic structure, and
population dynamics, conservation genomics allows us to delve into the reconstruc-
tion of evolutionary history and species adaptive evolution and explore the process,
causes, and evolutionary potential of endangerment. Application of genomics study
in conservation biology can guide practical management actions of endangered spe-
cies from both the spatial and temporal perspectives.

2.3 Research techniques and strategies
2.3.1 Development of genome sequencing technology

Genome sequencing technology has gone through a development process from first
generation to third generation sequencing. The first generation sequencing is also known
as Sanger sequencing. Its core principle is to image different lengths of DNA fragments
containing isotope markers through gel electrophoresis during DNA synthesis and
identify the type of DNA base at each position [19]. The first generation sequencing
has the advantages of long read length and high accuracy, but its low throughput, long
sequencing time and high cost made it unsuitable for large-scale genome sequencing.

The second generation sequencing or next generation high-throughput sequencing
determines the DNA sequence by capturing the special markers (usually fluorescent
molecular markers) carried by the newly added bases during DNA replication [20].

It has advantages such as high throughput, fast speed, and low cost, but there are also
shortcomings such as limited read length and assembly fragmentation.
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The third generation sequencing technology, also known as single molecule real-
time sequencing technology can obtain DNA base information in real-time through
captured optical or electrical signals [21, 22]. Its biggest feature is single molecule
sequencing, which does not require PCR amplification during the sequencing process.
Together with its advantages of long read length (10-150 kb), fast speed, and no GC
preference, the third generation sequencing greatly improves the integrity of genome
assembly [23]. However, a disadvantage of this technology is the relatively high error
rate of single base sequencing, which can reach 15%. It may require the use of second-
generation sequencing data to correct the sequenced bases.

2.3.2 Simplifying genome sequencing

At present, two main categories of research techniques are widely used in conser-
vation genomics: simplified genome sequencing and whole genome sequencing [16].

Simplifying genome sequencing is one of the commonly used techniques. It means
sequencing of partial genomes, which greatly reduces the complexity of the genome,
thereby lowering the cost and computational burden of sequencing. Simplifying
genome sequencing has many advantages over whole genome sequencing, such as
cost-effective, good stability, shorter experimental time, simpler library construc-
tion program, gain of a larger number of SNPs (single nucleotide polymorphisms),
and independence of the reference genome. Hence, this technology is widely used
in the conservation genomics studies of endangered animals and plants [16, 24-26].
Simplified genome sequencing can be divided into restriction site associated DNA
sequence (RAD-seq) [27], RNA transcriptome sequencing (RNA-seq) [28], and
whole exome sequencing (WES) [29]. The commonality of these three methods is
that they normally only evaluate a small portion of the genome. However, due to the
incomplete genome coverage and missing data, simplifying genome data poses chal-
lenges for subsequent population genetic analysis, such as in the inference of popula-
tion phylogenetic relationship. Firstly, when there are polymorphisms or sequencing
errors, it is difficult to conduct precise cluster analysis of the same restrictive loci.
Secondly, it is still quite complicated to assemble each gene cluster into unique loci
and ultimately construct phylogenetic relationships. Finally, the scale of genetic
variation information obtained from RAD seq and the availability of RAD-seq data in
phylogeny inference are influenced by various factors such as the restriction enzymes
used, the size of selected fragments, and the sequencing coverage of different samples
[27, 30, 31]. By contrast, whole genome re-sequencing method relying on the refer-
ence genome can significantly improve the quantity and quality of detected genetic
markers [27, 32].

2.3.3 Whole genome sequencing

Whole genome sequencing can be divided into two categories: De novo whole
genome sequencing and whole genome re-sequencing. De novo sequencing refers to
the first assembly of a new genome sequence. The difficulty and quality of genome
assembly depend on genome size, complexity, computational conditions, and
bioinformatics techniques. Currently, De novo whole genome sequencing mainly
utilizes third-generation sequencing techniques, including single molecule nanopore
DNA sequencing from Oxford Nanopore Technologies (ONT), single molecule real-
time sequencing (SMRT) from Pacific Biosciences (PacBio), and true single molecular
sequencing (tSMS) from Helicos Biosciences.
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In comparison, whole genome re-sequencing aims at comparison of genomic
variation among different individuals and populations based on genomic sequencing
of different individuals of species with known genome sequences. It mainly utilizes
second-generation sequencing techniques, such as 454 GS FLX Titanium Platform
supplied by Roche, HiSeq 2000 Platform supplied by Illumina, and the ABI SOLiD
Platform to obtain a large number of short reads. After comparing with the refer-
ence genome, population level single nucleotide polymorphism (SNP) data can be
obtained and used for population genetic analyses.

Whole genome re-sequencing requires high-quality reference genomes for read
length alignment and mutation detection. The lack of high-quality reference genomes
is the main obstacle for the use of whole genome re-sequencing technology in con-
servation biology. Despite the rapid development of sequencing technology, whole
genome data is still unavailable in many endangered species. A statistical analysis
has shown that among all the plant species with whole genome data, only 3.25% were
threatened species included in IUCN red list and only 5.34% were included in the List
of Wild Plants Under State Protection in China [33]. Nevertheless, with the increasing
awareness of conservation and the launch of some important projects, it is expected
that more and more endangered plant genomes will be analyzed in the future. For
example, the Earth BioGenome Project proposed to give priority to sequencing the
genomes of more than 23,000 endangered species included in the IUCN Red List
[34]. The implementation of this project will provide assistance for the conservation
genomics research of endangered species.

3. Application of conservation genomics
3.1 Determination of conservation units

In conservation biology, ‘species’ is commonly used to express the concept of
conservation units, including taxonomic levels below species, such as subspecies and
populations. It is very important for biodiversity conservation to determine popula-
tion units that meet the requirements of taxonomy for standardized management.
The successful implementation of the conservation plan largely depends on the
correct identification of the taxonomic status of conservation targets [35]. In con-
servation biology, researchers tend to define species based on phylogenetic analysis.
However, some different subspecies may be mistakenly treated as a different species.
Other widely accepted definition methods require calculation of genetic distance or
prove for reproductive isolation. In certain cases, threatened species may be described
using minor morphological or distributional features, which brings controversial
opinions on the taxonomic boundaries and the necessity of conservation.

Whole genome records the entire history of evolutionary process of each species.
By comparing the genomic data rather than a few genes like traditional genetic ana-
lytical methods, more robust phylogenetic relationships can be constructed, provid-
ing new solutions for the identification of closely-related species and the discovery of
hidden species [16].

For example, the rare and endangered plant Buddleja alternifoli (Scrophulariaceae)
in Inner Mongolia is mainly distributed in the three major regions of the Himalayas,
Hengduan Mountains, and the Loess Plateau. Significant morphological differences
in between the populations in the Loess Plateau region and the other two regions were
detected, while the populations in the Himalayas and Hengduan Mountains have no
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evident differences in morphology, thereby raising the doubt whether the populations
distributed in the three regions belong to one species. Ma et al. first assembled the
high-quality genome of Buddleja alternifoli and obtained sample re-sequencing data
from 48 populations distributed in three regions. They found that Buddleja alternifoli
formed three independent and distinct branches consistent with geographical dis-
tribution. The population differentiation coefficient FST was greater than 0.5. They
speculated that Buddleja alternifoli in these three regions should be defined as three
different species. Given the fact that Buddleja alternifoli is already an endangered
species, results from genomic analysis implicated that each newly defined species
has fewer numbers and narrower distribution range than previous prediction. The
actual endangered degree of the species may be higher. When implementing protec-
tion management, these three possible species should be managed separately [36].
Similarly, although some endangered plants cannot be determined from their mor-
phology whether they belong to different species, genetic differentiation is already
very large and can actually be located as different species.

On the contrary, mis-identification of taxonomic status may cause unneces-
sary conservation actions and costs. Banksia vincentia was originally identified as a
member of a species complex constitutes by Backobourkia collina, B. cunninghamii,

B. neoanglica. It was treated as a critically endangered species in New South Wales,
Australia. However, nuclear genomic data did not support ‘B. vincentia’ as a distinct
species and showed that it is nested within B. neoanglica. The value of conservation of
‘B. vincentia’ needs to be further evaluated [37].

Differentiation of genetic diversity is often existed between different populations
of the same species. One of the goals of conservation biology is to protect the genetic
diversity of vulnerable species as much as possible. The most important step in popu-
lation management is to determine and delineate the boundaries of conservation units
(CUs) within species, such as evolutionarily significant units (ESUs). If a population
basically has reproductive isolation with other populations of the same species, and
represents an important evolutionary component of the species, then the population
can be regarded as an ESU [38]. The significant units of evolution represent the vast
majority of genetic diversity between populations within a species [39, 40]. In addi-
tion to ESUs, there are also management units (MUs) and adaptive units (AUs). By
dividing these population units within a species, each population can receive targeted
and efficient supervision, including reasonable planning of harvest yield to avoid
excessive harvest, introduction of new individuals to the population to avoid mixing
populations with different adaptations, and prioritize protection for certain popula-
tion units to save budgets.

Within the genomic framework, it was suggested that genetic structure analysis
of all possible loci to should be used to identify ESUs, neutral loci should be used to
identify MUs, and adaptive loci should be used to identify AUs [39]. At present, using
whole genome sequencing combined with re-sequencing data for population genetic
structure analysis is a routine in population genomics [36, 41, 42]. The results can
serve as a basis for ESUs classification of endangered plants. Using whole genome de
novo sequencing, chromosome level assembly, and population re-sequencing of the
endangered species Tetracentron sinensis, biologists found that 55 individuals of the
species were distributed in representative regions of China with four ancient genetic
components corresponding to four different ESUs [42].

In fact, in biological systems with simple evolutionary processes, traditional
genetic techniques can directly divide protection units, but it is difficult to determine
clear protective units for complex evolutionary systems, such as populations with
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hybridization and introgression in evolutionary history [43]. Hybridization refers to
interspecific hybridization between individuals from different species or populations,
such as hybridization between two closely related species with bidirectional gene
exchange. Introgression refers to the transfer of alleles from one species to another,
and gene exchange is unidirectional. Hybridization and introgression make it more
difficult to partition protective units, as analyzing different parts of the genome is
likely to yield different results. Due to the impact of human activities, the displace-
ment of organisms and habitat transfer have significantly increased the hybridization
and introgression rates among various species worldwide, further increasing the
threat to existing species. Genomics technology can not only effectively distinguish
between natural hybridization and artificial hybridization, but also predict the
impact of hybridization on species fitness (heterosis or outbreeding decline) [44].

Overall, conservation genomics serve as an efficient tool for resolution of phy-
logenetic relationships and elucidation of population genetic structure, population
evolution history. It can help correctly define the taxonomic status of an endangered
species, precisely evaluate the hybridization risk and genetic diversity, and provide
valuable management information for species conservation.

