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Abstract: For the effective conservation of plant species, it is imperative to manage habitat loss
and fragmentation by establishing a protected area network that comprehensively encompasses
their habitat. In this study, we identified the suitable habitats for some endemic plant species in
the Swat District, Pakistan, to conduct a thorough analysis of proposed protected areas (hotspot
areas). Utilizing data from a recent botanical survey, environmental parameters from World-Clim,
and various other sources, we determined the habitat of each species using the MaxEnt species
distribution model. The modeled habitat suitability for each species were combined to generate
maps illustrating endemic richness (hotspots), as well as to prioritize areas based on conservation
value and habitat suitability. Future climate projections spanning from 2000 to 2050 were acquired
from the WorldClim database Nineteen bioclimatic variables were assessed, incorporating data
from three global climate models: CCSM4, HadGEM2-AO, and MPI-ESM-LR. We modeled seven
endemic species from the Swat District and, by combining their maps, found three hotspot areas
which show more environmental suitability under future climatic conditions. The future model
forecasts a significant decrease in population density by the year 2050. Currently, these species exhibit
their highest density along the eastern and southern borders of the valley, particularly in the Karakar,
Elum border, Mankial Kalam, and Gabral Kalam areas. The anticipated alterations in density and
distribution could have a considerable impact not only on the tree species but also on the associated
sub flora.

Keywords: endemic species; species distribution modeling; climate changes; hotspot; conservation of
plant; Swat valley

1. Introduction

Plant biodiversity is vital for a healthy ecosystem that sustains life on Earth [1]. As
primary producers, plants provide essential resources such as wood, fuel, food, clothing,
and medicinal compounds for humans and animals. They are natural sources of chemicals
used in various industries [2]. Plant diversity also safeguards soil, purifies air and water,
prevents floods, and stabilizes landscapes [3]. Around 1.6 billion people heavily rely
on forest resources for their livelihood, and 80% of the global population depends on
indigenous plant-derived medicines for primary healthcare [4]. The connection between
human welfare and plant diversity emphasizes its significance for sustainable livelihood
security and regional safety [5].

Despite the pivotal role of plants in supporting life on Earth and their significance
in all ecosystems, plant biodiversity is under severe global threat [6]. The number of
endangered species increases notably each year [7] The destruction and modification of
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habitats, attributed to human overexploitation, pollution, and climate change, are key
factors leading to the decline in natural populations and sometimes the complete loss
of certain species. Many endangered species are typically limited to specific geographic
regions, often existing in only a few remaining small wild populations [8]. A substantial
proportion of these endangered species are endemic, making them unique, and often only
a few small wild populations remain resilient [9].

An endemic species refers to a species naturally and exclusively found in a particular
geographic area, exhibiting a high level of adaptation to that specific region [10]. Based
on the size and boundaries of their habitats, these species can be categorized into different
classifications: “local endemic” (confined to a small area), “provincial endemic” (restricted
to the limits of a province), “national endemic” (confined to a nation’s limits), “regional
endemic” (confined to a specific geographical region), and “continental endemic” (limited to
a continent) [11]. Most endemic species possess a combination of characteristics that render
them more susceptible to anthropogenic threats or natural changes. These characteristics
include limited distribution, existence in one or few populations, small population sizes,
decreasing population trends, excessive human collection, limited reproductive capacity,
specific habitat requirements, and dependency on stable and consistent environments [12].
The presence of these characteristics increases the vulnerability of endemic species to
extinction. Consequently, it is crucial to carefully monitor and manage endemic species
while prioritizing their conservation efforts on a global and regional as well as local
scale [13].

Understanding the distribution of species is crucial for effective environmental man-
agement [14]. Assessing the distribution of native plant species, especially endemic plants,
stands as a pivotal initial phase in evaluating their statuses and enhancing the effectiveness
of conservation endeavors [15]. The documented occurrences of a species might only
represent a fraction of the actual areas inhabited by the species and may overlook crucial
information that is crucial for their preservation. Species distribution models (SDMs) offer
a solution to these challenges. These statistical algorithms leverage incomplete datasets,
scrutinize the relationships between species and their environments across space and time,
and are recognized for their robust predictive capacity to find hotspot areas where most
of a species may be possibly exist in future [16,17]. Although multiple correlative models,
as evaluated in Elith*, H. Graham [16] exist, MaxEnt has emerged as the most extensively
utilized SDM [18,19] due to its precise predictive abilities and its capacity to handle intricate
responses and relationships among predictor variables [20]. The extensive documented po-
tential of SDMs in conservation planning is evident [21-24]. SDMs can guide surveys [25];
assist in designing reserves [24]; and pinpoint critical habitats of endangered, threatened, or
native species [26]. Despite this, the practical application of SDMs to address conservation
issues remains limited in real-world scenarios [14].

