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The natural populations of Dactylorhiza hatagirea have been greatly affected due to incessant exploitation.
As such, studies on its population attributes together with habitat suitability and environmental factors
affecting its distribution are needed to be undertaken for its conservation in nature. Present study aimed
at accessing an impact of anthropogenic pressure on population structure and locate suitable habitats for
the conservation of this critically endangered orchid. Considerable changes in the phytosociological attri-
butes were observed on account of the changing magnitude and extent of anthropogenic threat in their
natural abode. The distribution pattern of species indicated that more than 90% of the populations exhibit
substantially aggregated spatial distribution. Maximum Entropy (MaxEnt) distribution modelling algo-
rithm was used to predict suitable habitat and potential area for its cultivation and reintroduction.
Twenty-seven occurrence records, nineteen bioclimatic variables, altitude, and slope were used.
MaxEnt map output gave the habitat suitability for this species and predicted its distribution in the
North-Western Himalayas of India for approximately 616 km2. Jackknifing indicated that maximum tem-
perature of warmest month, annual mean temperature, mean temperature of the driest quarter, and
mean temperature of the wettest quarter were the governing factors for its distribution and hence, pre-
sented a higher gain with respect to other variables. According to permutation importance, precipitation
seasonality and mean temperature of wettest quarter shows the prominent impact on the habitat distri-
bution. Results of AUC (area under curve) were statistically significant (0.940) and the line of predicted
omission falls very close to an omission on training samples, validating a better run of the model.
Response curves revealed a probable increase in the occurrence of D. hatagirea with an increase in mean
temperature of the wettest quarter and maximum temperature of the warmest month contributed more
than 50% to predicted habitat suitability. Direct field observations concurrent with predicted habitat suit-
ability and google-earth images represent greater model thresholds for successful inception of the spe-
cies. Together, the study proposes that the species can be conserved in or near its present-day natural
habitats and is equally effective in determining the possible habitats for its cultivation and
reintroduction.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction population decline in nature (Uniyal et al., 2002). The species is
The driving factors that contribute to a decline in the distribu-
tion range and abundance of plant species in nature are over-
exploitation, destruction of ecosystems, small and isolated popula-
tions, and unrestrained illegal activities (Rawat and Agarwal, 2015;
Bachman et al., 2019; Lughadha et al., 2020). These interventions
have caused almost an end to one-fifth of the plant species
(Brummitt et al., 2010) and have dragged a greater portion of
plants to different categories of threat (IUCN, 2016). Such alter-
ations create serious obstacle for conservation biologists to
develop effective strategies to address the conflicting demands
between sustaining productivity and conserving biodiversity
(Singh et al., 2017). Predicting and mapping the geographical loca-
tions and the boundaries of suitable ecological niches for the sur-
vival of a species forms a baseline in ecology and conservation as
it helps to identify critical regions that may either need conserva-
tion action or protection (Warren and Seifert, 2011). These ecolog-
ical parameters provide comprehensive details regarding
dissemination of suitable ecosystems for the reintroduction of spe-
cies and help to periodically track the growth parameters of plant
species in their natural habitats for their effective restoration and
protection (Gaston, 1996; Nazeri et al., 2010; Rodriguez-Salinas
et al., 2010; Polak and Saltz, 2011).

The use of ecological niche modelling in predicting the corners
of niche distribution for plant species recovery and reintroduction
serves as a powerful approach and plays an important role in con-
servation (Ferrier, 2002; Kumar and Stohlgren, 2009; Adhikari
et al., 2012; Sharma et al., 2018). It acts as the flourishing tech-
nique of ecological engineering to improve the populations of
reduced organisms, their destroyed niches, and ecosystems (Ren
et al., 2009; Zai et al., 2009). Recent advances in ecological niche
modelling methods offer an unparalleled opportunity to forecast
trends of species geographic distribution (Thullier et al., 2005;
Peterson et al., 2007; Lopez-Darias et al., 2008; Peterson and
Nakazawa, 2008). The ecological niche model-based predictions
have been successfully used to combine species physiological
threshold with remote sensing data and land cover to model and
forecast sites that reflect the plant species’ potential suitable habi-
tats (Byers et al., 2002; Guisan and Thuiller, 2005; Aragón et al.,
2010). The Maximum Entropy (MaxEnt) model is the most impor-
tant statistical method for ecological modelling that helps to deter-
mine suitable habitat and future distribution area of plant species
(Jaynes, 1957). It is quite a worthy database for precisely predicting
species distribution as it utilizes entropy as a metric to extrapolate
precise positions of the existence of the species. It does not require
the inclusion of absence points based on a logical basis (Peterson
and Soberon, 2012). MaxEnt modelling is favored over various sta-
tistical instruments because it only includes data on geographical
coordinates and environmental variables (Elith et al., 2011;
Phillips and Dudik, 2008) to assess the relationships between dif-
ferent variables by the use of categorical and continuous data
(Phillips et al., 2006; Fuller et al., 2012). MaxEnt combines environ-
mental variables with occurrence data, thereby generating a map
showing the possible dispersion and distribution of species with
different areas representing separate or similar suitability levels
for each species (Chen and Peterson, 2000; Morrison and Hall,
2002).

D. hatagirea is a critically endangered medicinal orchid, inhabit-
ing temperate to alpine regions at an elevation of 2500–5000 m.a.s.
l (Wani et al., 2020). Owing to its medicinal value, it has got high
importance in traditional (Ayurveda, Unani, and Siddha) as well
as modern-day systems of medicine (Popli, 2017; Wani et al.,
2020). The ever increasing demand for the species has resulted in
its over-exploitation and unlawful trading, thus leading to
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listed under Appendix II of the Convention of International Trade
in Endangered Species (Sharma et al., 2005). The study of its phy-
tosociological characters and recognition of appropriate natural
territory holds a rational stride for its conservation (cultivation
and reintroduction). Taking into account the lack of this knowl-
edge, current study is intended to identify potential habitat suit-
able areas in the North-western Himalayas of India and to
improve understanding of the environmental factors that assess
the suitability of their habitats, thus leading to better conservation
efforts. The objectives of this research were to:

1. Study the distribution of D. hatagirea in natural habitats
towards devising efficient management and conservation poli-
cies given the magnitude of threat to this high-value orchid;

2. Create an effective habitat model using Maximum Entropy
(MaxEnt) species distribution tool and presence-only data;

3. Identify the role of different environmental variables in govern-
ing habitat suitability through ecological niche model-based
analysis;

4. Undertake comprehensive field surveys to assess and associate
population status with model thresholds in projected model
niches;

5. Formulate conservation planning guidelines, identifying the
role of aboriginal people in management activities, and direct-
ing areas for further study.