3.2 Analysis of genetic diversity

Genetic diversity is closely related to the adaptive evolution and evolutionary
potential of species. Traditional genetic diversity assessment is based on mitochon-
drial genes, microsatellites and other molecular genetic marker to calculate the
genetic diversity of different populations. However, these calculations are only based
on the assessment of allele frequency of certain loci represented by genetic marker,
which cannot comprehensively reflect the level and panorama of genetic diversity
of gene sequences in key coding regions of species. With the rapid development of
genomics, it has become possible to assess genetic diversity at the whole genome level.
Genomic diversity refers to the overall genetic diversity of a species or population
based on variation loci at the whole genome level. In recent years, with the continu-
ous decoding of genome sequences of endangered species and the accumulation of
population genome data based on re-sequencing, more and more endangered species’
genomic diversity has been evaluated.

Using genome re-sequencing method, the genetic diversity of some plant species
listed in IUCN as critically endangered, endangered, or vulnerable have been studied.
Generally, threatened species display lower genetic diversity than threatened and
endangered species. The genetic diversity of critically endangered species endemic to
China ranged from 0.0016 to 0.0030, while that of endangered species ranged from
0.0031 to 0.0038 [33].

Huang et al. (2012) sampled 446 diverse individuals of the critically endangered
wild rice Oryza rufipogon across Asia and Oceania and sequenced them with twofold
genome coverage. The sequence diversity was estimated at 0.003 which agrees with
previous suggestions that as an immediate progenitor of cultivated rice, part of the
genetic diversity of O. rufipogon was lost during domestication [45]. Ma et al. reported
the first chromosome-level genome of a critically endangered species Rhododendron
griersonianum which contributed to about 10% of horticultural rhododendron variet-
ies. Lower genetic diversity of R. griersonianum (0.0019) compared to other relative
species within the same genus and most other woody plants suggested that R. grierso-
nianum could face large challenges to its future survival. Therefore, ex situ conserva-
tion and artificial supplementary pollination should be conducted as a priority [36].
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It was also found that some living fossil plants, such as Ginkgo biloba, have high
genetic diversity despite relatively few phenotypic variations, supporting the
hypothesis of evolutionary capacitance [41].

It is worth noting that some research populations have limited sampling and
insufficient representativeness, which may also lead to differences in the levels of
genetic diversity reported in different endangered plants. The conservation genomics
research of endangered plants in the future needs to ensure sufficient sample size in
order to comprehensively evaluate the genomic diversity at the species or population
level.

3.3 Inference of population dynamics history

The history of population dynamics is an important research topic in conservation
genomics and population genetics [46]. As important external forces in the process of
population evolution, climate change and geological events can affect the population
dynamic changes. In addition, gene mutation, genetic drift, natural selection and
other forces act as internal driving forces, causing the population evolution to gradu-
ally deviate from the “ideal population” and form a new pattern of genetic diversity.
Therefore, studying the history of population dynamics can help us understand the
shaping of population structure by climate change, geological events, and human
activities, and develop reasonable management plans to cope with environmental
changes [47-49]. The assessment of population dynamics in traditional genetics is
mainly based on the analysis of fossil records and the history of climate or geological
changes. With the development of molecular genetics, the widespread use of genetic
marker provides us more comprehensive and accurate understanding about species
evolution history. Molecular genetics studies based on mitochondria, chloroplasts or
microsatellite genetic markers can be used to analyze the difference of polymorphism
in different populations, or to infer population history dynamics by comparing the
theoretical values under normal evolutionary state of populations. However, these
methods require analysis of a large number of samples at the population level. On the
other hand, they can only be used to trace the most recent population dynamics event
instead of reflecting the overall species historical dynamics.

In the speculation of population dynamic history, the effective population size
(Ne) is a key parameter reflecting the historical status of a population. It has impor-
tant guiding significance for species conservation [50]. The effective population
size (Ne) represents the population size under random mating conditions [51, 52].
Generally speaking, it is smaller than the actual population size. We can directly esti-
mate the genetic drift rate of a population through Ne, and infer the genetic diversity
and inbreeding level of the population [53]. Keeping the population size large enough
to minimize the impact of genetic drift and inbreeding has always been an important
goal of endangered species protection [54]. The “50/500” theoretical rule in con-
servation biology points out that populations with Ne less than 50 are vulnerable to
inbreeding depression, so when isolated populations are protected alone, the popula-
tion Ne should be kept above 50. Although occasional decrease in population size to
this order of magnitude will not have an immediate adverse impact on the population,
it is necessary to ensure that the population’s Ne is above 500 in order to maintain
genetic variation in the long term [55, 56].

Thus it can be seen, the Ne value has important guiding significance for conserva-
tion biology. The development of advanced genome technologies not only allows
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for more accurate estimation of population Ne and reconstruction of the process of
population number changes of a species, but also serves as an important supplement
to the field of conservation genomics.

Davidia involucrata is a rare plant endemic to China, known as the “panda among
the trees”. A high-quality genome of D. involucrate was constructed using PacBio
Hi-C technology. Re-sequencing analysis showed that the effective population size
of D. involucrata has been decreasing since the Quaternary Ice Age, indicating that
climate change may be one of the main reasons why D. involucrata has become endan-
gered. Therefore, the sensitivity of D. involucrata to climate change should be fully
considered regarding genetic conservation of the species [57].

The effect of ice age on population size decrease can also be observed in another
threatened species, Cercidiphyllum japonicum, which is one of the most widely
distributed forest species in the Tertiary relict leaf forest of East Asia. It is listed as
class II protection species according to the List of Wild Plants Under State Protection
in China. Comparative genomics and population genomics research based on high-
throughput sequencing technology has successfully reconstructed the evolutionary
history of the Tertiary relict plant genus Cercidiphyllum in East Asia at the whole
genome level. It found that the dry and cold environment in the middle Miocene (c.
10 Ma) led to the species differentiation of C. japonicum and C. magnificum. During
the alternation of Pliocene and Pleistocene and the last glacial maximum, the popula-
tion of C. japonicum and C. grandiflorum contracted sharply. However, different from
the case of D. involucrate, selection clearance and balanced selection related to local
adaptation jointly maintained genetic variations of genes involved in key physiologi-
cal processes, thereby improving the ability of C. japonicum to adapt to different
environments [58].

On the other hand, recovery of temperature during the interglacial period may be
beneficial for population expansion. Genomic-based study on the population dynam-
ics history of Liriodendron chinense and Liriodendron tulipifera showed that through-
out the Quaternary ice age, the population of L. tulipifera continued to decrease, while
the population of L. chinense recovered and reached its peak at approximately 0.4
mya, which is the interglacial period between the Guxiang Ice Age (0.3-0.13 million
years ago) and the Nie Nie Xiongla Ice Age (0.72-0.5 million years ago). This may
explain the higher genetic diversity of L. chinense than L. tulipifera [59].

Other than climate factors, geological historical events and human interference are
also important reasons for population size fluctuations. Genomic conservation study
of Rhododendron griersonianum suggested that habitat loss caused by human activi-
ties, the extremely low genetic diversity of Rhododendron rubra, and the genetic
bottlenecks, inbreeding, and harmful mutations related to heat adaptation caused by
geological historical events are the main reasons for the formation and maintenance
of the ‘extremely small population’ of R. griersonianum [36].

In summary, whole genome sequencing can help infer fluctuations in effective
populations and track historical events of population dynamics, as well as infer the
impact of past geological and climatic events on the number and genetic composition
of contemporary effective populations. As shown in the above research, extreme
geological and climatic changes and human activities are important reasons for the
rapid decline in effective population size and genetic diversity of endangered species.
Linking population size changes with historical environmental changes can also help
predict the impact of future environmental changes on population distribution and
genetic diversity.
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3.4 Inbreeding and asexual reproduction

According to Hardy-Weinberg principle, in an ideal state, individuals in the
population mate randomly, and the allele frequency is stable in inheritance. However,
there are generally some non-random mating patterns in natural populations, the
most common of which are inbreeding and asexual reproduction, which will affect
the homozygosity of the genome. The genetic differences in individual genomes
within a population are the key to population adaptation and evolution. Genetic
recombination will generate new gene combinations, so outbreeding between unre-
lated individuals can effectively increase the genetic diversity of a population. On the
other hand, selfing or inbreeding between close relatives can significantly reduce the
level of genetic variation within the population. Compared with the outbred indi-
viduals, the population fitness of the inbred progeny will be significantly reduced due
to the accumulation of harmful mutations. This is called inbreeding depression [60].
The degree of inbreeding depression depends on the genetic load of the population.
In nature, inbreeding is the result of limited population size, so some rare species are
often more vulnerable to threats due to their small populations and isolation. Most
individuals in their populations exhibit consistent genotypes with their ancestors
[61]. The reproductive method of clone reproduction lacks genome recombination,
resulting in extremely low population genetic diversity [62]. In addition, the accumu-
lation of harmful mutations from generation to generation further reduces the adap-
tive potential of the species [62], leading to a “dead end” in species evolution [63].

Whole genome sequencing can provide us genome-level genetic markers to
accurately estimate the inbreeding level of the population. Due to the wide coverage
and low computational cost of SNPs on the genome, they are currently commonly
used for phylogenetic analysis and Run of Homozygosity (ROH) analysis to evaluate
inbreeding levels. Phylogenetic relationship analysis refers to the calculation of rela-
tive values of genetic similarity between individuals, which can be inferred through
genotype markers. Common evaluation parameters include coefficient of kinship, co-
ancestry, and identity by descent (IBD) [64]. Continuous homozygous regions on the
individual genome are the result of inbreeding. When inbreeding occurs, parents will
pass the same haplotype segments to their offspring to generate continuous homozy-
gous segments. Therefore, the degree of inbreeding can be reflected by the proportion
of ROH in the genome (FROH) [65, 66]. After a period of time, these fragments will
be disrupted by recombination, so the length of ROH can also be used to estimate the
time of inbreeding events [66].

At present, various software were developed to use genomic data to detect harmful
mutations in populations. For example, SIFT prediction software based on sequence
homology can help analyze whether newly emerged non synonymous mutations
are harmful mutations [67]. PolyPhen-2 prediction software based on sequence
homology and protein structure can help predict harmful mistranslation mutations
in populations [68]. These software have been applied to the detection of inbreed-
ing depression and harmful mutation of several endangered plant populations. For
example, genomic study on two closely-related species of Ostrya found that the effec-
tive population sizes of the critically endangered species Ostrya rehderiana and the
widespread species Ostrya polynervis both decline in the Quaternary Glacial Age. The
effective population size of Ostrya polynervis rose rapidly after the end of Glacial Age,
while the effective population size of Ostrya rehderiana continued to decline since the
Holocene after the end of the Glacial Age, along with accumulation of harmful muta-
tions in the genome and occasional infertility of natural fruiting. Surprisingly, the
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extremely harmful mutations in Ostrya rehderiana were significantly reduced com-
pared to the widely distributed species Ostrya polynervis. Therefore, the prolonged
decline in effective population size leads to weakened inbreeding inhibition, coupled
with a reduction in extremely harmful mutations, allowing the endangered Ostrya
rehderiana to remain robust and survive indefinitely [7]. Instead of simply increasing
the total number of surviving individuals by collecting inbred seeds or cloning cut-
tings in endangered trees, artificial hybridization strategies should be designed in the
future to reduce the risk of inbreeding and inheritance, and loss of diversity caused
by drift transmission [7].