Drawing from the observation that certain regions exhibit significantly greater biodi-
versity than others, area-based strategies are commonly recommended for the planning of
species conservation [27]. Regions characterized by a high abundance of unique species [28],
known as endemics (species exclusive restricted to a particular location) and facing sub-
stantial habitat loss, are frequently identified as “hotspots” [29]. Conversely, an SDM
provides a distinct perspective by identifying the most favorable climatic zone or region
for endemic plants, referred to as a biodiversity hotspot [30]. Biodiversity hotspots rep-
resent ecosystems of utmost priority for conservation due to their notable concentration
of endemic species, exposure to high-impact threats [31], and heightened susceptibility to
climate change [32]. A comprehensive count of 34 proposed global biodiversity hotspots,
as outlined by Mittermeier, Da Fonseca [33], designates specific regions with paramount
conservation significance. These areas are distinguished by remarkable concentrations of
endemic species and, concurrently, experience notably elevated rates of habitat loss [31].

The comprehensive discussion above reveals that there is no proper documented
record of plant hotspots in Pakistan. However, the Flora of Pakistan [34] has documented
1389 genera and 4758 species across 215 families. Approximately 400 taxa within four
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genera are recognized as endemic, and ongoing assessments are currently underway for
183 genera, encompassing 763 species from five families, to determine their endemism
statuses [34]. Notably, the concentration of flowering plant diversity in Pakistan is predom-
inantly found in mountainous regions and specific localities [35], particularly in the Swat
District. This district stands out as a biodiversity hotspot in Pakistan, with various plant
species, particularly those that are endemic, facing the imminent threat of extinction due to
the impacts of global climate change. A total of approximately 1500 species were reported
from Swat [36]. Among the 1500 species examined, 60 have been identified as endemic,
with seven of these species exclusively found in Swat. Swat was chosen as a case study
for conservation due to the aim of identifying a hotspot with minimal financial costs, thus
mitigating the risk of extinction for these species in the future.

This study aims to model the potential impact of climate change on the distribution of
forest trees and subflora in Swat Valley, with a particular focus on seven rare and endemic
species: Abies pindrow, Allium tripterum, Corydalis goviniana var swatensis, Elymus borianus,
Geranium swatensis, Juniperus excelsa, and Nepeta griffithii Hedge. These species significantly
contribute to the subflora, especially the medicinal and aromatic plants (MAPs) in the
area. Hence, this study aims to (1): model the distribution and habitat suitability of seven
endemic species in the Swat area by applying the Maxent model, (2): explore the most
important environmental variable affecting each species” habitat suitability, (3): combine
the habitat suitability maps of the species to find conservation hotspots, and (4): investigate
the impacts of climate change on species habitats and conservation hotspots.

2. Materials and Methods
2.1. Study Area

The Swat District has a unique combination of phyto-ecological and agro-climatic
conditions which favors the occurrence of a variety of natural resources [37]. The total area
of the Swat District is about 6226 km?. The Swat District is stretched between 34°30'-55' N
and 71°45'-72°50" E in the Hindu Kush range (Figure 1). The valley is home to many
mountain peaks ranging from 600 m up to the summit of Falaksair (with 6621 m elevation)
which is covered snow throughout the year. As per phytogeographic analysis [35], the
Swat District is located in Sino-Japanese (Eastern Asiatic) region. At its northern side, Swat
is connected with the Chitral and Ghizar Districts; at the eastern side with two districts,
i.e., Shangla and Kohistan; at the southern side with the Buner District; and at the western
side with Upper and Lower Dir [38]. The Swat District is considered one of the most
beautiful and attractive valleys of Khyber Pakhtunkhwa. It is home to heterogeneous
vegetation, including dense coniferous and oak forests. The valley comprises high-altitude
meadows; numerous vast, lush, green cultivated lands; elevated mountain peaks; snow-
covered glaciers; and beautiful tributary rivers streams, lakes, and ponds. Swat has
diversified flora in the different seasons of the year due to its varied topography, geological
conditions, habitats, and climate. In the last couple of decades, a number of research works
have been carried out from different localities of Swat. Most of these research works consist
of either ethnobotanical studies [39-42] or related to quantitative analyses of vegetation [43],
but either voucher specimens have not been mentioned or no proper record of herbarium
specimens is provided. Most of these research works do not explain any type of protection
and conservation of rare and endemic plant taxa, nor there is any description of species
distribution models; therefore, the current research is located in the Swat Valley for finding
out the current conservation status of these rare, endemic plant taxa and to propose proper
measures for their conservation.

The study was designed to facilitate the ex situ and in situ conservation of seven
endemic species, namely, Abes pindrow, Allium tripterum, Corydalis goviniana var swatensis,
Elymus borianus, Geranium swatensis, Juniperus excelsa, and Nepeta griffithii, due to their
significant importance in medicinal, indigenous, and cultural contexts. The selection of
these seven endemic species is underscored by several key reasons.
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Figure 1. Swat geographic location and elevation map.