The present study provides a detailed evaluation of the popula-
tion structure and habitat suitability of this globally endangered
species. The use of publicly available data on bioclimatic variables
and software in this study would make it possible for conservation
biologists and national authorities to perform repeated in-country
evaluations for effective management of this medicinal plant.
2. Materials and methods

2.1. Study area and ecological analysis

The study was undertaken in the erstwhile Jammu & Kashmir
State and present Jammu and Kashmir and Ladakh Union Territo-
ries (UTs) from May 2015 to September 2019. Random field visits
were performed and twenty-seven new populations were located
from 13 different areas between the altitudinal range of 2231
and 3525 m.a.s.l. (avg. 3065.80 SD ± 216.12). Geographical coordi-
nates, aspect, and altitude were recorded by Magellan Professional
Mobile Mapper (990603-50). Occurrence points were therefore
used as a habitat representative for D. hatagirea and subjected to
further analysis. The quadrant approach was used to collect data
on different population attributes, such as density (D), frequency
(F), abundance (A), and species distribution patterns, following
the outline of Kershaw (1973). Pearson’s correlation coefficient
analysis was performed in order to study the effect of temperature
and altitude on the distribution and numerical strength of D. hata-
girea. The species distribution pattern was determined on the basis
of abundance to frequency ratio. Value of A/F < 0.025 between
0.026–0.050 and >0.050 indicated regular, random and contiguous
type of distribution respectively (Lomonilo, 2001).

2.2. Threat assessment

Information gathering from indigenous people by framing the
questionnaire was undertaken to assess the threat to the D. hata-
girea populations. Taking all possible stress (natural and anthro-
pogenic) factors on board, a questionnaire was designed to
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gather information about the types of threats faced by D. hatagirea.
Data was gathered from 250 respondents from different areas of
the Ladakh region. Finally, the fully-filled questionnaires were ana-
lyzed and the feedback received was compiled to determine the
different types and magnitude of the threat to the species.
2.3. Ecological niche modelling

The ecological niche modelling of D. hatagirea was performed
using MaxEnt. Maximum entropy-based software, MaxEnt, esti-
mates the likelihood of distribution of a species. MaxEnt requires
the presence of environmental constraints (Phillips et al., 2006).
Geographical coordinates of study sites were recorded and sub-
jected to the modelling procedure. Nineteen environmental vari-
ables as potential predictors were considered for the ecological
niche modelling of the species. These constraints were chosen on
the basis of their biological significance for the disbursement of
plant species and other environmental modelling studies.
2.4. Modelling procedure

Information of recorded geographical coordinates of 27 study
sites was converted into degree decimal form (CSV format) for
use as input to MaxEnt. In addition to species occurrence data,
environmental data were also used as input for MaxEnt. Data of
19 bioclimatic variables that form environmental data were down-
loaded from the world climate data portal (http://www.worldclim.
org). These bioclimatic variables represent limiting environmental
factors, which include precipitation and temperature of the coldest
or hottest month and annual trends and seasonality such as precip-
itation, annual temperature range, and mean etc. (Table 1).

Freely available 30 arc-seconds resolution data was down-
loaded and used (Scheldeman and Zonneveld, 2010). ‘GRID’ is the
in-built format of these files and was converted to ‘‘ASCII” using
Arc GIS 9.3 version so that data is made compatible with MaxEnt
(Fielding and Bell, 1997). Shuttle Radar Topography Mission
(SRTM) Digital Elevation Model (DEM) data obtained from
(http://srtm.usgs.gov/index.php) was the source of elevation and
slope.
Table 1
List of different bioclimatic variables used in ecological niche modelling.

Variable Description Temporal scale

Bio 1 Annual Mean Temperature Annual
Bio 2 Mean Diurnal Range Variation
Bio 3 Isothermality Variation
Bio 4 Temperature Seasonality Variation
Bio 5 Maximum Temperature of the Warmest Month Month
Bio 6 Minimum Temperature of the Coldest Month Month
Bio 7 Temperature Annual Range Annual
Bio 8 Mean Temperature of Wettest Quarter Quarter
Bio 9 Mean Temperature of Driest Quarter Quarter
Bio 10 Mean Temperature of Warmest Quarter Quarter
Bio 11 Mean Temperature of Coldest Quarter Quarter
Bio 12 Annual Precipitation Annual
Bio 13 Precipitation of Wettest Month Month
Bio 14 Precipitation of Driest Month Month
Bio 15 Precipitation Seasonality Variation
Bio 16 Precipitation of Wettest Month Quarter
Bio 17 Precipitation of Driest Month Quarter
Bio 18 Precipitation of Warmest Quarter Quarter
Bio 19 Precipitation of Coldest Quarter Quarter

Source Hijmans et al. (2005).
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2.5. Model calibration and validation

The model run performance was checked by perforating 25
model run replicates at the 10 percent training presence threshold
rule. Model run replicates have been subjected to cross-validation
for test results. For training and test results, MaxEnt generates
Receiver Operating Curves (ROC). The area under curve (AUC) pre-
dicts the efficiency of a model (Phillips et al., 2006; Phillips and
Dudik, 2008). Therefore, greater AUC values are believed to indi-
cate good performance of the model run. AUC values above 0.75
are theoretically useful and are supposed as good predictors of
habitat suitability while AUC values <0.7 as bad descriptors
(Swets, 1988; Elith et al., 2011). Values ranging from 0.7 to 0.9
show fair predictive abilities and >0.9 act as strong descriptors.
AUC values range between 0 and 1, with 0.5 as a random
prediction.

