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Abstract

We provide new information on Yunnan snub-nosed monkey (Rhinopithecus bieti) behavioral ecology, contributing to
future conservation efforts within the Laojun Mountain National Park. Habitat evaluation procedures are used to quantify
the value of land as a habitat for a species. We analyzed environmental variables hypothesized to influence habitat
suitability for Yun nan snub-nosed monkeys, and mapped the distribution of suitable habitats across the study area and
adjacent areas. Spatial analysis with GPS data was conducted to investigate home-range change of these monkeys. Predictor
variables were generated using ArcMap and R programming language. We prepared 34 environmental variables at 30-m
spatial resolution. Maxent was used to analyze environmental variables that contributed to suitability. Using satellite
remote sensing and GIS, we modeled the distribution of suitable habitat for Yunnan snub-nosed monkeys in the Jinsichang
area of the Laojun Mountains in China. This study did not describe the frequency or intensity of habitat use. Habitat
suitability was affected by several variables, the most influential, as determined by permutation importance, being mean
diurnal temperature range (31.6%), precipitation during the wettest quarter of the year (30.4%), average annual
precipitation (17%), normalized difference vegetation index (5%), wetness (4.6%), and aspect (4.5%). This habitat suitability
model provides information about the current distribution of Yunnan snub-nosed monkeys, which is important for
appropriate implementation of conservation actions.

Keywords Yunnan snub-nosed monkeys - Species distribution modeling - Habitat suitability - Conservation

Introduction

Yunnan snub-nosed monkeys (Rhinopithecus bieti) are endemic to the People’s Republic of China (hereafter, China) and are
distributed throughout northwestern Yunnan Province, China and southeastern Tibet (Fig. 1). They are confined to a narrow
habitat in the Yun Range between the Yangtze River to the east and the Mekong River to the west, with a population of ~
2000 individuals (Ren 2009; Liedigk et al. 2012). Yunnan snub-nosed monkeys are one of the most endangered Old World
primates (Long and Kirkpatrick 1994), and their habitat is restricted to elevations between 3000 and 4000 m and areas
dominated by alpine, temper- ate forests (Long et al. 1995). Yunnan snub-nosed monkeys have been studied across the Yun
Range in areas such as the Baima Snow Mountains, Lasha Mountains, and Yunlong Mountains. Collectively, these regions
have approximately 100-300 individuals (Cui et al. 2006; Huang et al. 2012; Li et al. 2003). Laojun Mountain National Park
(NP), which is located within the Yun Range, is estimated to have approximately 150-200 individuals, but this area has not
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been well studied. Laojun Mountain NP is a complex landscape with undulating terrain, deep gorges, sheer peaks, and
diverse flora and fauna (Li et al. 2009).

As an endangered species on the IUCN Red List, Yunnan snub-nosed monkeys (also called black snub-nosed monkeys by the
IUCN) face major threats from hunting and habitat loss (Bleisch and Richardson 2008). Their dispersal has been limited by
the Mekong, Salween, and Yangtze Rivers since at least the early Miocene (Liu et al. 2009; Liedigk et al. 2012; Ma et al.
2014). These landscape features created natural habitat fragmentation that has been exacerbated by more recent
anthropogenic disturbances such as poaching, logging, livestock grazing, and collection of forest products for subsistence (Li
et al. 2009; Bleisch and Richardson 2008; Hallet and Molnar 2001). The outlook for Yunnan snub-nosed monkeys is not very
optimistic in view of the anthropogenic interference and natural features of the land- scape they inhabit (Jablonski 1998;
Wu 1993; Li et al. 2009). These factors also make tracking and data collection on this species difficult.

From 2004 to present, The Nature Conservancy (TNC) in China has led increased research efforts to create more effective
conservation strategies for Yunnan snub-nosed monkeys. Increased knowledge of the species’ behavioral ecology and
ranging patterns is central to this effort. On- the-ground efforts in Laojun Mountain NP have contributed a large amount of
data on the presence of monkeys in the region and some information on the extent of anthropogenic disturbance.

Species distribution models (SDMs), usually based on statistical models, facilitate inferences about species and habitat
distributions across many spatial and temporal scales (Franklin 2009; Fourcade et al. 2014). SDMs have recently become
increasingly popular among researchers for evaluating relationships between species and their environments across a
variety of scales and geographic areas (Cayuela et al. 2009). These models use species occurrence and environmental
variables to derive spatially explicit predictions of distributions or habitat suitability (Franklin 2009), and to inform and
execute conservation strategies (Hernandez et al. 2006).

In our study, we used SDMs to gain insight into the influence of extreme environmental conditions (e.g., low temperatures
and high altitudes) on the presence of Yunnan snub- nosed monkeys in Laojun Mountain NP. The use of extreme
environments by Yunnan snub-nosed monkeys has been documented, but detailed information remains sparse. For
example, Kirkpatrick et al. (1998) and Long and Kirkpatrick (1994) suggested that these monkeys are found at high altitudes
(3000-4300 m) because of the presence of lichens, a key food resource. It was also noted that Yunnan snub-nosed monkeys
prefer areas where they can access direct sunlight for warmth (Xiang et al. 2007; Gittins 1982). Additionally, Liu and Zhao
(2004) documented the use of mild east- and southeast-facing slopes for protection from strong winds. We aimed to
present a relatively comprehensive habitat suitability map of Yunnan snub-nosed monkeys in Laojun Mountain in a more
systematic and quantitative way.