Based on this idea, Ma et al. analyzed the inbreeding and harmful mutation
patterns of different populations of the endangered species Acer yangbiense, and
developed personalized genetic rescue models. For example, genetic rescue is car-
ried out for populations with high FROH and high homozygous harmful mutations.
Pollination of female flowers in populations with the highest number of harmful
mutations using pollens from the lowest number of homozygous harmful mutations
can not only avoid introducing more harmful mutations, but also hybridize homozy-
gous harmful mutations [69].

The above studies provide important reference value for future related research.
More genomic data on endangered plants and continuously improved algorithms can
help researchers and managers better identify endangered populations and under-
stand the impact of different management methods on species fitness and genome.

3.5 Adaptive evolution

Adaptive evolution refers to the continuous accumulation of genetic variation
conducive to survival and reproduction under the pressure of natural selection to
better adapt to the environment and increase fitness. Traditional adaptive evolu-
tion research is mainly conducted through candidate gene methods. However, the
candidate gene method relies on screening, targeted amplification, and comparison
of known candidate genes. The analysis efficiency is low. The emergence of genomic
data has made it possible to detect signals of adaptive evolution at the whole genome
level, and has been widely applied in the study of adaptive evolution and population
localization adaptation of endangered species.

Compared with only considering the genetic diversity of the whole genome, the
adaptability of key regions or loci on the genome has a more significant impact on
the adaptability of species. Under the neutral background of the whole genome, this
part of the region will be an obvious outlier. Therefore, the possible adaptive associa-
tion regions can be determined by detecting highly differentiated regions or selected
regions on the population [70, 71].

In the genomic conservation study of G. biloba, 25 genes involved in insect and
fungal defenses and responses to abiotic stress such as dehydration, low temperature
and high salt, suggesting that ginkgo possessed unusually high resistance or toler-
ance to both abiotic and biotic stress, particularly herbivores and pathogens [41].

In C. japonicum, 823 genes that may be related to local adaptation were detected
through Fsr and genotypic environmental association analysis. These genes are
mainly enriched in cell development and proliferation, auxin metabolic pathway and
stress response [58]. Nostoc flagelliforme is a first-class protected wild plant in China,
mainly distributed in arid and desert areas in the north and northwest. Genome
sequencing and comparative genome analysis of Nostoc flagelliforme showed that the
expression of genes related to protection of photosynthetic apparatus, synthesis of
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monounsaturated fatty acids, ultraviolet radiation response promoted adaptation
of Nostoc flagelliforme to high intensity ultraviolet radiation and extreme drought
conditions. The study provides new insights into the research on the adaptability of
blue-green algae to adversity [72].

In some other endangered plant species, the genomic loci under natural selection
were also identified. Wang et al. used two genotypic-environmental association meth-
ods to conduct genome screen on 185 wild soybean germplasm individuals distributed
in the three major agricultural ecological regions of China. Multiple genes involved
in local adaptation, such as flowering time and temperature related genes were
identified. A positive selection site was found on chromosome 19, which contains
two adjacent MADS box transcription factors, possibly related to the ability of wild
soybeans to adapt to high latitude environments [73].

In addition, through genome analysis of some endangered wild relatives of plants
with economic value, we can find the impact of artificial domestication on adaptive
evolution. In a genomic study of 81 cultivated and wild tea (Camellia sinensis) indi-
viduals, the chromosomal selection-sweeping regions were identified and enriched
in the endemic and ancient species. It was found that artificial domestication not only
improved the flavor of locally cultivated tea trees, but also improved their resistance
to non-biotic stress [74]. Niu et al. re-sequenced 38 individual samples of Dendrobium
officinale and its five related species from 13 regions. Combined genome-wide asso-
ciation studies (GWAS) identified 13 GWAS loci in total. The related genes at these
loci are mostly associated with morphological traits such as plant height, leaf length,
and stem length, which may be affected by artificial domestication [75].

In conclusion, genome wide sequencing is a powerful tool for detecting natural
selection signals, revealing the genetic basis of phenotypic traits, and identifying
local adaptation. It can promote our understanding of the inherent mechanisms of
genetic variation and adaptive characteristics and help us take targeted protective
measures to promote the adaptation of endangered plants to rapidly changing natural
environments.

4. Future prospects

The current global rate of species extinction is accelerating, and the loss of biodi-
versity and ecosystem degradation has posed significant risks to human survival and
development. Solving the problems of long-term survival for threatened species and
constructing long-term protection mechanisms are urgently needed tasks.

Genomics study has innovated species conservation methods from multiple
directions, such as identification of lineages and inbreeding events, identification of
adaptive loci and outbreeding decline loci based on a large number of genetic mark-
ers. Conservation genomics can not only solve scientific problems such as genetic
diversity, population genetic structure, and population dynamics that traditional
conservation genetics focuses on, but also further trace the evolutionary history of
species from ancient times to the present, and analyze the molecular mechanisms of
population local adaptation and species adaptive evolution. In addition, conserva-
tion genomics also provides the possibility to study the genetic basis of interspecific
interactions, promoting population level management rather than individual-level
protection.

The classic approach in genomics study on endangered plants mainly include the
following pipelines: constructing high-quality genomes, conducting comparative

74



Research Advances and Perspectives of Conservation Genomics of Endangered Plants
DOI: http://dx.doi.org/10.5772/intechopen.112281

genome analysis to identify genes that expand and contract, elucidating the evolu-
tionary process of genomes through WGD analysis or repeat sequence analysis. At the
same time, it can further analyze and verify the gene family related to special phe-
notype and special mechanism by combining with transcriptome analysis. Together
with genome re-sequencing, the population historical dynamics can be reveled and
valuable genes can be found for genetic breeding.

At the same time, it should also be noticed that although genomics study can
provide preliminary solutions for biodiversity conservation, there are still some limi-
tations. Firstly, in order to truly achieve endangered species protection and resource
value development, more genomic information of endangered species should be
obtained. The techniques of artificial pollination, hybridization, and expansion of
endangered plants should also be tackled. Secondly, the vast majority of compara-
tive genomics and population genomics research is currently based on the analysis
of single nucleotide polymorphism (SNP) markers, while little is known about the
role of structural variations (SV) in the adaptive evolution and local adaptation of
endangered species. With the widespread application of third-generation sequenc-
ing technology, the ability to accurately analyze SV has greatly improved, which
will undoubtedly promote understanding of the role of SV in the adaptive evolution
of endangered species and local population adaptation. Finally, although genomics
technology has updated some of our scientific knowledge in the field of conserva-
tion biology, it may not necessarily be useful for species conservation. For example,
based on genomics analysis, we can interpret the function of genetic variations at the
genome level and their impact on individual fitness. However, it is still not enough
for us to evaluate the survival ability of the population, unless we can link individual
fitness with population growth rate for discussion [76]. And this requires long-term
research on individual fitness and its impact on population growth rate. This may be
the biggest challenge currently facing conservation genomics.
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Chapter 5

Dragon’s Blood Tree (Dracaena
cinnabari): A Cenozoic Relict

Sanjay Savaf

Abstract

The Dragon’s blood tree (Dracaena cinnabari) woodland is one of the oldest
surviving endangered forest communities on Earth. This unique endemic species of
Dragon’s blood tree is famous since antiquity for its bright red resin “Dragon’s blood”
and umbrella-shaped canopy. They are almost extinct everywhere except present as
small habitats in Socotra Archipelago (Yemen), a UNESCO World Heritage Site. In the
last two decades, there has been a significant decline in Dragon’s blood tree population
in the archipelago, posing a threat to its existence. We attempt to review the status of
Dragon’s blood tree population in Socotra Archipelago, factors affecting its survival,
and the status of conservation efforts propose recommendations to preserve this

flagship species.

Keywords: Dracaena cinnabari, Dragon’s blood tree, Socotra Island, biodiversity,
vulnerable, endemism

1. Introduction

The Socotra Archipelago is one of the most significant and well-preserved island
ecosystems in the world and holds global significance for the exceptional level of
biodiversity and endemism in its ecosystem. Socotra Island is a masterpiece of evolu-
tion, containing a unique assemblage of species and habitats, and is ranked as the
world’s tenth richest island for endemic plant species per square kilometer, with 37%
endemic species, which makes the ratio comparable with that of the Galapagos and
higher than those found in Mauritius, Rodrigues, or the Canary Islands [1]. The high
level of endemism seen in the archipelago is also in accordance with its estimated
geological age and ecosystem. Socotra island is home to over 350 species of endemic
plant species and is considered as a gem of biodiversity in the Arabian Sea [2-4].
Dragon’s blood tree significantly contributes to this endemic biodiversity and is the
dominant iconic species of the island (Figure 1), (Video available at https://bit.
ly/3Dx92h6), [5].

1.1 Dragon’s blood tree geographical location

The Socotra Archipelago is part of the Republic of Yemen and is geographically
located in the north-western corner of the western Indian Ocean, at the junction
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Figure 1.
Dragon’s blood tree (D. cinnabari), “flagship species of Socotra” (photograph by the author, Socotra 2018).
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‘Time Zone: GMT +3 Total Land Area: 3628 EEZ: 200 | 100km

Figure 2.
Overview map of the Socotra archipelago, a remavkable biodiversity spot, showing its isolated geographic location
in the Indian Ocean.

between the Gulf of Aden and the Arabian Sea, about 380 km off the coastline of Yemen

and 250 km east of Cape Guardafui (Somalia), the tip of the Horn of Africa (Figure 2).
The Socotra Archipelago is 250 km long and comprises a group of four islands

and other small islets. Socotra forms the largest island of the eponymous archipelago

of four islands (about 95% of its landmass), followed by the three satellite islands,
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SOCOTRA

ARCHIPELAGO

Figure 3.
Socotra archipelago “Galapagos of the Indian Ocean” long geologic isolation is the key to preservation of Socotra’
endemic ecosystem.

which are collectively known as “the brothers,” Samha, Darsa, and Abd Al Kuri, and
other small rocky islets Jazirat, Sabuniya, and Ka’l Firawn, which are uninhabitable
(Figure 3) but exhibits high level of endemism, rendering the archipelago as a whole
even more significant.

The official name of the island is Socotra (often spelled as sokotra, Soqotra or
Suqotra), which emanated from the Arabic word Soug-Al-Qatr, ‘Souq’ meaning “the
market” and ‘Cotra’ referring to “dragon’s blood”—a reference to the bright red resin
produced by Dragon’s blood tree species. The main language is Socotri, which is one
of the Semitic languages, and Arabic is the official and commonly spoken language.