2.6. Exploration of bioclimatic variables and their correlation

The variable contribution is measured at the training and test-
ing phases of the model, with each variable omitted in turn or used
separately giving an indicator of the ’value’ or knowledge given to
the model by each variable. In order to approximate variable value,
jackknife simulations were performed. Contributions of different
variables is rank-based in relation to the ordering of predictions;
thus the procedure was replicated 25 times using bootstrap and
the mean and range values were determined. In order to assess
the possible overall relevance of different environmental variables
for model forecasts, the average benefit from model repetitions
was compared with ’with-only’ AUC values to classify theoretically
associated variables supplying the samemodel output information.
Pearson correlation coefficients have been calculated between the
variables. Variables displaying clustering and showing correlations
>0.9 have been simplified to one variable by selecting the variable
that gives the most importance to the model output.

2.7. Population status in relation to model thresholds

Large-scale field assessments and inventories were performed
to transcend the reliability and significance of the model standards
underlying the population status of the species in each occurrence
area. Furthermore, the numerical intensity of the plant species
(density) at various locations was then measured in the distribu-
tion models with the threshold values (very high, high, medium,
and low). Populations bearing greater densities were superim-
posed with higher thresholds to approve habitat suitability for
the reintroduction of species and vice versa (Adhikari et al., 2012).

2.8. Habitat status assessment for species reintroduction

For determining the actual habitat conditions in the predicted
suitable habitats, MaxEnt generated niche suitability map was
changed to KMZ format using Diva GIS ver. 7.3 (www.diva-gis.
org) and finally overlaid on Google Earth images. Repeated field
surveys were performed on the basis of model production in the
entire estimated potential region to determine the real habitat
suitability. The approach used in assessing the suitability is shown
in Fig. 1.
3. Results

3.1. Ecological analysis

A total of 110 populations (pre and post modelling) were inven-
toried from twenty-nine different locations from the entire Jammu

http://www.worldclim.org
http://www.worldclim.org
http://srtm.usgs.gov/index.php
http://www.diva-gis.org
http://www.diva-gis.org


Fig. 1. Flow chart of the methodology applied for determining the habitat suitability of D. hatagirea.
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and Kashmir and Ladakh UTs of India. Areas that were recognized
as potentially suitable habitats were localized within an altitudinal
gradient of 2231–3525 m.a.s.l. Sankoo has the highest number of
populations (19) while Gundiyal, Dambur, Chutak, and Suktiyal
have the lowest number of populations (1 each). More than 90%
of the study areas reflect balanced population structure (better
illustration of seedlings, saplings, young and adult individuals)
and display a higher degree of regeneration. Due to grazing, tram-
pling and other anthropogenic practices (overexploitation, vandal-
ization, ecosystem fragmentation, and destruction), population
characteristics such as density and abundance are dramatically
impaired; while the frequency was least affected. Lowest density
and abundance of D. hatagirea was reported from Sangrah 2 (0.15
and 3 ind/m2) and the highest was calculated for Purtikchey 1
(16.1 and 23 ind/m2). Frequency gives the distribution of D. hata-
girea and ranged between 10% (Sangrah 1, Bihmbhat 1) and 90%
(Masjid Gao 8, Masjid Gao 3, Sankoo 14). 89.09% of populations
showed a contiguous type of dispersion which signifies the
clumped or patchy species distribution pattern. Populations
preferably show orientation in East, Southwest, and Southeast
directions and combat Northeast and Northwest directions.
Detailed results are provided in Table 2.

Altitude and temperature have a major influence on the ecolog-
ical characters of D. hatagirea. While the rise in altitude has a neg-
ative influence, the increased temperatures have a positive effect
on the population structure of D. hatagirea. Detailed findings as
shown in Table 3.

3.2. Threat assessment

Regular field visits and a questionnaire designed for the indige-
nous people were chosen in assessing the threat to D. hatagirea.
During the three-week-long evaluation process, 107 out of 250
respondents started to fill the questionnaires; however, only 73
of them were found completely filled and thus considered for anal-
ysis. Out of 73 respondents who filled the questionnaires, 35 were
elderly male (>37 years), 21 were elderly female (>37 years) and 17
were teenagers. Analysis of the questionnaire revealed that 8% of
respondents assume that the plants are being used to satisfy ther-
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apeutic requirements. They accepted that over the course of two
decades, a significant number of populations that once displayed
high abundance have decreased. Twenty-one percent of the
respondents reported that grazers and tramplers pose a serious
threat to the growth and population structure of the species as
the above-ground parts are either trimmed or trampled and under-
ground parts are either exposed or damaged. Nine percent of
respondents highlighted habitat loss and deforestation due to
unchecked anthropogenic activities (change in land-use practices
and construction of infrastructure) as a reason for the reduction
in D. hatagirea populations. Six percent of respondents proposed
ornamental values of the species as a threat to the plant, while
27.8 percent and 3.3 percent of respondents reveal a lack of farm-
ing methods and inadequate irrigation systems as a possible source
of threat to the plant. Overexploitation of the plant to feed live-
stock was a major concern among nineteen percent of the respon-
dents and a fair number of respondents (5.4%) reported ignorance
of the value of the species as a cause of threat too.

3.3. Model calibration

The omission rate and projected area is a function of the cumu-
lative threshold. The rate of omission is calculated on training pres-
ence record and test record. The cumulative threshold means that
the rate of omission should be close to the expected omission. In
Fig. 2A black line indicates predicted emission, red line indicates
the fraction of background predicted (mean area) and the blue line
indicates omission on training samples. The line of predicted omis-
sion is very close to an omission on training samples (Fig. 2A). The
mean value of AUC (area under ROC) curves obtained while devel-
oping a habitat suitability model of D. hatagireawas 0.940 i.e. close
to 1 indicating that the model performed better representing the
point of accuracy (Fig. 2B).