Abies pindrow is one of the tallest trees; it can reach up to 30—40 m in height and is
pyramidal in shape, with 24 cm long narrow spiral leaves. It is monoecious, characterized
by scale-like leaves ranging from 1.5 to 2 mm in length and broadly ovate in shape. Typically,
these trees are inhabitants of high-elevation mountainous regions that are specifically found
between 2000 to 4000 m above sea level. It is commonly utilized for its medicinal properties,
serving as an antiperiodic, antispasmodic, carminative, astringent, and expectorant; as a
fever remedy; and as treatment for asthma, bronchitis, stomachic issues, bladder catarrh,
cough, and bronchitis [44]. Additionally, this species is valued for its timber.

Geranium swatensis, is a perennial herb with a slender rhizome. It is a tall plant that can
reach up to 45 cm in height, has 5-7 angled cauline leaves, and bears pink-purple flowers.
The species holds a storied history within traditional medicine across multiple nations
and herbal practices. Its widespread acclaim stems from its application in treating diverse
digestive issues and its attributed range of beneficial qualities, including anti-inflammatory,
hemostatic, antidiabetic, antibacterial, antiallergic, anti-cancer, and diuretic properties [45].

Juniperus excelsa: This is a middle-sized monoecious, with scale-like leaves that are
between 1.5-2 mm long and broadly ovate in shape. The tree commonly inhabits high-
elevation, mountainous areas, i.e., from 20004000 m asl. This tree has high-quality fragrant
wood, is used in construction and as firewood, and is also burned as incense. Furthermore,
the tree’s bark serves as a local roofing material. In addition, J. excelsa is utilized in treating
bronchitis infections, diabetes mellitus, and diarrhea [46].

Nepeta griffithii is a perennial herb with stems branching from its base. It is typically
between 30-50 cm tall, with a spreading villous or shortly retrorse pilose and eglandular
indumentum and is leafy with purplish-green flowers. It is found up to 1100 m a.s.l. and
contains an abundance of iridoid glycosides and phenolic compounds which display a
wide range of pharmacological effects including antioxidant, antimicrobial, phytotoxic,
antiparasitic, and antiviral activities as demonstrated in studies by [47].

Allium tripterum is a species that grows wild and is found exclusively in Mingora City,
which is located in the Swat District. This plant possesses antioxidant properties, has the
ability to reduce plasma glucose concentrations and body weight, and plays a preventive
role against cardiovascular diseases. Additionally, it serves as fodder for cattle [48].

Corydalis govaniana: This is a tall geophyte herb up to 25 cm, with yellow flowers
between 20-25 mm long and oblanceolate, denticulate, and sessile or sub-sessile leaves. This
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species exhibits potential medicinal attributes, including anti-inflammatory and analgesic
effects. It is cultivated for ornamental purposes. Indigenous communities may incorporate
the plant into rituals, ceremonies, or traditional customs. This species engages in distinct
interactions with other organisms, such as pollinators or seed dispersers. Grasping these
ecological relationships is crucial for the preservation and governance of ecosystems [49].

Elymus borianus: This is a tufted perennial without rhizomes. It grows up to 35-100 cm
high and is an erect, and herbaceous stout plant. It is one of the wild varieties of wheat grass
and serves various purposes, including being utilized as forage for fodder, hay, and pasture.
It finds application in food, serves as raw material for household items like basketry and
broom handles, and has medicinal uses. Indigenous communities often incorporate E.
borianus into their practices for various purposes [50].

2.2. Species Occurrence Data

This comprehensive field study covered the entire Swat District, beginning from the
lowest elevation at 745 m above sea level (a.s.]) in early spring and extending along the
altitudinal range to the summit of Falaksar [51,52]. This study spanned from 2019 to 2023,
capturing the full bloom of most plants at an elevation of 6261 m above sea level. The
entire study area underwent examination and monitoring from February to October each
year, aligning with the flowering and fruiting seasons. The study area was divided into
different zones, and 25 localities in Swat were selected based on previous reports indicating
the presence of rare, endemic, or threatened plant species. These chosen locations served
as representatives of the entire study area, encompassing various elevations, aspects, and
geographic conditions.

Emphasis was placed on previously unexplored regions and sites, with the duration
of field trips contingent upon accessibility and remoteness. Each habitat was documented
through the collection of plant specimens and detailed field notes, including photographic
documentation that focused on plant habits, habitats, ecological coordinates, flowers, and
fruits. Physiographic details such as latitude, longitude, and altitude were recorded us-
ing altimeters and GPS devices, following Stephenson’s method [53]. For precise spatial
positioning, the Red-Hen DX-GPS system was employed. A Nikon D7200 camera was
connected to a Garmin GPS to identify and capture images of all species while simulta-
neously storing data for subsequent computer analysis. These specimens underwent a
proper preservation process following Bridson’s method [54]. All collected specimens were
pressed and dried in blotting paper. The specimens were immersed for 30-60 min in a
dilute solution of copper sulfate (CuSOy), mercuric chloride (HgCl,), and a scientific-grade
40% dilute solution of ethanol to prevent pest degradation of the plant species. The speci-
mens were dried again in blotting papers and mounted on standard herbarium sheets of
29 cm X 41.5 cm [55].