1.2 Dragon’s blood tree taxonomic hierarchy

Dracaena (Greek: dpakaiva, drakaina “female dragon”) genus comprises between
60 and 100 Dracaena species, D. cinnabari being one of the only six species that grow
asatree and is considered a terrestrial monocotyledon representative of the Tertiary
flora (Table 1, Figure 4).

1.3 Dragon’s blood tree ecosystem evolution and morphological characteristics

Dragon’s blood trees species belong to one of the oldest ecosystems in the world.
Dragon’s blood tree species are spectacular relicts of the Mio-Pliocene Laurasian
subtropical forest in Socotra (Yemen) [7]. In this epoch, Dragon’s tree vegetation
extended in a continuous vegetation belt between Northern Africa and Southern
Europe, but afterward, it was disrupted due to climatic changes, causing the deserti-
fication of North Africa [8]. Today, D. cinnabari is vulnerable and almost extinct
everywhere due to the Pliocene climate changes and extensive desertification of
North Africa and Southern Europe [4, 7, 9].

D. cinnabari is a monocotyledonous tree with a distinctive umbrella-shaped
canopy due to a “dracoid” ramification of branches (Figure 5), [10]. Dracaena spe-
cies are exceptional among monocotyledonous plants because of their capacity for
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Figure 4.

Dragon’s blood tree (D. cinnabari Baiff): ‘Singular dominant endemic community of Socotra.’ This unique tree
symbolizes a close bond between nature and the indigenous inhabitants of the island. (photograph by the author,
Socotra 2018).

Kingdom Plantae
Subkingdom Viridiplantae
Infrakingdom Streptophyta
Superdivision Embryophyta
Division Tracheophyta
Subdivision Spermatophytina
Class Magnoliopsida
Superorder Lilianae
Order Asparagales
Family Asparagaceae
Subfamily Nolinoideae
Genus Dracaena L.
Species D. cinnabayi Baif.f
Dragon’s Blood Tree
Table1.

Taxonomic serial No.: 505865 [6].

secondary thickening of stems and roots [11]. The D. cinnabari is a dominant endemic
evergreen tree and can live for more than 500 years, often reaching a height of 35 to
39 feet and is vulnerable to extinction.

1.4 Dragon’s blood tree present distribution status

The Socotra Island is approximately 110 km long and about 40 km wide, witha
total surface area of 3625 km”. The island can be geographically divided into three
main zones, namely Haggier (Hagghier, Hajhir) mountains, limestone plateau with
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Figures.

Dragon’s blood trees (D. cinnabari): The “dracoid” ramification of branches is an adaptation to its harsh
environment, which helps in capturing the moisture in the arid environment. (“physiologic plasticity”)
(photograph by the author, Socotra 2018).

many cave systems, and the alluvial coastal plains. The Haggier mountains form the
backbone of the island and are situated in the northwest part of the island. Its high-
est elevation is at Jabal Dryet (1526 m) in the central Haggier Massif. In general, the
summit of the limestone plateau is covered with sparse shrubland or low woody-herb
communities. The coastal plains are sub desertic with open shrubland or in some areas
devoid of vegetation.

In general, Dragon’s blood trees occur typically in small dense groups and are
found on higher slopes of the limestone mountains, particularly in the central and
eastern parts of the island (Figures 6 and 7).

Dragon’s blood tree woodlands are preponderant in the large central plateau of
Diksam (Dixam), the central granite massive of Haggier, and the eastern area of
Hamadero, Sirahon, and Kilisan [12]. Several smaller and disrupted Dracaena popula-
tions exist on Kilim, Sirahan, Shibhon, and other less accessible localities. A dense
Dragon’s blood tree forest is present in the limestone plateau, known as Roqeb di
Firmihin. According to a recent study [5], this small plateau occupies only 2% of the
total suitable area currently occupied by the endemic Dragon’s blood trees of Socotra,
yet it hosts more than 40% of the living population of all D. cinnabari trees, making it
an attractive hotspot for researchers.

Dragon’s blood tree density is not homogenous and has a fragmented distribution,
with predominant presence in the central and eastern parts of the island as mentioned
earlier. The area of distribution ranges from an altitude of 150 to 1600 m above sea
level, and it dominates above 600 meters above sea level (m.a.s.l) [5]. Dragon’s blood
trees are not seen in the seaside plains, lowlands (below 180 m.a.s.l), and the western
part of the island [12].

In the past, Dragon’s blood tree habitats were present over larger areas of the island.
However, currently, habitats of Dragon’s blood tree are dwindling, and several authors
have described the D. cinnabari habitat decline on Socotra Island [1, 7, 10, 11, 13, 14].
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Figure 6.

Socotra: General view of habitat. D. cinnabari Is the unique identity of Socotra Island and now occupies only 5%
of its habitat. (photograph by the author, Socotra 2018).

Figure 7.
Dragon’s blood tree on a higher plateau. The endangered Dragon’s blood trees are strongly tied to the culture of the
Socotran people. (photograph by the author, Socotva 2018).

Till the 19th century, the geology of the Socotra Archipelago received little attention,
with limited mention of the Dragon’s blood tree population in the Socotra archipelago.
Most articles published in the late 19th and early 20th centuries were descriptions of
endemic species collected by visitors and researchers to the islands. The first description
of Dragon’s blood tree in the literature was mentioned during the survey of Socotra
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led by Lieutenant J.R. Wellsted of the East India Company in 1835 [15]. He named the
tree as Pterocarpus draco (Greek: ntepov, pteron, “wing” + Latin” carpus from Greek:
Kapmog, karpos, “fruit”; Latin: drac from Greek: dpakwv, drakon, “dragon”). In the sci-
entific literature, Dragon’s blood tree species was first described by the Scottish botanist
Sir Isaac Bayley Balfour in 1888 [16].

The best contemporary distribution of Dracaena forests and woodlands was pub-
lished by Krdl and Pavli$ in 2006 [17] using remote sensing data. They found that the
habitats hosting D. cinnabari comprised a total of 7230 ha (hectare), including only
230 ha of Dracaena forests and 800 ha of mixed mountains forests, with the rest of
the area (6200 ha) consisting of woodlands with low tree densities and overmatured
populations [18, 19]. Based on statistical analyses as well as on direct field observa-
tions, Kral and Pavli$ also commented that the Dracaena populations on Socotra do
not regenerate to a great extent, and their age structure indicates over maturity.

Attorre et al. in 2007 used a deterministic regression tree analysis (RTA) model to
examine environmental variables related to the current D. cinnabari species distribu-
tion. They found that the current distribution and abundance of D. cinnabari is corre-
lated to three factors: moisture index (i.e., the ratio between the annual precipitation
and potential evapotranspiration), mean annual temperature, and slope. According
to this model, D. cinnabari occupies only 5% of its current potential habitat, and this
potential habitat is expected to be reduced by 45% by 2080 because of a predicted
climate change, with increased aridity [10].

A study by Madera et al. in 2019 using remote sensing data estimated the popula-
tion size of D. cinnabari to be 80,134 individuals, with sub-populations varying
from 14 to 32,196 individuals, with an extinction time ranging from 31 to 564 years
(Figure 8) [5].

A toponym study by Al-Okaishi (2021), carried out in four areas on Socotra
Archipelago (301 toponyms), assumed that dragon’s blood trees had a wider

Figure 8.
The map of the distribution of the toponyms related to the D. cinnabari tree (green circles) in Socotra Island, in
red, the current distribution of D. cinnabari by Madéra et al. [18].
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Figure 9.
Map showing the study areas (Hajher, Momi, Qatanin, Ma’aleh) in integrating two maps with the current and
potential distribution of D. cinnabari according to Madéra et al. [5] and Attorre et al. [10], vespectively.

distribution on Socotra Island in the past, potentially from the west in Ma’aleh to the
east in Momi, before humans inhabited the island (Figure 9), [20].

In 2021, Vahalik et al. (published 2023) did a field survey of Socotra using a pair of
UAVs (using the DJI Mavic Mini drones) to spatially describe individual tree positions,
tree density, mortality, and the forest age structure. They found that the spatial dis-
tribution of the Dracaena tree density within the entire plateau is variable. The mean
age of the forest, based on crown age (derived from crown size), was estimated at an
average of ca. 300 years (291.5 years), with some individuals older than 500 years [21].

1.5 Dragon’s blood tree conservation status

Due to its remarkable and highly vulnerable island ecosystems containing many
endemic species, Socotra Archipelago was designated as a UNESCO Man and
Biosphere (MAB) Reserve in 2003, a Ramsar Site in 2007 (Detwah Lagoon), and then
as a UNESCO Natural World Heritage Site in 2008.

Dragon’s blood tree (D. cinnabari) is categorized as “vulnerable” species on the
IUCN Red List of Threatened Species (Figure 10), [22].

1.6 Dragon’s blood (resin) and its significance

Since antiquity, Socotra Island was famous for its Dragon’s blood, which is a
remarkable bright red colored resin produced by D. cinnabari.

The name Dragon comes from the unique, red-colored sap or resin/latex that the
tree produces. The tree is known locally as “Ahrieb” “_4,,¢/” and its resin “dum al-
akhawin” “es 335591,” while derived (mixed-cooked) products are called “edaa” “
while regionally different names can be found (Figure 11), [23].

Local legends say that the Dragon’s blood tree (brother’s blood tree) first grew on
the spot where two brothers, Darsa and Samha, fought to death. The Dragon’s blood
(red resin) is mentioned in early literature by an unknown author of the Periplus of
the Erythrean Sea around the mid-first century AD, who called it “cinnabar,” possibly
because of the matching color [24].

Dioscorides in 90 AD mentioned the Dragon’s blood resin in his book “On Medical
Material” as Kinnabari “cinnabari,” brought from Africa [25]. Names of Dragon’s
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Figure 10.
IUCN red list aims to convey the urgency of conservation issues to the public and policy makers, as well as help the
international community to reduce species extinction.

Figure 11.
The Socotra ecosystem and D. cinnabari species are unique to the island, with high global significance.
(photograph by the author, Socotra 2018).

blood tree and its resin are also mentioned in old Arabic literature by travelers and
researchers who visited Socotra in earlier days [26-29].

This highly prized resin has been historically harvested by the indigenous popula-
tion for local use and trade throughout medieval periods for diverse medical, artistic,
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Figure 12.
The Dragon’s blood is a common name of a red sap, or resin, produced by the Dragon’s blood tree in response to
mechanical trauma. (photograph by the author, Socotra 2018).

and magical uses. It was frequently used as a medicine for respiratory and gastro-
intestinal problems in the Mediterranean basin and by early Greeks, Romans, and
Arabs [30-32].