3.4. Potential habitat distribution map

Habitat distribution modelling was performed for D. hatagirea
in the North-Western Himalayas of Jammu and Kashmir and
Ladakh UTs of India. Occurrence points for habitat distribution



Table 2
Phytosociological attributes of D. hatagirea at North-Western Himalayas of India.

S.No. Area Altitude (m.a.s.l.) Geographical Coordinates Asp. Den. Freq. Ab. A/F D.P

1 Bihmbhat1 3099 34�25024.354�N
75�48046.500� E

N.W 0.9 10 9 0.9 Co

2 Dras 1 3107.3 34�25013.771� N
75�45003.514� E

S.E 4.1 35 11.7 0.33 Co

3 Dras 2 3103.7 34�25013.791� N
75�45003.515� E

S.E 1.4 45 3.11 0.069 Co

4 Dras 3 3113.7 34�25013.741� N
75�45003.813� E

S.W 0.45 15 3 0.02 Re

5 K.W.M 1 3232 34�08098.654� N
77�28024.820� E

N.W 0.35 10 3.5 0.122 Co

6 K.W.M 2 3213.4 34�08098.732� N
77�28024.803� E

N.W 0.85 30 2.83 0.094 Co

7 K.W.M 3 3267.2 34�08087.282� N
77�28008.101� E

E 0.45 15 3 0.02 Re

8 K.W.M 4 3249.7 34�08087.252� N
77�28008.117� E

E 1.4 55 2.54 0.046 Ra

9 Kargee 1 3207.4 34�08012.348� N
75�57011.220� E

N.E 1.15 20 5.75 0.287 Co

10 Kargee 2 3234.5 34�06019.818� N
75�57007.944� E

S.W 2.45 30 8.16 0.272 Co

11 M. Gao 1 3084.7 34�25030.750� N
75�45042.144� E

S.W 15.25 85 17.94 0.211 Co

12 M. Gao 4 3083.5 34�25030.749� N
75�45042.143� E

E 0.6 15 4 0.240 Co

13 M. Gao 2 3079.9 34�25030.757� N
75�45042.132� E

E 11.75 90 13.05 0.145 Co

14 M. Gao 3 3073.3 34�25030.768� N
75�45042.121� E

S.W 13.20 90 14.66 0.162 Co

15 Panikhar 1 2367.8 34�06044.040� N
75�57005.346� E

S.E 5.35 25 21.4 0.856 Co

16 Purkichey 1 3228.4 34�08056.574� N
75�57002.474� E

E 14.05 80 17.56 0.219 Co

17 Purtikchey 1 3261 34�05012.217� N
75�50049.260� E

E 16.1 70 23 0.795 Co

18 Sangrah 1 2990 34� 15.9910 N
75�58.530 E

N.W 0.25 10 2.5 0.25 Co

19 Sangrah 2 2982.3 34�17012.732� N
75�15011.142� E

N.E 0.15 15 3 0.2 Co

20 Sangrah 3 2977.2 34�17012.742� N
75�15011.132� E

N.E 0.45 25 1.8 0.072 Co

21 Sangrah 4 2979.8 34�17012.740� N
75�15011.135� E

S.E 0.65 35 1.85 0.053 Co

22 Sankoo 1 2979 34�17021.359� N
75�57051.887� E

S.W 2 30 10 0.33 Co

23 Sankoo 2 2981.7 34�17023.347� N
75�57050.292� E

E 5.75 45 12.77 0.28 Co

24 Sankoo3 3416 34� 16.4670 N
75�56.1920 E

E 0.45 20 2.25 0.11 Co

25 Thangbhoo 3202 34�12009.960� N
75�55056.568� E

E 9.4 80 11.75 0.146 Co

26 Nakpochu 1 3002 34�15012.144� N
75�48011.118� E

E 1.13 45 2.42 0.052 Co

27 Mulbekh 1 3021.4 34�55039.071� N
76�13049.101�E

S.W 6.43 70 9.19 0.13 Co

(*geographical coordinates from these sites were subjected to MaxEnt analysis).
Abbreviations: Asp. Aspect, Den. Density (ind/m2); Fr. Frequency (%); Ab. Abundance (ind/m2); D.P. Distribution Pattern; K.W.M. Kargil War Memorial; M.Gao. Majid Gao; Ra.
Random; Re. Regular; Co. contiguous.
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modelling were recorded between 2015 and 2019. MaxEnt model
provided information about suitable areas with the best possible
habitat for D. hatagirea. The most appropriate habitat and highest
suitability thresholds for occurrence was predicted in the areas
of Kargil, Dras, Bandipora, Sonmarg, Kishtwar and Doda districts.
Some regions of District Banihal, Doda, Kishtwar, Pulwama, Anant-
nag, Ganderbal, Kargil, and Leh were also found to provide opti-
mally suitable conditions for its distribution (Fig. 3).

Based on the observations from primary field surveys, predicted
suitable niches were mostly located in hillocks, sparse tree cover,
protected grasslands, in and around human settlement areas, road-
sides, and river banks. Degraded open forest lands, homestead gar-
dens and human settlements were classified as areas of medium to
2113
low habitat suitability. Open grasslands, scrublands, and densely
human settled areas were regions with very poor ecological suit-
ability. A total potential area of ca. 300 km2 in the East and West
of Northern Himalayas was predicted to be suitable for D. hatagirea
reintroduction. Most of the areas fall under the medium suitability
class and covers an area of 316 km2. Highly suitable areas were
restricted to about 167 km2. 108 km2 was found to be marginally
suitable while an area of low suitability was 25 km2 (Fig. 4).

3.5. Models internal jackknifing and response curves

When a variable is omitted, a slight reduction in total benefit
implies that other variables offer equivalent information, and



Table 3
Effect of altitude and temperature on density and frequency of D. hatagirea.