The identification of plant specimens was compiled from authoritative sources such as
the Flora of Pakistan [56], Flora Iranica [57], recent taxonomic literature, and other pertinent
botanical references. Each species was abbreviated with author names following Brummitt
and Powell [58]. The collected specimens were submitted to the herbarium at the Centre
for Plant Sciences and Biodiversity, University of Swat, for reference and future research.

Before conducting the study, a thorough review of the existing species’ occurrence
data was undertaken on regional and national levels [51], especially for endemic species.
Ultimately, our dataset was deemed the most suitable choice due to the lack of any prior
research data on both regional and national levels according our pattern. It will be a
great advantage for providing a relatively fine-grained grid structure derived from our
research datasets for a substantial sample size and for extensive geographical coverage and
conservation of these valuable endemic species. As the available data consisted solely of
species presences and because most modeling methods require a binary data structure, the
generation of absence data became necessary.
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2.3. Ecological Predictors

Predictors were chosen by considering the ecological limitations present in the litera-
ture for all the previously stated endemic species (Table 1). The final selection of predictors
comprised the maximum temperature during the warmest month, precipitation levels in
the warmest quarter, annual precipitation, soil pH, soil bulk, soil moisture, soil organic, ele-
vation, slope, and aspect. The choice of utilizing maximum temperatures was favored over
the averages due to the expectation that temperature extremes wield a greater influence on
the ecological amplitude [59]. There is evidence that extreme temperature occurrences have
significantly impacted vegetation, particularly over the past two decades, and projections
indicate a continuation of such impacts in the future [60,61]. The climate data from the
period between 1950-2019 and future data up to 2050 were sourced from the CHELSA
dataset, version 1.2 [62]. Soil information was acquired from the ISRIC project Soil Grids
1 km? [63]. Elevation, aspect, and slope data were derived using the GTOPO30 digital
elevation model [64]. The projected future climate data were averaged over 2000-2050 and
were obtained from the World-Clim database [65]. In total, 19 bio-climate variables were
examined [60], encompassing three global climate models: (GCM)—CCSM4, HadGEM2-
AOQO, and MPI-ESM-LR. The generalized circulation models were taken into account, and
all the bioclimatic dataset raster maps were standardized to a consistent resolution of
approximately 1 km?, aligning with the resolution of the CHELSA dataset chosen for
practical purposes. The soil analysis was determined from the raster maps for the soil
bulk, soil pH, soil organic, and soil moisture obtained from Google engine (2023) in our
comprehensive research study. All the raster maps of GCM for 2019 and 2050 of RCP 2.4,
4.5, 6.0, and 8.5 were clipped for the Swat map and checked for same pixel sizes by using
ArcMap version 10.8.3 [66]. Slope and aspect were computed from the projected Digital
Elevation Model (DEM) using ArcMap. As Maxent analysis provides a powerful tool
for understanding the distribution of endemic plant species and informing conservation
planning and management strategies, we ran the species distribution models, along with
19 bioclimatic and some physiographic factors such as slope, aspect, soil pH, soil bulk, and
soil organic, on Maxent’s latest updated version (2023).

Table 1. Predictors of habitat suitability.

Bios # Bioclimatic Variable

BIO1 Annual Mean Temperature

BIO2 Mean Diurnal Range (Mean of monthly (max temp-min temp))
BIO3 Isothermality (BIO2/BIO7) (x100)

BIO4 Temperature Seasonality (standard deviation x100)
BIO5 Max Temperature of Warmest Month

BIO6 Min Temperature of Coldest Month

BIO7 Temperature Annual Range (BIO5-BIO6)
BIOS8 Mean Temperature of Wettest Quarter

BIO9 Mean Temperature of Driest Quarter

BIO10 Mean Temperature of Warmest Quarter
BIO11 Mean Temperature of Coldest Quarter
BIO12 Annual Precipitation

BIO13 Precipitation of Wettest Month

BIO14 Precipitation of Driest Month

BIO15 Precipitation Seasonality (Coefficient of Variation)
BIO16 Precipitation of Wettest Quarter

BIO17 Precipitation of Driest Quarter

BIO18 Precipitation of Warmest Quarter

BIO19 Precipitation of Coldest Quarter

Ultimately, in order to pinpoint the hotspot encompassing all seven species, we
scrutinized the species distribution maps for each of the seven species. Through this
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analysis, we identified the hotspots, which denote areas with the highest likelihood of
encountering these species, utilizing GIS ArcMap version 10.8.3.

2.4. Model Assessment and Climate Change

The evaluation of the individual models was conducted by assessing their perfor-
mances using two key metrics: the area under the receiver operating characteristics curve
(AUC) and model calibration. AUC measures the model’s ability to accurately distinguish
between presence and absence at random test sites, which serves as an indicator of its
discrimination capacity [67]. In this study, AUC was computed using dependent test data,
specifically through cross-validation by subsampling.