Miller and Morris mention the use of Dracaena resin as a coloring matter for
varnishes, tinctures, toothpastes, and plaster for dying the horn to make it look like
tortoiseshell [1].

Dragon’s “blood” secretion (Figure 12) can be considered an induced natural defense
mechanism following trauma by cells of the stem, and during the process of wound
repair, this coats the margins of the wound providing additional protection against desic-
cation, but unfortunately, it also makes the species vulnerable to human exploitation.

Dragon’s blood has astringent effects and is frequently used as a hemostatic and
antidiarrheal medicine. Though the biological basis for its secretion and phytochem-
istry is still not completely known, the resin is believed by some authors to have
antiviral, antibacterial, antifungal, antioxidant (flavonoids), and anti-carcinogenic
properties [33-36]. Local inhabitants still use the red resin for treating diarrhea,
fever, mouth ulcers; to stop bleeding; for wound healing, skin diseases, coloring mate-
rial for dye, varnish, cosmetic, incense, painting, decorating earthen pots, folk music,
alchemy, and performing social rituals. However, the efficacy for human use remains
unsubstantiated and needs further bioassay-guided spectroscopic studies and scien-
tific trials for establishing human safety and use.

Presently, this resin is an important product for the local communities and is
the most important local nontimber forest product (NTFP). It is a source of income
for the rural population in Socotra and is becoming even more important with the
increasing population, unemployment, and tourism-related activities [20].

1.7 Dragon blood tree mounting challenges and extinction risk
The factors threatening the survival of Dragon’s blood tree population envisage

multiple reasons including overgrazing by the increasing population of livestock
[10, 37]; habitat loss with insufficient regeneration of Dracaena growth; soil erosion;
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Figure 13.
Dragon blood trees (D. cinnabari)—Socotra’s most iconic plant. (photograph by the authoy, Socotra 2018).

Figure 14.
Uprooted Dragon’s blood tree (photo by author, Socotra 2018).

increased aridity [10]; effect of past cyclones, namely Chapala and Megh (2015)

and Mekunu (2018); climatic changes due to global warming; unsustainable human
interference, which are not only rendering the Dracaena woodlands vulnerable to
extinction [9] but also making the fragile biological hotspot vulnerable to desertifica-
tion (Figures13 and 14).

93



Endangered Species — Present Status

2. Discussion

The Archipelago of Socotra remained inaccessible for centuries due to its
remote geographic location. This prolonged period of geological isolation of the
archipelago, a complex geopolitical landscape, and variable climatic conditions with
an arid ecosystem contributed to the maintenance of Socotra’s distinctly rich bio-
diversity, with the preservation of many insular species like Dragon’s blood tree for
centuries.

However, the last few decades have threatened the fragile Socotra ecosystem
due to multiple factors including woodland fragmentation, senescent dragon tree
population, unsustainable harvesting of dragon’s blood, unsustainable overgrazing,
unsustainable livestock management, commercial collection of wood, introduction
of invasive alien species, smuggling out of endangered Dragon’s blood tree, climatic
threats, uncontrolled infrastructure development including roads to the mountains,
increased unsustainable tourism, lack of financial resources, non-diligent enforce-
ment of international and national policies for bio-cultural preservation, current
political instability, and post Covid-19 economic challenges.

The cattle (specially by goats) overgrazing of the vegetation including Dragon
tree seeds is an important factor threatening the survival of the Dragon tree [1].
Consumption of seedlings and new sprouts, if not protected from goat and other
livestock, prevents D. cinnabari and other species from regeneration as they have
extremely low survival capacity in open habitats [10, 11]. Overgrazing also provokes
soil erosion by causing loss of perennial vegetation layer and the thin organic topsoil
following rains. The decline of D. cinnabari is likely to negatively affect plant diver-
sity, reduce the abundance of rare endemic plants, and lead to homogenization of the
vegetation [38]. The increasing demand of the red resin has resulted in the overex-
ploitation of Dragon’s blood tree and is one of the crucial factors adversely affect-
ing the Dracaena population. The unsustainable traditional method of harvesting
dragon’s blood further compounds the deleterious effect on the Dracaena population
[20]. Multiple cuts on tree to harvest resin invariably makes trees weak and vulnerable
to uprooting in intense winds.

Another concerning factor is that most Dragon’s blood trees on Socotra Island are
senescent, with increasing mean population age and are subject to progressive Dracaena
population decline due to limited natural regeneration of the species (Figure 15).

The loss of each Dragon’s blood tree leads to a decrease in biodiversity, as Dragon’s
blood trees are important nurse tree [38]. Furthermore, the occurrence of a wide
range of insect species depends on D. cinnabari [39]. Moreover, dragon’s blood tree
woodlands function as cloud forests, catching water from horizontal precipitation,
fog, drizzle, and mist, playing a significant role in the hydrology of the island [40]. A
decline in the Dragon’s blood tree population density leads to land aridification, soil
erosion, and desertification [41]. Given its ecological importance, D. cinnabari has
been identified as an umbrella species of Socotra Island, with its conservation essen-
tial to preserve the island’s native biota [10, 18, 39-43].

Socotra has a dry arid climate, with bimodal distribution of rainfall. The climate is
dependent on the seasonal migration of the Inter tropical Convergence Zone (ITCZ)
and related monsoon cycles [44]. Each year, from June until September, the seasonal
Southwest monsoon blow from Africa brings hot, strong, and dry winds and occa-
sional rainfall into Haggier mountains in Socotra. The Northeast monsoon in winter
(November-January) is less pronounced and coincides with the rainy season in the
north. The annual rainfall ranges between 200 mm in the coastal plains and 1000 mm

94



Dragon’s Blood Tree (Dracaena cinnabari): A Cenozoic Relict
DOI: http://dx.doi.org/10.5772/intechopen.112282

Figure 15.
Senescent Dragon’s blood tree (photograph by the author, Socotra 2018).

in the high mountains [37]. The alternance of extreme desiccation and mist, brought
about by the seasonal wind, had an important effect on the evolution of habitats and
vegetation of the Socotra Island.

The climatic changes linked to global effects due to global warming are adding
new challenges on the resilience of the vulnerable ecosystem. The resultant unreli-
able, irregular, and patchy monsoons with mean annual precipitation ranging from
207 to 569 mm is negatively influencing the survival of the present population of
D. cinnabari. This is not only threatening Dragon’s blood tree populations but also
endangering other endemic species on Socotra Island. Global warming is perceived as
a serious threat to the biodiversity of such hotspots because it is likely to exacerbate
both grazing and prolonged drought periods due to unreliable monsoons making it
exceedingly difficult for the recovery of vulnerable species [45, 46].

Increasing aridity due to ongoing climatic change is also negatively affecting the
potential habitat of the Dragon’s blood tree. The loss of Dragon’s blood trees is also
affecting the hydrological cycle as these plants capture horizontal precipitation [47].

There is also evidence that in the past, a traditional agricultural land use with
protected wall system was prevalent on Socotra for organized farming activities for
frankincense, myrrh, and dragon’s blood and harvesting of aloe juice [48]. This strong
traditional land-use management practices employed by the indigenous population
served to protect the vegetation and biodiversity of the Socotra Archipelago, which is
now lacking.
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Figure 16.
Asphalt roads to mountains causing habitat fragmentation and ecosystem destruction. The future road works
must minimize environmental impacts on the ecosystem. (photograph by the author, Socotra 2018).

The strict conservation of vulnerable areas included in the Socotra Archipelago
Master Plan envisioned in 2002 are now not being enforced on Socotra due to admin-
istrative issues and a complicated land tenure system based on the tribal organization
of society [5]. The lack of EIA enforcement capacity with deficient project planning
and construction of new infrastructure including housing and several hundreds of
kilometers of asphalt roads to mountains (since 2003) are also adversely affecting the
fragile habitat of Socotra (Figure 16).

Other major threats are the increase in tourism and recreational activities, smug-
gling of Dragon blood trees to sell them in international markets, increasing immi-
gration, import of goods from mainland Yemen, and pollution by deficient waste
management practices around human settlements [20].

The archipelago’s remarkable integrity and Outstanding Universal Value (OUV) is
also significantly threatened by the unsustainable developments. There are no effec-
tive controls in place at the airport or ports to control the import of species and EPA
has limited capacity to enforce such controls. Though there is a ban on the removal or
export of Socotra flora and fauna, there are many reported incidences of smuggling
out of rare endemic species, including Dragon’s blood tree, affecting the biodiversity
of Socotra Island. Due to ongoing regional instabilities, the coordination between
major stakeholders regarding biodiversity conservation issues and decisions may
also be affected. The current sociopolitical and post-Covid economic trends are also
negatively impacting the site’s capacity to provide sustainable economic growth for its
people. The local government has limited financial resources and limited protective
capacity to enforce local protective legislation. Thus, the population of Dragon’s blood
tree is thinning from forests to woodlands, shrublands, and eventually grasslands,
with individual sparse trees.
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Conservation of vulnerable and endangered endemic species depends on long-
term strategies, coordination between different agencies, committed international
funding, and involvement of the indigenous population with realistic developmental
models; otherwise, money is being wasted with no changes on the ground, affecting
the biodiversity more than before. A sustainable financing strategy also needs to be
formulated to ensure necessary human and financial resources for the long-term
preservation of the endangered ecosystem. More studies, planning, and appropriate
linkages need to be developed and evolved for the management of the ecosystem, its
buffer zones, and Socotra Biosphere Reserve. Awareness and educational activities
to the natives emphasizing the fragility of islands and extinction risks are crucial. By
involving the local communities and promoting them to take the lead in conservation
activities by inculcating conservation knowledge and perpetuating it to the future
generation, the inevitable negative impacts on biodiversity and livelihoods could be
countered with improved ecosystem resilience. The local legislative laws for conser-
vation need to be strengthened, maintaining a delicate balance among biodiversity
preservation, sustainable trade, tourism, and infrastructure development. The care-
ful implementation of these strategies is likely to positively impact the future of the
endemic species in the Socotra archipelago.

3. Recommendations for the preservation of the Dragon’s blood tree
population

As the vulnerable biosphere reserve faces new challenges, we propose the follow-
ing recommendations to protect and conserve the vulnerable Dragon’s blood tree
population and Socotra’s unique archipelago biodiversity [5, 20, 21, 49-51]:

1. Propagating and protecting Dragon’s blood tree by:

* Ecological restoration of Dragon’s blood tree species in a protected environment,
including local specialized nurseries for providing scientific expertise, technical
assistance, and funding to the local inhabitants for the care of the saplings. This
will help in the ecological restoration of native Dragon’s blood tree communities,
even if it takes many years for vulnerable trees to grow to maturity (exception-
ally slow growing, around 2.65 cm over a five-year old period).

* Developing concept for a certified sustainable community forestry system,
establishing a forest nursery to produce tree seedlings from local tree species
population.

* Encouraging natives for setting good practice example even at the smallest
scale, by planting and nurturing a single sapling of Dragon’s tree in their

garden.