Correlations Altitude Density Abundance Average temp (?C)

Altitude (m.a.s.l.) Pearson Correlation 1 �0.351** �0.316** �0.526**

Sig. (2-tailed) 0.002 0.005 0.000
N 110 110 110

Density Pearson Correlation 1 0.869** 0.228*
Sig. (2-tailed) 0.000 0.046
N 110 110

Abundance Pearson Correlation 1 0.231*
Sig. (2-tailed) 0.043
N 110

**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
N = Numer of sampling units.

Fig. 2. Representation of model calibration, A: Omission Vs predicted area B: ROC (Reciever Operating Characteristic curve) with AUC (Area Under Curve).
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removal of the variable does not result in a lack of predictive out-
put. The model gain will determine the information each variable
contributes to model output, variables that provide less informa-
tion result in bad model gain and vice versa. Based on pearson’s
correlation, different bioclimatic variables that show clustering
and correlations greater than 0.75 were reduced to one variable
parameter by selecting the variable that provided maximum gain
to model performance. Variable ascii 20 provides the most infor-
mation or ’gain’ as a single variable (with only), while ascii 15
decreases the gain when omitted (without), when compared to
the model produced with all variables (Fig. 5).

Models internal jackknifing reveals that elevation provides a
significant role in governing the distribution of D. hatagirea and
accounts for 16.08% of the total model run. Annual mean temper-
ature (ascii 20), mean temperature of the wettest quarter (ascii
8), maximum temperature of the warmest month (ascii 5) and
mean temperature of driest quarter (ascii 9) were the most influen-
tial and collectively contributed for 58.75% to the MaxEnt model.
Rest of the six environmental variables account for 25% to the
niche modelling of D. hatagirea. Considering the permutation
importance, precipitation of driest quarter (ascii-18) presented
greater influence on the habitat suitability and accounts for
2114
46.5%, while rest of the environmental variables contributed to
53.5% of the total model run (Fig. 6).

MaxEnt model curves generated give the dependence of habitat
suitability on the selected variables and their correlations with dif-
ferent variables. Consequently the curves generated reveal that
increase in mean temperature of the wettest quarter and maxi-
mum temperature of warmest month results in increased probabil-
ity in an occurrence of D. hatagirea and decrease with increase in
precipitation of driest month, precipitation of driest quarter
(mm), precipitation of coldest quarter (mm) and precipitation of
wettest quarter (Fig. 7).

3.6. Population status in relation to model thresholds and
identification of areas for reintroduction

Direct field observations concurrent with model output reveal
that a greater number of populations show better habitat suitabil-
ity threshold level and fall under moderate to greater threshold
categories. From the total suitable habitats located, 40.9% of popu-
lations show lower thresholds while the remaining 59.1% of popu-
lations were designated to be moderately or highly suitable. The
major reason for lower thresholds being a serious anthropogenic



Fig. 3. MaxEnt map for habitat suitability of D. hatagirea in the North-western Himalayas of India.

Fig. 4. The area under different suitability grades for the optimal average model.
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threat received by the plant as recognized through questionnaire
analysis. Google Earth satellite imageries equally benefits to the
distribution pattern of D. hatagirea by providing similar results
generated through MaxEnt analysis. Combined efforts from post
modelling field surveys, Google Earth satellite imageries and the
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model output show that areas with high to very high habitat suit-
ability for the species were disseminated to elevations ranging
between 2800 and 3400 m.a.s.l. All these results were supported
by the phytosociological attributes of the plant species as provided
in Table 4.



Fig. 5. Jackknife evaluations result of the relative importance of predictive variables for MaxEnt model of D. hatagirea.

Fig. 6. Graphical presentation of the overall mean percentage contribution and permutation importance of altitude, slope, and bioclimatic variables towards the development
of the MaxEnt model through replicates of 25 model runs.
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4. Discussion

The ever-increasing demand for medicinal plants has led to
over-exploitation and degradation of their natural habitats. It has
resulted in reduced plant populations in native habitats that pro-
gressed to the extinction of several important plant species
(Brummitt et al., 2010; Barnosky et al., 2011). As habitat protection
and its enrichment became important towards conservation and
rehabilitation of plants, inputs of ecological sciences and biogeog-
raphy harnessed an understanding of the relationship between a
particular plant species with respect to their surrounding environ-
ment (Guisan and Zimmerman, 2000; Franklin, 2009; Barik and
Adhikari, 2011; Polak and Saltz, 2011). Remote sensing attributes
of sensing input variables such as biome, landscape or eco-region
maps, vegetation type, and the density (Turner et al., 2003;
Kushwaha, 2011) with data integration, modelling, and creation
of geospatial database using Geographic Information System
(GIS), have helped in designing strategic management policies for
their conservation (Irfan-Ullah et al., 2006).

As plants growing in diverse habitats have shown superiority
over species with narrow habitat ranges, they exhibit wider distri-
2116
bution and experience a lesser risk of extinction (Shrestha and
Bawa, 2014). From a conservation point of view, orchids face seri-
ous threat due to high medicinal values, human intrusion, habitat
loss, deforestation, degradation, and overgrazing (Pant and Raskoti,
2013; Warghat et al., 2016). Although attempts towards conserva-
tion of D. hatagirea through ecological niche modelling has been
initiated in the Himalayas of Nepal (Kunwar et al., 2020), however
prior this study such studies were lacking in the North Western
Himalayas of India. In two Union Territories (UTs; Jammu & Kash-
mir and Ladakh), D. hatagirea recorded serious threats in their nat-
ural habitats as revealed from the lower phytosociological
attributes at various populations. Direct field observations and
questionnaire analysis revealed that indiscriminate exploitation
of the species to meet medicinal needs and uncontrolled grazing
were the main reasons behind the decrease in their populations.
Though the plant bears some degree of anthropogenic disturbance,
however, the effect becomes prominent when the intensity of the
alteration increases (Schmitz and Isselstein, 2020). A drastic
decrease in the density and abundance was reported among
severely affected populations compared to their counterparts. Such
results are in accordance with the findings of Nautiyal et al., 2004;



Fig. 7. Response curves showing the effect of different bioclimatic variables on overall habitat suitability of D. hatagirea.
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Bhatt et al., 2005; Uniyal et al., 2002; Sharma et al., 2005; Hijmans
et al., 2005; Kala, 2005; Jalal and Rawat, 2009 who also reported a
significant decrease in the phytosociological attributes of D. hata-
girea on account of severe anthropogenic pressure at different loca-
tions. A significant proportion of populations (~95%) were found
exhibiting aggregated distribution patterns. In accordance with
the previously published records regarding the clumped distribu-
tion of D. hatagirea, this characteristic distribution pose a major
threat by allowing an easy collection of the plant material by
exploiters (Pillon et al., 2006).