Model calibration, on the other hand, gauges the goodness of fit between predicted
and observed occurrences, providing insights into a model’s transferability across space
or time [68]. The anticipation that future climate conditions in Pakistan may surpass the
existing climatic range due to overpopulation and urbanization, especially in Swat, and
potentially at one end of the distribution, emphasizes the need for cautious interpretation of
the models [69]. To address this uncertainty, an analysis was conducted comparing current
climatic parameter ranges to their projected future versions across various scenarios. The
findings are showcased through categorized maps that pinpoint areas where future climate
parameters are expected to exceed the current calibration range. These areas, characterized
by a “novel climate”, signify regions where there is greater uncertainty in predicting future
outcomes (hotspot).

3. Results

All the species’ models were separately run after resampling the maps on GIS Pro
(10.8.3). The models were run on MaxEnt along with 19 bioclimatic factors and the pre-
viously stated physiographic factors. The jackknife analysis result and creative response
curve (CRC) of each endemic species are as follows.

Species Distribution Mapping

Nepeta griffithii Hedge:

The assessment involved conducting jackknife tests with the model to produce outcomes
specific to Nepeta griffithii. The accompanying figure demonstrates the AUC (Figure 2). The
pivotal factors influencing the species distribution model (SDM) are ranked by their signifi-
cance as follows: bio-16 (precipitation of the wettest quarter), bio-13 (precipitation of the
wettest month) bio-17 (precipitation of the driest quarter), bio-12 (annual precipitation), bio-
3 (isothermality (100*mean diurnal range/annual temperature range) or (bio_2/bio_7*100)),
and bio-2 (mean diurnal range (mean of monthly (max temp-min temp), as well as some
physiographic factors such as altitude, soil bulk, soil organic, and soil pH. These factors’
effects are shown on the model in a descending order of impact (Figure 3). Figures for other
species show similar results (see in Supplementary Materials).

The results obtained for analysis of N. griffithii from the MaxEnt model showed an
average AUC of 0.95. The regularization training gain (RTG) achieved a score of 2.2, while
the test gain (TG) value, when compared with all variables, was also noted at 2.0. The
receiver operating characteristic (ROC) curve reaching its maximum at 1.0 indicates an
ideal test, indicating the highest achievable performance level (Figure 3).

In future scenario projections, the model predicts a change in the primary influential
variables, with bio-16 becoming the most significant, followed by bio-13, bio-17, bio-3,
bio-12, and bio-19, predominantly. Additionally, there’s an anticipated gradual rise in the
impacts of altitude, soil bulk or texture, soil organic content, and soil pH on the distribution
of the species in the forthcoming period up to 2050 (Figure 3).

A comprehensive analysis of future trends suggests that this particular species could
face extinction in Swat and its adjacent areas because its habitat requirements do not match
those found in any other areas within Swat. Unless conservation efforts are put in place,
the species may disappear from this region.
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Environmental Variable
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Figure 2. Max-Ent jackknife test result for area under cover (AUC) of Nepeta griffithii of the current
(2019-2023) and future climatic scenarios (2050).
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Figure 3. Max-Ent average sensitivity vs. specificity of Nepeta griffithii.

Juniperus excelsa M. Bieb

The jackknife analysis conducted determined the present distribution probability of
the area under curve (AUC) and showed that the most significant contributions of the
bioclimatic variable were bio-1, bio-3, bio-6, bio-8, bio-10, bio-11, and altitude, which repre-
sent annual mean temperature, isothermally (100*mean diurnal range/annual temperature
range) or (bio-2/bio-7 x 100), minimum temperature of the coldest month, mean tempera-
ture of the wettest quarter, mean temperature of the warmest quarter, mean temperature of
the coldest quarter, annual precipitation, and the elevation of the area, respectively. Out
of all these bioclimatic and physiographic factors, bio-3 affects the species distribution of
J. excelsa the most, followed by bio-6, bio-11, bi-1, and bio-8 respectively. The average AUC
recorded by MaxEnt is 0.89, while the RTG (regularization training gain) was up to 1.3; the
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test gain (TG) evaluation was recorded up to 1.2; and the receiver operating characteristic
(ROC) curve, which was up to 1, was the perfect test with highest value.

Regarding future projections, the model presented a different scenario, i.e., bio-3 was
the primary contributing variable followed by bio-6, bio-11, bio-1, bio-5 (max temperature
of the warmest month) and bio-2 (mean diurnal range, mean of monthly “max temp-min
temp”) with a gradual increase of effect by altitude in the future (Figures 4 and 5).

Nepeta grifithii

Endemic species

Nepeta griffithii and other
Value

mweee High - 1

= Low :2.09188e-08

Species distribution map of current climatic senario (2019-23)

Corydalis govanianana Elymus borianus

Geranium swatense

Abies pindrow Allium tripterum

0 15 30 60 90 120
—— Kilometers

Figure 4. Current species distribution model for all seven endemic species of Swat.