* Protecting existing Dragon’s blood tree and seeds from being used as fodder
for livestock, firewood, and domestic use like house construction.

* Protecting aging Dragon blood trees from natural calamities with strategies
focusing in-situ conservation.
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* Promoting sustainable land management practices to enable Dragon’s blood
tree regeneration.

* Protecting the existing Dragon’s blood trees from human interference includ-
ing unplanned infra-structural development/roads to mountain.

* Promoting use of UAVs (drones) in collecting crucial data and creating a drone
inventory for evaluating the conservation status and threat assessment of
Dragon blood tree and other vulnerable species in the Socotra ecosystem.

2.Preserving Dragon tree habitat fragmentation and woodland degradation from
overgrazing by feral and domesticated goats and other cattle.

3. Promoting sustainable harvesting of Dragon’s tree blood.

4.Taking initiative for curbing soil erosion, increasing ecosystem resilience, and
addressing threats from unsustainable resources to the ecosystem.

5.Protecting and insulating the native ecosystem from invasive alien species (IAS)
by biodiversity monitoring system, with emphasis on an early warning system
with appropriate checks for invasive alien species.

6. Strengthening of the sea port and airport biological monitoring to avoid smug-
gling out of endangered Dragon’s blood tree species.

7.Strict enforcement of the Socotra archipelago’s protected area regulations and
developing buffer zones in a complementary manner in Conservation Zoning

Plan (CZP).

8.Extending the boundaries of the strictly protected Skund nature sanctuary
(where no (road) infrastructure is allowed) to include areas of Dragon’s blood
tree population.

9.Enactment of local legislative laws and governance including Environmental
Impact Assessment (EIA) and project approval prior to further infra-structural
development and road construction.

10.Maintaining a registry with proper data compilation, processing, and manage-
ment, with regular monitoring of Dragon’s blood tree population and distribu-
tion by regional centers.

11. Formulating and improvising the existing master plan for sustainable infra-
structural developmental activities with controlled sustainable development
plans for preserving the island’s Dragon’s blood tree population.

12.Increasing environmental awareness in the local population and strengthening
local conservation efforts by employing adequate workforce.

13.Educating, involving, and empowering the local population about the need for
protecting the vulnerable Dragon’s blood tree species and Socotran heritage.
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14.Developing models that can assess and help in improving the chances of sur-
vival of endangered Dragon’s blood tree species.

15.The development of nature-based tourism development program (Ecotourism).

16. Strong and effective collaboration among different stakeholders (from individu-
als to institutions).

17.Strengthening local legislative laws for conservation, aided by a strong political
will to protect, preserve, and promulgate the archipelago’s unique species.

18.Lastly, a sustainable financial strategy needs to be formulated to ensure long-
term preservation of this flagship species.

4, Conclusion

Socotra’s biodiversity remained resilient for centuries; however, the last two
decades have threatened the well-preserved ecosystem including the vulnerable
endemic Dragon’s tree population. The strategic, result-oriented biodiversity preser-
vation approach along with consideration of the proposed recommendations will not
only help in protecting the Socotra’s unique biodiversity from present and future chal-
lenges but also serve as a benchmark for biodiversity conservation around the globe.
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Chapter 6

The Economics of Endangered
Species in Hawaii during the
COVID-19 Pandemic

Patricia Yu

Abstract

The COVID-19 pandemic has significantly impacted Hawaii’s vulnerable
ecosystem of endangered species. Despite some scholars suggesting that the pandemic
has offered a silver lining by allowing the environment to regenerate and create a safer
habitat for these species, the economic impacts of the pandemic cannot be ignored.
This paper aims to explore the economics of endangered species in Hawaii during the
COVID-19 pandemic. The reduction in tourism has led to improvements in air quality
and traffic congestion, as well as increased conservation efforts. However, the decrease
in tourism has also had a negative impact on the economy, as tourism is a significant
contributor to Hawaii’s economy. This paper analyzes the economic trade-offs between
conservation efforts and economic growth and explore potential solutions to ensure
the long-term sustainability of Hawaii’s endangered species and economy.

Keywords: COVID-19 pandemic, endangered species, economy, tourism, Hawaii

1. Introduction

Hawaii is home to a unique and diverse range of plant and animal species, many
of which are endangered. A report from the US Congress’ Office of Technology
Assessment [1] stated that because of being a hub for trade, tourism, and military
activities: [T]he Hawaiian Islands represent the worst-case example of the Nation’s
NIS (non-indigenous species) problem. No other area in the United States receives
as many new species annually, nor has as great a proportion of NIS established in
the wild. At the same time, Hawaii, the Nation’s so-called extinction capital, has the
greatest concentration of threatened and endangered species in the United States and

Hawaiian Monk Seal Green Sea Turtle Hawaiian Hoary Bat Hawaiian Goose Hibiscus Kokio

Figure 1.
A sample of endangered species in Hawaii.
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the greatest number of extinct species as well (p. 234). See Figure 1 for a sample of
the endangered species in Hawaii.

The COVID-19 pandemic has had a substantial impact on Hawaii’s vulnerable
ecosystem of endangered species, despite some scholars suggesting that the pandemic
has offered a silver lining by allowing the environment to regenerate and create a safer
habitat for these species.

Oleson et al. [2] provide a comprehensive overview of the impact of COVID-19 on
the economy and environment of Hawaii. It discusses both the negative impacts, such
as the loss of jobs and revenue in the tourism industry and the positive impacts, such
as the reduction in air pollution and the potential for increased sustainability efforts.
They argue that the pandemic provides an opportunity to rethink and transform
Hawaii’s economy and society in a more sustainable direction. One of the noticeable
impacts is the reduction in tourism, which has also led to a significant reduction in
traffic congestion in Hawaii. The lack of tourists and reduced commuting have led
to less traffic on the roads, resulting in shorter travel times, reduced emissions, and
improved safety. The COVID-19 pandemic has also led to some levels of increased
conservation efforts in Hawaii. Several organizations, including the Hawaii Nature
Center, have implemented new programs to engage residents in conservation efforts,
including beach cleanups, native plant restoration, and wildlife monitoring. The
Nature Conservancy [3] provides an overview of the impact of COVID-19 on conser-
vation efforts in Hawaii. It highlights both the challenges and opportunities presented
by the pandemic, including disruptions to fieldwork and the need to find new ways
of engaging with local communities. The resource also emphasizes the importance
of continuing conservation efforts during this time of crisis. Iniguez and D’ Antonio
[4] focuses on the impact of COVID-19 on ambient noise levels in Hawaii, which
decreased significantly due to the reduction in human activity during the pandemic.
The authors argue that this reduction in noise pollution could have positive impacts
on local wildlife, particularly marine mammals that rely on sound for communication
and navigation.

The decrease in tourism seems to have a positive impact on Hawaii’s wildlife. With
fewer people visiting popular tourist destinations, such as beaches and parks, wildlife
has been able to thrive in their natural habitats without the disturbances caused by
human activities. Several endangered species, including the Hawaiian monk seal and
green sea turtle, have been observed nesting and laying eggs on beaches that are nor-
mally crowded with tourists. This paper comprises several sections that delve into the
economics, positive externalities, conservation efforts, and technologies associated
with endangered species in Hawaii. The first section provides a general description of
the key economic models measuring the values of endangered species, while the sec-
ond section explores the positive externalities of endangered species. Subsequently,
this paper discusses Hawaii’s ongoing efforts to protect these endangered species,
followed by an analysis of the technologies utilized in their conservation. This paper
concludes with a section on potential solutions to Hawaii’s endangered species.

2. Economics of endangered species in Hawaii

Many literatures explore the use of an economic model to value the endangered
species. Diamond and Hausman [5] uses contingent valuation methods to estimate
the value of non-market goods, including endangered species. They argue that while
contingent valuation has some limitations, it is still a useful tool for policymakers in
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estimating the economic value of environmental resources. Hanley and Spash [6] uses
the cost-benefit analysis (CBA) as a tool for decision-making in environmental policy,
including policies related to endangered species. They argue that while CBA has
limitations, it is still a valuable tool for policymakers in determining the most efficient
use of resources. Pagiola et al. [7] provides a comprehensive overview of methods

for assessing the economic value of ecosystem conservation, including the value of
endangered species. They argue that while assigning economic values to ecosystem
services can be challenging, it is essential for decision-making in environmental
policy. This report also provides case studies and examples of successful economic
valuation of ecosystem services in practice.

CBA could be used to compare the costs of captive breeding programs for endan-
gered birds in Hawaii versus the benefits of ecotourism revenue generated by the
presence of these birds in the wild. Similarly, CBA could be used to compare the costs
and benefits of habitat restoration in Hawaii versus the costs and benefits of estab-
lishing protected areas. However, it is important to note that CBA has limitations, and
the economic value of ecosystem services and endangered species may be difficult to
quantify in some cases. Nonetheless, CBA can be a valuable tool for decision-making
in environmental policy and can help to ensure that conservation resources are used
in the most efficient and effective manner possible.

The presence of endangered species in Hawaii has a significant impact on local
communities. For example, the Hawaiian monk seal is a species that is only found in
Hawaii, and its survival is crucial for the Hawaiian culture. One of the primary meth-
ods of monitoring the Hawaiian Monk seal is through fieldwork. However, due to
the pandemic, many of the fieldwork activities had to be suspended or reduced. This
reduction in monitoring has made it difficult to track the population of the Hawaiian
Monk seal accurately. The lack of monitoring could also make it easier for poachers
to hunt these seals. The pandemic has also resulted in a reduction in funding and
resources for conservation efforts for the Hawaiian Monk seal. Many conservation
programs rely on volunteers and field workers, but the pandemic has made it difficult
for these workers to carry out their duties. The reduced funding has also limited the
number of conservation efforts that can be undertaken, making it difficult to protect
the seals from the threats they face. CVM can be used to estimate the economic value
of the Hawaiian monk seal. This would involve surveying individuals in Hawaii and
other locations to determine their willingness-to-pay for the conservation of the
Hawaiian monk seal. The survey would provide participants with information about
the Hawaiian monk seal and its status as a critically endangered species. Participants
would then be asked how much they would be willing to pay to support conserva-
tion efforts for the Hawaiian monk seal. By using CVM, the economic value of the
Hawaiian monk seal and the factors that influence individuals’ willingness-to-pay
for its conservation can be revealed. The results of the survey can be used to inform
conservation decisions related to the Hawaiian monk seal. For example, if the esti-
mated economic value of the Hawaiian monk seal is high, policymakers may be more
likely to allocate resources to its conservation. However, it is important to note that
CVM also has limitations, and the results may be influenced by factors such as survey
design and participant biases.