For precisely predicting species distribution, maximum entropy
(MaxEnt) represents a standard model (Phillips et al., 2006). Anal-
ysis and confirmation are the two ways through which the accom-
plishment of an ecological model can be achieved. Whether or not
the given results adept through the model are accurate requires to
be put to a test in the course of time. Therefore, an analysis of the
threshold binomial test (omission/commission rate) based on
omission and predicted area was carried out (Phillips and Dudik,
2008). A poor model has AUC near to 0; an area of 1 represents a
perfect test; an area of 0.5 represents that the model has no class
separation capacity whatsoever or the model is close to random
and is a poor indicator (Swets, 1988). From the given model it is
revealed that lines of omission from the training data are almost
near to predicted omission and AUC value in case of training is
0.94 which is close to 1 and this points towards our model
accuracy.

Direct field studies concurrent with the models internal jack-
knifing reveal constrained allocation of D. hatagirea to specific ele-
vations. Such findings indicate near endemism of D. hatagirea to
the Himalayan region. The use of bioclimatic variables through
MaxEnt describes the role of environmental factors in determining
habitat appropriateness of the species (Warren and Seifert, 2011;
Ma and Sun, 2018). The greater contribution of ascii 20, ascii 5,
ascii 8 and, ascii 9 among different bioclimatic variables show a
vital role played by these factors in defining habitat suitability
for D. hatagirea. Most importantly ascii 9 which contributed more
to the habitat suitability is mainly associated with peak flowering
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and fruiting of D. hatagirea. This indicates that modelling through
MaxEnt can act as a powerful and informative tool that can be used
to determine the borders of the potential habitat of the species
(Cao and Tang, 2014; Yi et al., 2016). Despite the fact that certain
areas were predicted to be highly suitable for the habitat of this
plant, timely field observations revealed different anthropogenic
disturbances (trampling and grazing) as a driving force for the pop-
ulation degradation. Based on these interpretations, we can under-
take that population structure of a species in unruffled niches
within their local range could be affirmed via model output, i.e.
locales accommodating larger population size be estimated as
exemplars with a raised threshold level and vice versa (Adhikari
et al., 2012; Adhikari et al., 2019).

ENM results strongly suggest it as a valuable tool for efficient
in situ conservation by identifying the areas that contain patches
of D. hatagirea populations. MaxEnt predicted that certain regions
such as Kishtwar, Bandipora, Ganderbal, and Anantnag of Jammu
and Kashmir can provide possible suitable habitat for the conserva-
tion of this species provided that adequate measures are taken to
protect the habitat. The strong relationship between model thresh-
olds and population size depicts the importance of ecological niche
modelling in population studies. For the conservation of D. hata-
girea, those areas that are depicted by MaxEnt output will not only
help in the reintroduction of Dactylorhiza in areas where the spe-
cies had existed before but also in enriching the species popula-
tions and improving its conservation status. Such results enable
natural resource managers and conversation biologists in the effi-
cient conservation and management of threatened taxa, including
D. hatagirea, and conserving its overall genetic diversity in these
regions.

5. Implications for conservation, community engagement, and
future research

Phytosociological analysis based on field inventories facilitates
improved characterization and efficient interpretation of the suit-
ability of the environment while forecasting and plotting possible



Table 4
Phytosociological attributes of D. hatagirea in North-western Himalayas of India.

S.No Area Altitude (m.a.s.l.) Geographical Coordinates Asp. Den. Fre. Ab. A/F D.P