Abies pindrow Royle

The jackknife analysis conducted reveals the current distribution probability (as de-
picted in the figure) of the area under curve (AUCQC). It identifies the most influential bio-
climatic variables as bio-13 (precipitation of the wettest month), bio-8 (mean temperature
of the wettest quarter), bio-18 (precipitation of the warmest quarter), bio-16 (precipitation
of the wettest quarter), bio-4 (temperature seasonality (standard deviation x 100)), bio-19
(precipitation of the coldest quarter), and altitude.

Among these bioclimatic and physiographic variable, bio-3 acts as the primary driver
affecting the species distribution of A. pindrow, followed by bio-8, bio-18, bio-16, bio-4 and
bio-19, in that order of importance. Max-Ent recorded an average AUC of 0.76, while the
regularization training gain (RTG) reached up to 0.76, and the test gain (TG) evaluation
was recorded at 1. The receiver operating characteristic (ROC) curve, reaching up to 0.75,
indicates a perfect test with the highest achievable value.
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Nepeta grifithii

Endemic species
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Value
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Figure 5. Future climatic (2050) species distribution model of seven endemic species of Swat.

Looking ahead to future projections, the model presents a different scenario where
bio-12 (annual precipitation) becomes the primary contributing variable, followed by bio-13,
bio-18, bio-14 (precipitation of driest month), bio-17 (precipitation of driest quarter), bio-19
and bio-4. Additionally, there is an anticipated gradual increase in the impact of altitude on
the species distribution in the future. The overall summary of future analysis shows that
this species will migrate to high-altitude areas with suitable bioclimatic conditions and, if
not conserved, may disappear from Swat (Figures 4 and 5).

Allium tripterum E. Nasir

The jackknife analysis of A. tripterum illustrates the current distribution probability of
the area under curve (AUC), as depicted in the Figure. It identifies several influential biocli-
matic variables, with bio-19 (precipitation of the coldest quarter), bio-8 (mean temperature
of the wettest quarter), bio-18 (precipitation of the warmest quarter), bio-13 (precipitation
of the wettest month), bio-12 (annual precipitation), bio-9 (mean temperature of the driest
quarter), bio-15 (precipitation seasonality (coefficient of variation), bio-16 (precipitation of
the wettest quarter), bio-3 (isothermality (100*mean diurnal range/annual temperature
range) or (bio_2/bio_7*100)), bio-1 (annual mean temperature), bio-11 (mean temperature
of the coldest quarter), bio-2 (mean diurnal range (mean of monthly (max temp-min temp)),
and altitude being the most influential bioclimatic factors in descending order.

The MaxEnt analysis model shows an average AUC of 0.95, with the regularization
training gain (RTG) reaching up to 2.5, and the test gain (TG) evaluation achieving a
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score of 2.2. The receiver operating characteristic (ROC) curve peaked at 1.0, which was
considered as maximum value, indicating a perfect test with the highest achievable value.

In projecting future scenarios, the model highlights a shift during which bio-12 (annual
precipitation) becomes the primary contributing variable, followed by bio-13, bio-18, bio-14
(precipitation of the driest month), bio-17 (precipitation of the driest quarter), bio-19, and
bio-4. Furthermore, there is an anticipated gradual increase in the impact of altitude on the
species distribution in the future.

The overall future analysis suggests that this species will likely migrate to higher
altitude areas with suitable bioclimatic conditions. Failure to conserve these conditions
could result in the species” extinction from Swat (Figures 4 and 5).

Corydalis govaniana var. swatensis:

The jackknife analysis conducted on A. tripterum demonstrates the current probability
distribution of the area under curve (AUC) as shown in the accompanying figure. It
identifies several influential bioclimatic factors, with the order of significance being bio-6
(minimum temperature of the coldest month), bio-7 (temperature annual range (bio-5-bio-
6)), bio-15 (precipitation seasonality (coefficient of variation)), bio-16 (precipitation of the
wettest quarter), bio-11 (mean temperature of the coldest quarter), bio-13 (precipitation of
the wettest month), with altitude being the most influential factor.

The MaxEnt analysis model findings include the average AUC of 0.95, with the
regularization training gain (RTG) reaching 2.2, and the test gain (TG) value compared to
all variables was recorded as 2.2. The receiver operating characteristic (ROC) curve reaching
a peak value of 1.0 signifies a perfect test, suggesting the highest attainable performance.

In projections for future scenarios, the model emphasizes a shift where precipitation of
the warmest quarter (bio-18) becomes the primary contributing variable, followed by bio-7,
bio-13, bio-12, bio-6, and bio-7, respectively. Additionally, there is an expected gradual
increase in the influences of altitude, soil organic, and aspect on the species’ distributions
in the future. The overall analysis of future trends suggests that this species will possibly
disappear from Swat region if not conserved, as this kind’s habitat does not match any
other locality in Swat.

Elymus borianus (Meld.) T. A. Cope, comb. nov.