Hawaii has experienced a significant loss of species due to various human activi-
ties, such as habitat destruction, invasive species, and climate change. The suite of
challenges facing island endemic species, including invasive predators and competi-
tors, habitat degradation, and the loss of mutually beneficial species, alongside
economic and social challenges lead to a complex decision environment [8]. The
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loss of species can have a profound impact on the tourism industry in Hawaii. The
declining tourism industry would have a significant impact on the state’s economy.
With fewer unique species to showcase, Hawaii may struggle to differentiate itself
from other tourist destinations, ultimately leading to a reduction in tourism revenue.
Even with many diversifying efforts from the Hawaiian governments, the tourism
industry remains a critical component of Hawaii’s economy, providing jobs and
revenue for many locals. The loss of species can negatively impact the local economy,
especially for those involved in the tourism industry. The loss of species can also have
a significant impact on the environment of Hawaii. Many species play important roles
in the ecosystem, such as pollination and seed dispersal, and their loss can disrupt
the delicate balance of the environment. The loss of species can also have ripple
effects on other species, leading to a decline in biodiversity, which can ultimately
impact the tourism industry in Hawaii. Many of the endangered species in Hawaii are
deeply rooted in Hawaiian culture and history. For example, the Hawaiian green sea
turtle, known as “honu”, is a revered animal in Hawaiian culture and is often seen as a
symbol of good luck and longevity. Protecting these species is not only important for
their ecological value but also for their cultural significance.

3. Positive externalities of endangered species

There are several key literatures on the positive externalities of endangered spe-
cies. Brander and Taylor [9] presents a theoretical model of renewable resource use,
specifically focusing on Easter Island as a case study. They argue that the presence of
endangered species, such as seabirds, provided positive externalities in the form of
ecosystem services and contributed to the sustainability of the island’s economy. This
paper highlights the importance of considering positive externalities in the valuation
of natural resources, particularly in the context of renewable resource use. Ferraro
[10] presents a method for targeting conservation investments in heterogeneous land-
scapes, considering the positive externalities of endangered species. The author uses
a distance function approach to estimate the impact of conservation investments on
both economic outcomes and the distribution of ecosystem services, including those
provided by endangered species. This paper highlights the importance of considering
positive externalities in the design of conservation programs and the potential for tar-
geted conservation investments to generate positive economic outcomes. Ribaudo et
al. [11] presents the results of a survey of economists’ opinions on the environmental
benefits of conservation practices, including the positive externalities of endangered
species. They find that economists generally agree that endangered species provide
positive externalities in the form of ecosystem services and that these services should
be considered in the valuation of conservation practices. This paper highlights the
importance of considering positive externalities in the design of conservation policies
and the potential for market-based mechanisms to encourage the provision of ecosys-
tem services.

The first kind of positive externality of endangered species in Hawaii is towards
the ecotourism industry. People from all over the world travel to Hawaii to see the
unique and rare species that exist only on the islands. This ecotourism industry
provides jobs and revenue for the local economy, as well as educational opportuni-
ties for tourists. Ecotourism aims to minimize the negative impact of tourism while
maximizing its positive impact on the environment and local communities. By
encouraging visitors to appreciate the natural beauty of Hawaii, ecotourism helps
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to protect its unique environment and ecosystem. It provides economic benefits to
local communities by creating jobs and supporting small businesses. It also promotes
cultural exchange and understanding between tourists and residents as well as
provides visitors with an opportunity to learn about Hawaii’s unique environment,
culture, and history. Nonetheless, ecotourism has its own negative impact on our
environment. Ha and Ha [12] examines the environmental impacts of ecotourism in
Hawaii, focusing on the impacts of visitor behavior and the infrastructure needed to
support ecotourism activities. They found that while ecotourism can have positive
environmental impacts, such as promoting conservation and sustainable practices,
it can also have negative impacts, such as damage to natural habitats and increased
pollution. This article concludes with recommendations for sustainable ecotourism
practices in Hawaii.

The second kind of positive externality of endangered species in Hawaii is
reflected in the genetic diversity. Endangered species in Hawaii represent a unique
genetic pool that can provide valuable genetic diversity. This diversity can be used to
improve the genetic health of other populations and can be used to breed hybrids that
may be more resilient to changing environmental conditions. This genetic diversity
can also be used for medical research, leading to new treatments and cures. One of the
most noticeable impacts of the COVID-19 pandemic on genetic diversity in Hawaii
has been the decrease in human activity. With travel restrictions and social distancing
measures in place, there has been a decrease in the number of people visiting Hawaii.
This decrease in human activity has allowed some species to thrive and increase their
genetic diversity. For example, the green sea turtle has seen an increase in nesting
and hatching success due to reduced human activity on beaches. This increase in
nesting success may lead to an increase in genetic diversity, as successful reproduc-
tion is crucial for maintaining genetic diversity in populations. While the decrease
in human activity has had some positive effects on genetic diversity, there are also
potential long-term effects on biodiversity. The COVID-19 pandemic has highlighted
the importance of protecting biodiversity and the interconnectedness of ecosystems.
Reduced human activity may have unintended consequences on ecosystems, includ-
ing changes in habitat availability and food availability for species. Kitayama et al.
[13] examine the impact of human activities, such as deforestation and invasive
species, on the nutrient cycling and soil properties of Hawaiian montane rainforests.
They found that these activities can have a significant impact on the health and bio-
diversity of the ecosystem. This article highlights the importance of preserving intact
ecosystems and preventing further degradation to maintain biodiversity.

The third kind of positive externality of endangered species in Hawaii is the
ecosystem service. Endangered species in Hawaii provide ecosystem services that are
often taken for granted. For example, the Hawaiian hoary bat is a key pollinator for
many of Hawaii’s native plant species. These plants, in turn, provide habitat and food
for other species, such as the endangered Hawaiian monk seal. Without these ecosys-
tem services, the delicate balance of Hawaii’s unique ecosystem could be disrupted.
The silver lining of the COVID-19 pandemic is reflected in this ecosystem service’s
relative betterment. The reduction in air and water pollution from reduced tourism
and transportation has improved the air and water quality in Hawaii, leading to an
increase in ecosystem services such as clean air and water. Additionally, the decrease
in human activity has allowed natural habitats to recover, increasing biodiversity
and ecosystem functions such as carbon sequestration and soil formation. While the
decrease in human activity has had some positive effects on ecosystem services, there
are also potential long-term effects on the environment and society. The COVID-19
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pandemic has highlighted the importance of protecting and enhancing ecosystem
services, which are essential for human well-being and sustainable development.
However, the pandemic has also highlighted the vulnerabilities of ecosystems and the
need for increased resilience and adaptive management. The decrease in tourism and
associated economic activity has affected the ability of local communities to maintain
their livelihoods and provide for their families, potentially leading to social and
economic challenges. Carrington [14] discusses the link between the destruction of
natural habitats and the emergence of zoonotic diseases like COVID-19. It emphasizes
the importance of protecting ecosystems and biodiversity to prevent future pandem-
ics. This article highlights the need for policies and legislation to address the root
causes of pandemics and promote a green recovery.

4. Efforts to protect endangered species in Hawaii

The state of Hawaii has taken significant steps to protect its endangered species. For
example, the state has established several conservation programs to protect endangered
species and their habitats. These programs include habitat restoration, captive breed-
ing, and reintroduction programs. The state has also enacted laws and regulations to
protect endangered species. The Endangered Species Act (ESA) of 1973 is a federal
law that provides protection for endangered and threatened species and their habitats.
Fischman [15] provides an overview of the ESA, its history, and its effectiveness in
protecting endangered species. The author argues that the ESA is a powerful tool for
protecting endangered species and that its successes can be attributed to its strong legal
framework and the support of dedicated professionals and conservation organiza-
tions. This paper highlights the importance of political will and public support in the
efforts to protect endangered species. Wilcove and Master [16] provides an assessment
of the number of endangered species in the United States and the effectiveness of
conservation efforts in protecting them. They argue that the ESA has been successful in
preventing the extinction of many endangered species, but that additional efforts are
needed to recover populations and improve the status of threatened species. This paper
highlights the need for continued monitoring and adaptive management in the efforts
to protect endangered species. Oates and Myers [17] presents the 1985 International
Union for Conservation of Nature (IUCN) Red List of Threatened Animals, which
was a significant milestone in the efforts to protect endangered species. The Red List
provides a comprehensive assessment of the conservation status of species around the
world and has since become a widely recognized tool for identifying and prioritizing
conservation efforts. This paper highlights the importance of international collabora-
tion and data sharing in the efforts to protect endangered species.

Hawaii has also enacted state laws to protect endangered species, such as the
Hawaii Endangered Species Act. The state has also collaborated with local communi-
ties, non-profit organizations, and federal agencies to protect endangered species.
These collaborations have been crucial in the success of conservation efforts in Hawaii.
For example, the Hawaii Department of Land and Natural Resources has increased
their efforts to protect native forest birds, while the University of Hawaii has been
studying the effects of reduced human activity on marine mammals. The success of
conservation efforts in protecting endangered species in Hawaii during the COVID-19
pandemic has been significant. VanderWerf and Young [18] examines the impacts of
COVID-19 on endangered bird conservation efforts in Hawaii. They found that while
the pandemic has had some negative impacts on fieldwork, such as reduced funding
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and volunteer participation, it has also provided some unexpected benefits, such as
reduced disturbance from tourists and increased community involvement in conserva-
tion efforts. This article provides insights into how unexpected events like pandem-
ics can impact conservation efforts and highlights the importance of community
involvement in conservation. Additionally, conservation efforts to remove invasive
species and restore native habitats have been successful. The removal of feral cats and
rats from the island of Lehua has allowed for the restoration of native bird habitats,
resulting in the successful reintroduction of endangered seabirds. While the decrease
in human activity has had some positive effects on conservation efforts, there are also
potential long-term effects on the environment and society. The COVID-19 pandemic
has highlighted the importance of protecting and enhancing conservation efforts,
which are essential for the preservation of endangered species and the long-term
health of ecosystems. However, the pandemic has also highlighted the vulnerabilities
of ecosystems and the need for increased resilience and adaptive management. The
decrease in tourism and associated economic activity has affected the ability of local
communities to maintain their livelihoods and provide for their families, potentially
leading to social and economic challenges.

The Hawaiian culture has a deep connection between people’s livelihood to the
land and its natural resources, reflected in the concept of “kuleana”, which refers
to one’s responsibility and accountability to care for the environment. Leopold [19]
explores the concept of kuleana and argues that incorporating this value into conser-
vation efforts in Hawaii can increase community involvement and support for conser-
vation, as it emphasizes the responsibility of individuals and communities to care for
the land and its resources. This article provides insights into the cultural values that
can inform and shape conservation efforts in Hawaii and highlights the potential for
indigenous values to increase community involvement in conservation.