1 Bihmbhat 2 3099 34�25024.354� N
75�48049.475� E

N.W 0.9 10 9 0.9 Co

2 Bihmbhat 3 2995 34�25021.221� N
75�48046.321� E

S.W 8.4 80 11.75 0.146 Co

3 Bihmbhat 4 3071 34�25021.424� N
75�48049.500� E

S.W 14.05 80 17.56 0.219 Co

4 Bihmbhat 5 2885 34�25024.309� N
75�48046.321� E

N.W 2.4 28 6.85 0.195 Co

5 Chiktan 1 3198 34�45079.071�N
76�51095.109�E

E 13.03 73 17.56 0.219 Co

6 Chiktan 2 3109.7 34�45079.221�N
76�51095.089�E

N.E 0.9 20 4.5 0.22 Co

7 Chiktan 3 3071.7 34�45079.239�N
76�51095.119�E

S.W 9.86 66 13.2 0.2 Co

8 Chuka 1 2985.9 34�17023.724� N
75�57050.796� E

S.W 14.06 75 19.18 0.261 Co

9 Chuka 2 3051 34�17022.634� N
75�57052.656� E

N.E 5.5 50 11 0.22 Co

10 Chukiyal 1 3090.6 34�25026.703� N
75�50020.376� E

N.E 1.3 30 4.33 0.144 Co

11 Chukiyal 2 2994 34�25026.753� N
75�50020.196� E

E 4.26 73.3 5.81 0.079 Co

12 Chukiyal 3 3106 34�25025.474� N
75�50020.866� E

S.W 0.76 56.6 1.35 0.023 Re

13 Chutak 2231 34�30023.316� N
76�06048.180� E

S.W 1.3 60 2.16 0.036 Ra

14 Dambur 2970 34�17022.038� N
75�57052.008� E

N.W 2.73 35 8.2 0.246 Co

15 Damsna 1 3196.9 34�10019.458� N
75�54055.818� E

N.W 2.4 35 6.85 0.195 Co

16 Damsana 2 3209 34�10019.474� N
75�54055.898� E

N.E 0.65 15 4.33 0.088 Co

17 Damsana 3 2967 34�10020.221� N
75�54056.286� E

S.E 8.1 80 10.12 0.126 Co

18 Dras 4 3087.5 34�25013.823� N
75�45003.397� E

E 1.55 40 3.87 0.096 Co

19 Dras 5 3121 34�25004.157� N
75�45003.215� E

N.W 0.8 30 2.66 0.08 Co

20 Dras 6 3127.7 34�25002.573� N
75�45093.197� E

N.W 2.35 50 4.7 0.1 Co

21 Garamthang1 2799.8 34�28027.558� N
76�50083.574� E

S.W 6.7 65 10.30 0.158 Co

22 Garamthang2 2865.7 34�28027.578� N
76�50083.539� E

S.W 8.46 70 12.09 0.172 Co

23 Gundiyal 2992 34�25045.336� N
75�49022.170� E

S.W 5.7 60 9.5 0.158 Co

24 K.W.M 5 3237.4 34�08098.608� N
77�28024.831� E

S.E 0.65 20 3.25 0.162 Co

25 K.W.M 6 3243.8 34�08098.571� N
77�28024.851� E

N.E 1.05 45 2.33 0.051 Co

26 K.W.M 7 3243.3 34�08088.117� N
77�28007.223� E

N.E 2.2 45 4.88 0.108 Co

27 K.W.M 8 3247.3 34�08088.110� N
77�28007.213� E

S.E 0.65 15 4.33 0.088 Co

28 Kargee 3 3183.7 34�08012.388� N
75�57011.272� E

S.W 1.15 20 5.75 0.287 Co

29 Kargee 4 3234.5 34�06019.824� N
75�57007.795� E

N.E 2.45 30 8.16 0.272 Co

30 Lamuchan 1 2809.1 34�25043.938� N
75�47034.788�E

N.W 3.9 70 5.57 0.079 Co

31 Lamuchan 2 3070 34�25042.908� N
75�47034.749� E

N.W 7.1 70 10.14 0.144 Co

32 Lamuchan 3 3051 34�25042.944� N
75�47034.818� E

N.W 0.9 20 4.5 0.22 Co

33 M. Gao 5 3086.4 34�25030.747� N
75�45042.147� E

S.W 8.1 80 10.12 0.126 Co

34 M. Gao 6 3085 34�25030.748� N
75�45042.145� E

N.E 1.35 55 2.45 0.044 Co

35 M. Gao 7 3097.4 34�25030.617� N
75�45042.235� E

N.E 0.95 15 6.33 0.422 Co

36 M. Gao 8 3079.9 34�25030.617� N
75�45042.132� E

N.E 1.65 90 1.83 0.020 Re

37 M. Gao 9 3061 34�25030.775� N
75�45042.108� E

N.W 0.45 15 3 0.2 Ra
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Table 4 (continued)

S.No Area Altitude (m.a.s.l.) Geographical Coordinates Asp. Den. Fre. Ab. A/F D.P