The model was run for analysis of the jackknife tests; the results obtained for Elymus
borianus are as follows: The demonstrated area under curve (AUC) was 0.97. The bio-
climatic and the physiographic factors, which majorly influence the species’ distribution
model (SDM), was, in order of significance, bio-15 (precipitation seasonality (coefficient of
variation)), bio-19 (precipitation of the coldest quarter), bio-6 (minimum temperature of the
coldest month), bio-9 (mean temperature of the driest quarter), bio-11(mean temperature
of the coldest quarter), bio-1 (annual mean temperature), bio-3 (isothermality (100*mean
diurnal range/annual temperature range)) or (bio-2/bio-7*100) and altitude, respectively,
in descending order.

The results obtained from the MaxEnt analysis model show an average AUC of 0.97.
The regularization training gain (RTG) achieved a value of 2.8, while the test gain (TG)
value, compared to all variables, also registered as 2.6. The receiver operating characteristic
(ROC) curve reaching its peak value of 1.0 indicates an ideal test, implying the highest
achievable performance.For future scenario projections, the model highlights a transition
during which the most significant contributing variable shifts, followed by bio-19, bio-
15, bio-12, bio-6, bio-7, bio-11, bio-1, and bio-3, predominantly. Furthermore, there is an
anticipated gradual rise in the impacts of altitude, soil organic content, soil PH, and slope
on the species’ distribution in the future.

In the future, the overall distribution of the species suggests a potential advantage
from positive climate changes which support its propagation in the Swat region, provided
that conservation efforts prevent its extinction.

Geranium swatense Schonbeck-Temesy

This analysis involved running the model for jackknife tests, yielding the following
results for Gernium swatense. The figure illustrates the demonstrated area under curve
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(AUCQ). The significant factors influencing the species distribution model (SDM), ranked in
order of importance, are as follows, in descending order of impact: bio-19 (precipitation
of the coldest quarter), bio-14 (precipitation of the driest month), bio-17 (precipitation
of the driest quarter), bio-13 (precipitation of the wettest month), bio-1 (annual mean
temperature), altitude, soil organic, and soil bulk.

The outcomes derived from the Max-Ent analysis model revealed an average AUC
of 0.97. The regularization training gain (RTG) attained a value of 2.5, whereas the test
gain (TG) value, in comparison with all variables, was also recorded as 2.3. The receiver
operating characteristic (ROC) curve hitting its pinnacle at 1.0 signifies an optimal test,
suggesting the highest attainable performance level.

For future scenario projections, the model indicates a shift in the most influential
contributing variable, with bio-19 taking precedence, followed by bio-14, bio-17, bio-16,
bio-13, bio-12, and bio-2, respectively. Moreover, there is an expected gradual increase in
the influences of altitude, soil organic content, soil pH, soil bulk or texture, and slope on
the species’ distribution in the future. An overarching analysis of future trends implies
that this species may potentially vanish from the Swat region because its habitat does not
align with any other location within Swat, unless conservation efforts are implemented
(Figures 4 and 5).

All the species distribution maps of these endemic species were subjected to Arc GIS
Pro (10.8.3) to formulate one combined map and to pinpoint hotspot areas (Figure 6). The
model forecasted the highest concentration of species in some hotspots along the border of
the Swat Valley, specifically on the Karakar and Elum borders along with the Marghuzar
area in lower altitude zones and in the upper elevated zone. Most of the seven species are
found in Madyan, the linked area Mankial and Kalam (Matiltan side), and the Gabral Kalam
region. To verify the model’s accuracy, a ground-truth survey was conducted, affirming the
alignment of its predictions with the actual observed results.

Hotspot area of seven Endemic Species of Swat, Pakistan
N

Species Hotspot

SDM of Endemic species of Swat

e High © 0.303707

| ow - 0.00281921

Species hotspot

120
- e e ilometers

Figure 6. Hotspots of species distribution area.

4. Discussion

In recent years, there has been a notable increase in the publication of papers focusing
on the methodology and applications of species distribution modeling [21,70]. However,
the Himalayan region, including Pakistan, remains one of the least explored and reported
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areas for tree species distribution studies. Several factors contribute to this, including the
limited availability of detailed forest inventory data, the complexity of the forest ecosystem,
the challenging terrain, financial constraints, and harsh weather conditions.

In the Himalayan region, [71] conducted a study on two tree species of Rhododendrons
(R. delavayi and R. arboreum), utilizing 217 herbarium collections and employing various
ecological niche modeling techniques. Similarly, [72] mapped the distribution of the Betula
utilis tree species across the same region using 590 occurrence points, primarily obtained
from herbarium collections, and employing generalized linear models.

Additionally, [51] investigated the distribution of the Abies pindrow tree species in
the Swat District of Pakistan using the HADCM3 A2a global climate change scenario.
However, this study was based on a limited sample size, with 250 sample plots collected
from 25 various localities within the Swat District.

In this research, we unveil the comprehensive distribution patterns of endemic plants
throughout the Swat District through continuous field visits in the period from 2019 to 2023.
Our approach involves extensive and precise species occurrence data and employs two dis-
tinct algorithms. This provides fresh insights into identifying hotspot areas, evaluating
the effectiveness of conservation efforts, pinpointing conservation gaps for Swat endemic
plants, and assessing the risk associated with the potential shifts and loss of suitable habitat
areas due to climate change.