5. Technology of protecting endangered species in Hawaii

There are several literatures on using technologies to protect endangered species.
Shahriar et al. [20] provides an overview of the different technologies that are being
used to protect endangered species. They describe the use of GPS tracking, remote
sensing, and drones in monitoring and conserving species, as well as the use of
genetic analysis and biotechnology in understanding and preserving genetic diversity.
This paper highlights the potential of these technologies in improving the efficiency
and effectiveness of conservation efforts. Duran et al. [21] provides a comprehensive
review of the use of biotechnology in protecting endangered species. They describe
the use of techniques such as artificial insemination, embryo transfer, and cryo-
preservation in preserving genetic diversity and enhancing reproductive success. This
paper highlights the potential of biotechnology in improving the genetic health and
resilience of endangered species. Gober and Kumar [22] focuses on the use of remote
sensing technology in monitoring and managing endangered species. They describe
the use of satellite imagery, unmanned aerial vehicles (UAVs), and ground-based
sensors in detecting and mapping habitats, monitoring populations, and assessing
the impacts of environmental changes. This paper highlights the potential of remote
sensing technology in improving the efficiency and accuracy of conservation efforts,
and the need for continued research and development in this area.

As the world faces an unprecedented rate of biodiversity loss, technology has
become an increasingly important tool in protecting endangered species. In Hawnaii,
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Technologies of Protecting Endangered Species in Hawaii

e e e

Conservation Drones Satellite Tracking Artificial Intelligence Virtual Reality

Figure 2.
Technologies of protecting endangered species in Hawaii.

new technologies are being developed and implemented to address the threats
facing endangered species. See Figure 2 for a glimpse of the technologies used in
Hawnaii:

The first technology in Figure 2 is the conservation drones, which have become
a useful tool in the protection of endangered species in Hawaii. These unmanned
aerial vehicles (UAVs) can be used to monitor and survey wildlife populations,
track migration patterns, and detect illegal activities such as poaching and log-
ging. Drones have also proven to be valuable tools in the discovery, inventory, and
mapping of rare cliff plants; and due to the difficulty of the on-the-ground survey
of cliffs, drones have been deployed across a range of environments leading to the
discovery of unknown populations [23]. The other technology is satellite tracking,
which has become a popular tool in the protection of endangered species in Hawaii.
By attaching satellite tags to animals, researchers can track their movements,
migration patterns, and behavior. This information can be used to identify critical
habitats, monitor population trends, and develop effective conservation strategies.
In Hawaii, satellite tracking has been used to monitor the movements of endan-
gered sea turtles, monk seals, and humpback whales. Artificial intelligence (AI)
has the potential to revolutionize the protection of endangered species in Hawaii.
By using machine learning algorithms, AI can analyze large amounts of data, such
as satellite imagery, and identify patterns that indicate the presence of endangered
species or threats to their habitats. This can help researchers and conservationists
identify areas in need of protection and develop effective conservation strategies.
In Hawaii, Al has been used to identify nesting sites of the endangered Hawaiian
petrel and to monitor the spread of invasive species. Al can also be applied to large
groups of animals (e.g., ant colonies and beehives), or implemented for monitor-
ing animals that are often difficult to sample, namely cryptic species such as the
nocturnal spotted-tailed quoll or species that cover an extensive range such as
seabirds [24]. Virtual reality (VR) has emerged as a tool for raising public aware-
ness and education about endangered species in Hawaii. By using VR technology,
people can experience the habitats and behaviors of endangered species and gain
a deeper understanding of the threats facing these species and the importance of
their protection. In Hawaii, VR has been used to educate visitors and locals about
the endangered Hawaiian monk seal and to promote conservation efforts. Putrino
et al. [25] provides a review of the use of augmented and virtual reality in wildlife
conservation, including its potential applications for education, research, and
public outreach. They discuss the potential for virtual reality to create immersive
experiences that promote empathy and understanding of environmental issues, as
well as its potential for research and monitoring of endangered species. This article
provides a comprehensive overview of the potential applications of virtual real-
ity in wildlife conservation and highlights the importance of using technology to
enhance conservation efforts.
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6. Potential solutions to Hawaii’s endangered species

There are several literatures on giving certain solutions to Hawaii’s specific or
general endangered species. Kelly et al. [26] focus on the impact of climate change on
Hawaiian forest birds, which are highly endangered due to habitat loss and the intro-
duction of non-native species. They argue that conservation efforts need to consider
the potential impacts of climate change on the birds’ habitats, as well as the need for
landscape-level management that integrates both natural and cultural values. This
paper provides insights into the challenges and opportunities of conserving endan-
gered species in the face of a changing climate. National Oceanic and Atmospheric
Administration (NOAA) provides information on the Hawaiian monk seal and their
website outlines the various efforts being undertaken to protect the species, includ-
ing habitat restoration, predator control, and public education. It also highlights the
importance of partnerships between government agencies, conservation organiza-
tions, and local communities in the conservation of the species [27]. Tredick et al.

[28] discusses the challenges and opportunities of managing endangered species
under a changing climate, using the Hawaiian hoary bat as a case study. They argue
that effective conservation strategies need to integrate both short-term and long-term
climate projections, as well as incorporate adaptive management approaches that
allow for ongoing evaluation and adjustment of conservation measures. This paper
highlights the need for innovative solutions that balance the protection of endangered
species with the realities of a changing world.

With the tourism industry picking up and marching towards the post-pandemic
era, the growth of tourism and associated development has again placed significant
pressure on Hawaii’s natural resources, threatening the long-term sustainability of
both its economy and endangered species. Smith et al. [29] examines the impact of the
COVID-19 pandemic on conservation science, including the disruption to fieldwork,
funding, and scientific collaboration. They argue that the pandemic has highlighted
the need for more resilient and adaptive conservation practices, as well as the impor-
tance of interdisciplinary approaches to conservation science. This article provides
insights into the impact of the pandemic on conservation science and highlights the
need for innovative and adaptive conservation strategies in the post-pandemic era.

In the face of climate change, Hawaii Island’s survival is contingent upon embrac-
ing sustainability as a crucial element. Some potential solutions to ensure the
long-term sustainability of Hawaii’s endangered species and economy include (1)
habitat restoration: the restoration of native habitats can help create safe and suitable
environments for endangered species as well as opportunities for eco-tourism, which
can provide revenue for local communities while protecting the environment. Habitat
restoration efforts can be challenging, requiring significant resources, including
funding, expertise, and time. Additionally, restoration efforts must be carefully
planned and executed to avoid unintended consequences, such as the introduction
of non-native species or the disruption of ecosystems. Despite the challenges, habitat
restoration efforts in Hawaii have had some notable successes. For example, the
restoration of the Hakalau Forest National Wildlife Refuge on the Big Island has led
to the recovery of several endangered bird species. Additionally, the restoration of
Kane‘ohe Bay on Oahu has resulted in the return of numerous marine species, includ-
ing sea turtles and monk seals. (2) Invasive species management: invasive species pose
a significant threat to Hawaii’s biodiversity. One solution to manage invasive species is
through effective control and eradication programs. Several methods have been used
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to control invasive species in Hawaii, including mechanical, chemical, and biological
control methods. Mechanical methods involve physically removing invasive species,
such as through hand-pulling or mowing. Chemical methods involve the use of herbi-
cides or pesticides to control invasive species. Biological control methods involve the
introduction of natural enemies of invasive species, such as predators, parasites, or
diseases. Eradication programs are designed to eliminate invasive species from a par-
ticular area. These programs often require intensive efforts and significant resources.
One example of an eradication program in Hawaii is the effort to eradicate the coqui
frog, a highly invasive species that has spread across the islands. The program involves
the use of a variety of control methods, including hand capture, habitat modification,
and the use of acoustic deterrents. Prevention programs often focus on early detection
and rapid response to new invasive species introductions. Hawaii has implemented
several prevention programs, including the Clean, Drain, and Dry program, which
aims to prevent the spread of invasive species through watercraft. Despite the chal-
lenges of controlling invasive species, there have been some notable successes in
Hawaii. For example, the successful eradication of the Miconia plant from Maui has
resulted in the recovery of several native bird species. Additionally, the implementa-
tion of the Little Fire Ant Eradication Program has prevented the spread of this inva-
sive species to other islands. (3) Sustainable tourism: tourism is a significant driver

of Hawaii’s economy, but it can also be a source of environmental degradation. One
potential solution is to shift towards sustainable tourism practices that prioritize the
preservation of Hawaii’s natural and cultural resources. This can include promoting
eco-tourism, encouraging responsible tourism practices, and implementing sustain-
able development initiatives. Agriculture is an essential part of Hawaii’s economy, but
it can also have a significant impact on endangered species. Sustainable agriculture
practices, such as crop rotation and the use of organic fertilizers, can help to reduce
the impact of agriculture on endangered species. In addition, sustainable agriculture
can help to promote biodiversity by preserving natural habitats and supporting the
growth of native plants. (4) Local community engagement: local communities play a
vital role in protecting Hawaii’s endangered species and economy. One potential solu-
tion is to engage local communities in conservation efforts. This can include provid-
ing education and training on sustainable practices, involving local communities in
conservation planning and decision-making, and creating economic opportunities
that promote conservation. (5) Research and technology: advancements in technology
can provide innovative solutions to protect Hawaii’s endangered species and economy.
Additionally, research into sustainable tourism practices and conservation strategies
can inform policy decisions and help identify effective solutions.

7. Conclusion

Hawaiian culture has a strong connection to the land and the environment, with
the concept of “malama aina” emphasizing the importance of caring for and protect-
ing the land. Malama Aina is a central concept in Hawaiian culture, emphasizing
the importance of living in harmony with the environment and protecting it for
future generations. Native Hawaiians recognized this relationship in the proverb
“He ali’i ka ‘aina; he kauwa ke kanaka (The land is a chief; man is its servant [30].
The recognition of limited resources, the cultural ethic of conservation (malama i ka
‘aina, literally to care for that which feeds), and a cultural emphasis on recognizing
and documenting changes in Hawaiian ecosystems support active ecological literacy
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oriented to sustainability [31]. Traditional conservation practices include the concept
of “ahupua’a,” which is a system of land management that recognizes the intercon-
nectedness of land, water, and people. In this system, each ahupua’a was managed

to ensure the sustainability of resources such as water, fish, and plants. This system
helped to prevent overexploitation and ensured the long-term health of ecosystems.
Hawaii has one of the highest rates of species extinction in the world, with many of
its native species facing extinction due to habitat loss, invasive species, and climate
change. Protecting endangered species in Hawaii is critical to preserving the state’s
biodiversity and ensuring the long-term health of ecosystems. Current conservation
efforts in Hawaii include the restoration of native habitats, the removal of invasive
species, and the protection of endangered species through conservation programs
and partnerships with local communities. These efforts align with the principles of
“malama aina”, emphasizing the importance of caring for the land and preserving its
natural resources. Protecting endangered species in Hawaii is critical to preserving
the state’s biodiversity and ensuring the long-term health of ecosystems. It is essential
to continue promoting and implementing sustainable conservation practices that
balance economic, social, and environmental goals and preserve the unique culture
and biodiversity of Hawaii for future generations.
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