38 M. Gao 10 3063.4 34�25030.771� N
75�45042.111� E

N.W 0.35 25 7 1.4 Co

39 Maita taisru 3253 34�07030.366� N
75�55053.670� E

E 6.35 55 11.45 0.209 Co

40 Manji 1 2755 34�29004.118� N
76�06012.918� E

N.E 1.3 50 2.6 0.052 Co

41 Manji 2 2766.9 34�29006.204� N
76�06014.514� E

N.W 1.5 40 3.75 0.093 Co

42 Mulbekh 2 2975 34�55039.169� N
76�13049.251�E

S.W 11.96 83.3 14.36 0.172 Co

43 Mulbekh 3 3005.1 34�55039.178�N
76�13049.237�E

S.W 1.15 20 5.75 0.287 Co

44 Nakpochu 2 2998 34�15012.239� N
75�48011.095� E

E 8.4 70 12.04 0.172 Co

45 Nakpochu 3 3091 34�15013.479� N
75�48011.981� E

N.E 0.93 56.6 1.55 0.027 Ra

46 Nakpochu 4 3107 34�15013.321� N
75�48011.671� E

N.E 0.45 20 2.25 0.11 Co

47 Panikhar 2 2769 34�07008.442� N
75�57006.254� E

S.W 15.1 83 18.12 0.218 Co

48 Panikhar 3 2909 34�07008.318� N
75�57006.025� E

S.W 4.1 45 9.11 0.202 Co

49 Panikhar 4 2837 34�07006.829� N
75�57007.294� E

N.W 5.06 50 10.13 0.020 Re

50 Panikhar 5 2739 34�07008.312� N
75�57006.626� E

N.W 0.43 20 2.16 0.108 Co

51 Purkichey 2 2954.5 34�08059.189� N
75�57004.719� E

S.W 5.45 70 7.76 0.11 Co

52 Purkichey 3 3127.9 34�08056.973� N
75�57002.254� E

S.W 14.05 80 17.56 0.219 Co

53 Purtikchey 2 3039 34�05012.217� N
75�50049.260� E

S.E 16.1 45 35.77 0.795 Co

54 Ragdum 1 2911 34� 17.2390 N
75�58.1810 E

N.E 1.9 30 6.33 0.211 Co

55 Ragdum 2 3951 33� 016.480 N
75�57.9270 E

N.E 2.2 55 4 0.072 Co

56 Sangrah 5 2986.7 34�17012.725� N
75�15011.149� E

N.W 0.65 35 1.85 0.053 Co

57 Sangrah 6 2976.9 34�17012.741� N
75�15011.135� E

N.W 0.45 20 2.25 0.112 Co

58 Sangrah 7 2976 34�17012.744� N
75�15011.130� E

N.W 0.35 35 1 0.028 Ra

59 Sankoo 4 2973.3 34�17023.364� N
75�57050.274� E

S.E 5.35 75 7.13 0.095 Co

60 Sankoo 5 3443 34� 16.830 N
75�56.5040 E

S.W 0.75 15 5 0.33 Co

61 Sankoo 6 3525 34� 16.6330 N
75�56.7540 E

S.W 4 75 11.42 0.326 Co

62 Sankoo 7 3034 34� 17.0110 N
75�57.2270 E

S.W 2.25 80 2.81 0.035 Ra

63 Sankoo 8 3034 34� 17.1680 N
75�57.2270 E

S.E 4.25 60 7.08 0.118 Co

64 Sankoo 9 2996 34� 17.1680 N
75�57.5410 E

N.E 3 60 5 0.083 Co

65 Sankoo 10 2974 34� 17.3530 N
75�57.7290 E

N.E 2.45 45 5.44 0.120 Co

66 Sankoo 11 2961 34� 17.3810 N
75�57.9840 E

N.E 1.75 15 11.66 0.77 Co

67 Sankoo 12 2948 34� 17.3870 N
75�57.9980 E

N.W 3 50 6 0.12 Co

68 Sankoo 13 3018 34� 16.9580 N
75�57.8210 E

N.W 5.5 85 6.47 0.076 Co

69 Sankoo 14 3044 34� 16.7270 N
75�57.8180 E

N.W 9.25 90 9.25 0.092 Co

70 Sankoo 15 2971.4 34�17023.373� N
75�57050.265� E

S.E 4.1 45 9.11 0.202 Co

71 Sankoo 16 2979.4 34�17023.351� N
75�57050.287� E

S.E 10.65 75 14.2 0.189 Co

72 Sankoo 17 2977 34�17023.354� N
75�57050.281� E

S.W 1.35 55 2.45 0.044 Ra

73 Sankoo18 2980 34�17021.354� N
75�57051.900� E

S.W 1 20 5 0.25 Co

74 Sankoo 19 2982 34�17021.344� N
75�57051.345� E

S.W 1.75 50 7.5 0.15 Co

75 Suktiyal 3124 34�25046.680� N E 1.3 50 2.6 0.052 Co

(continued on next page)
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Table 4 (continued)

S.No Area Altitude (m.a.s.l.) Geographical Coordinates Asp. Den. Fre. Ab. A/F D.P

75�45036.006� E
76 Thangbhoo 2 3107 34�12009.960� N

75�55056.568� E
E 9.4 80 11.75 0.146 Co

77 Thangbhoo 3 3252 34�07006.716� N
75�52051.168� E

N.E 5.2 55 9.45 0.171 Co

78 Thasgam 3011.8 34�17019.974� N
75�58005.580� E

N.W 5.93 65 8.9 0.133 Co

79 Wakha 1 2754.4 34�22024.265� N
76�23013.474� E

S.E 1.3 60 2.16 0.036 Ra

80 Wakha 2 2698 34�22024.321� N
76�23013.531� E

S.E 2 30 10 0.33 Co

81 Wakha 3 2781.8 34�22024.298� N
76�23013.289� E

S.W 5.75 45 12.77 0.28 Co

82 Maita Taisru1 3109.3 34� 07030.3660N
75� 55053.6700E

E 2.45 40 5.5 0.11 Co

83 Maita Taisru 2 3209 34� 07030.4760N
75� 55053.7830E

E 9.4 80 11.75 0.146 Co

(* sites explored after MaxEnt and google earth superimposing).
Abbreviations: Asp: Aspect, Den: Density (ind/m2), Fre: Frequency (%), Ab: Abundance (ind/m2), DP: Distribution pattern.
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suitable habitats for this highly valuable and critically endangered
species. This study offers valuable guidance in determining areas
for undertaking future field studies, choosing reserves, and direct-
ing decisions on its environmental management. Based on the eco-
logical analysis, the major factors that threaten the persistence of
D. hatagirea are an uncontrolled anthropogenic disturbance. Addi-
tionally status of other unreported populations thriving in inacces-
sible areas as well as expansion of land conversion to agriculture
there, a periodical revisit to population viability analysis needs to
be a priority area in the future. Minimizing the magnitude and
extent of all possible threats in natural habitat might be one of
the basic strategies for preserving species that have got a high risk
of extinction. The focus needs to be upon reduction of biotic pres-
sure rehabilitation, an establishment of protected area network,
with appropriate management practices, corridors to link frag-
ments to restore degraded habitats. Promotion of ex-situ propaga-
tion in controlled environments such as natural habitats, botanic
gardens and other conservation facilities could greatly aid in
increasing the recovery rate of this important medicinal herb. Pro-
tecting populations in their natural habitat and restoring ecosys-
tems require the participation of community, non-government
organizations (NGO’s), educational, research institutions, and dif-
ferent government agencies. The establishment of bio-banks and
cryo-conservation plants for the collection and preservation of
specimens and genetic material can also be considered as potential
ex-situ strategy for long term survival of the species. To reintroduce
ex-situ raised plant material in natural habitats ecological niche
modelling using occurrence records and multiple climatic variables
is going to be extremely helpful. Moreover, to predict habitat loss
due to climate change or land transfer, future use of this modelling
approach should consider extrapolating habitat suitability under
varying climatic conditions and integrating fine-scale mapping.
Use of advanced biotechnological applications, such as high
throughput genotyping and gene sequencing, metabolomics,
Metagenomics, and transcriptomics should be preferred so that it
allows genetic characterization of the plant which may lead to
the taxonomic and evolutive characterization of this plant. Bioin-
formatics coupled with the above mentioned biotechnological
tools allows to interpret and practice genotyping information and
to accomplish bio-bank archives.
6. Conclusions

Current study defines the application of ecological niche mod-
elling and population attributes in pointing out the areas that sup-
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port D. hatagirea using sophisticated spatial resolution data,
occurrence points, and environmental variables. This study pro-
vides the first predicted potential habitat distribution map for this
species in North-west Himalaya of India which can assist in explor-
ing new populations and developing better land-use regulation
near their natural territories and for developing suitable conserva-
tion strategies for this species.
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