Based on our SDM analysis, we found three hotspot areas for these seven species with
an extended altitude gradient from 745 m a.s.l to 6625 m, from the dry temperate to moist
temperate climatic zones in Swat. Our results coincide with [73,74] and Martinez-Avalos
and Jurado [75], whose results were based on finding hotspot areas for Cactaceae with
some physiographic variables, as well as previously discussed research articles.

Regarding some bioclimatic and physiographic variables (elevation, soil, aspect and
slope, etc.), we found most of our endemic species in high mountain ranges with relatively
low temperatures and moisture, as reported by [76]. However, most of the endemic species
and hotspots are confined to high elevated lands like Kalam and the summit of Falaksar; the
same patterns were also found in some mountainous regions of Europe and Asia by [77-79].

On the other side, the hotspot somehow was also affected by soil bulk, and soil pH;
the same results were reported by [29,80].

4.1. Present Day Climate Change Impact on Species Distribution

The current maps depicting the environmental suitability for all seven endemic species
closely mirror their real distribution in Swat flora, as documented by Salinas-Rodriguez et al.
(2018). In our contemporary simulations for all seven endemic species, our models indicate
substantially larger suitable areas than those currently occupied by the species. This notable
difference can be largely attributed to historical land use and forest management choices,
as highlighted by Baumbach, Niamir [81] for the substitution of silver fir with beech. While
we employed an extensive set of predictors to delineate the environmental niches for all
endemic species, classical species distribution models (SDMs) cannot fully capture the
historical human influence on their distribution ranges.

4.2. Role of Climate Change on Environmental Suitability

The modeling outcomes under the impact of climate change broadly validate the
already existing projections for all the mentioned species distribution statements compared
with the results of previous research [82-85]. Based on our findings regarding the current
environmental conditions, a significant population decline has been observed, which
is primarily attributed to shifts in environmental factors and various human-induced
disturbances within the ecosystem. According to our findings, these species demonstrate a
movement toward the higher elevations of the Himalayan regions in Swat.

The influence of the representative concentration pathways (RCPs) on economic
valuation did not consistently exhibit a linear progression from RCP2.6 through RCP6.0
and RCP4.5 to RCP8.5. This non-linearity primarily impacted the ranking of RCP4.5 relative
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to the other RCPs and varied among all general circulation models (GCMs), suggesting its
origin may lie in the internal variability of climate projections [86].

While our climate input dataset “Worldclim” was specifically tailored to enhance the
precision of species distribution models [62], uncertainties stemming from the underlying
circulation models or the downscaling process also contribute to a cascade of uncertainties
within the models, as outlined by Reyer, Leuzinger [87]. By utilizing climate data from the
same source and employing the same downscaling technique for both current and future
climates, we aim to mitigate this effect to some extent.

5. Conclusions

This research delved into the current and potential future ranges of the species Abies
pindrow, Allium tripterum, Corydalis goviniana var swatensis, Elymus borianus, Geranium
swatensis, Juniperus excelsa, and Nepeta griffithii) across 19 climate scenarios along with some
physiographic factors, utilizing diverse, cutting-edge modeling methods. Our aim was to
discover the hotspot for all the stated species, which were found at three different areas, i.e.,
at the Karakar and Elum border, along with the Marghuzar area in lower altitude zones and
in the upper elevated zone. Most of the seven species are found in Madyan, the linked area
of Mankial and Kalam (Matiltan side), and Gabral Kalam (Figure 6); forecast alterations
in distribution patterns due to climate change evaluate the land expectation value of for
all these species and explore the implications for biodiversity conservation management.
Across all scenarios, the models consistently predicted a decrease in the environmental suit-
ability for all these endemic species in the Swat region. Our models’ analyses indicate that
these anticipated declines could lead to a significant loss of biodiversity, which ultimately
would decrease valuable sources of non-timber forest products and medicinal aromatic
products. Conversely, these seven species are also anticipated to maintain a distribution
closely resembling their current ones, suggesting that they could potentially be integrated
into other habitats and forests to cope with the increasing frequency of droughts caused by
climate change.

Our discoveries stress the importance of interdisciplinary investigations that consider
both the ecological and economic impacts of climate change. In this context, species
distribution models can be valuable tools, provided that they employ robust modeling
methods and effectively communicate uncertainties to decision-makers. This is especially
pertinent for regional models, which may not be suitable for projecting the environmental
suitability of a species under climatic conditions that have no historical precedent.

Practical Outcomes for Management

The outcomes of our species distribution modeling for the targeted seven endemic
species reveal three significant discoveries crucial for their conservation:

We have identified regions where the suitability of habitats for all species may decrease,
highlighting areas that are particularly susceptible to the effects of climate change.

By assessing the average likelihood of these species’ presence in locations where their
suitability diminishes, we have outlined hotspot areas suitable for most of these species.

We have recognized regions where the likelihood of occurrence intensifies for all
these endemic species, providing valuable insights for future research endeavors aimed at
conserving them in their natural habitats.
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