In this study, we analyzed environmental variables hypothesized to influence habitat suitability (for example, higher
elevations, steep slopes, warm temperatures, low moisture, and high sun exposure, shelter from strong wind) and mapped
the distribution of suitable habitat across the study area and adjacent regions. We recorded both direct and indirect
evidence of Yunnan snub-nose monkey presence. To evaluate how the spatial distribution of biophysical variables relates to
the species’ distribution in our study site, we analyzed these data together with medium-resolution remote sensing data
and SDMs. To test our hypotheses on habitat suitability, we used Maxent to construct SDMs to identify environmental and
anthropogenic variables that have the greatest influence on the monkeys. A predictive SDM could help improve the design
and execution of a conservation plan for Yunnan snub-nosed monkeys (Hernandez et al. 2006).

Methods
Study site

The Jinsichang study area is located within Laojun Mountain NP, approximately 80 km northwest of Lijiang, China. The
Laojun Mountains within the NP are an upland karst formation that spans over 1085 km2 and are part of the Three Parallel
Rivers World Heritage Site (Huadong 2013; Policy Research Office 2006). Laojun Mountain NP is a biodiversity hotspot, with
more than 1800 widely distributed bio- logical species, including 51 nationally rare and endangered species (Fang et al.
2004; Wu 2006; Li et al. 2007; ROPGYP 2010), and constitutes an important portion of the distribution range of Yunnan
snub-nosed monkeys (Long and Kirkpatrick 1994). Laojun Mountain NP is a temperate region with pronounced seasonality
(Grueter et al. 2009). The rainyseason lasts from early summer to early autumn, with the most intense rainfall occurring
between the end of July and the middle of August. Snow usually covers the ground from November to April.

The Jinsichang (26°53'N, 99°37'E) study area is the main territory for a band consisting of multiple unit groups of free-
ranging Yunnan snub-nosed monkeys in Laojun Mountain NP (Fig. 2), which covers approximately 320 km2 of rich natural
resources and primeval forest. The altitude within the study area ranges from 2800 to 4000 m. The four main forest types
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along this altitude gradient are: (1) dark coniferous forest between 3300 and 3900 m; (2) mixed coniferous and broad leaf
forest between 3200 and 3300 m; (3) deciduous broad leaf forest between 3000 and 3200 m; and (4) azaleas and patches of
dense bamboo (Fargesia spp.) forest between 2800 and 3600 m. The most common trees are firs (Abies spp.), larches (Larix
potaninii var. macrocarpa), and azaleas (Rhododendron spp.), with some interspersed evergreen oaks (Quercus spp.),
Chinese cherries (Betula alnoides), and sorbus trees (Sorbus spp.) (Yang 2000). Of these forest types, the Laojun Mountains
are mostly composed of cold temperate coniferous forests dominated by Abies georgei and Rhododendron rubiginosum var.
ptilostylum (Li et al. 2010); however, vegetation does vary with elevation.

Presence data collection

We collected 891 occurrence records from on-the-ground field work. We used continuous data from 2010 to 2014 and
some fragmented data in 2016 and 2017. Monkeys were tracked daily and data were recorded opportunistically using
handheld global positioning system (GPS) devices and camera traps (Fig. 3). Free-ranging Yunnan snub-nosed monkeys are
difficult to observe in Jinsichang due to the rugged terrain and because the monkeys are unhabituated to human observers.
Occurrence data therefore included direct observations as well as indirect indicators of presence, including feces, feeding
remains, and other traces found during on-the-ground surveys. Because absence data were not recorded, this study
assessed habitat suitability based on direct and indirect observations (i.e., occurrences) and a suite of environmental
variables. This study does not describe the frequency nor intensity of habitat use.

We used spatial filtering to account for potential bias in data collection. Using R, a grid (30-m resolution) was placed over a
map of the study site. One occurrence point from each grid cell was randomly selected and retained for modeling; this
reduced the occurrence points used in the final model to 664.

Predictor variables

Predictor (environmental) variables were generated using ArcMap 10.5 (ESRI 2011) and R. We initially prepared 34
environmental variables at 30-m spatial resolution. We selected predictor variables based on previous studies that
addressed primate habitat suitability (Cayuela et al. 2009; Fitzgerald et al. 2018; Graham et al. 2011; Reiss et al. 2011; Théry
2001; Zhang et al. 2012) and to best address the hypothesized factors that influence Yunnan snub-nose monkey behavior.
Climate variables (n = 19) were downloaded from the WorldClim database and resampled to 30-m spatial resolution
(WorldClim-Global Climate Data 2018). In Arc- Map, the Geomorphometry and Gradient Metrics Toolbox (Baig et al. 2014;
Evans et al. 2014) was used to calculate variables that describe landscape structure (n = 11) based on a digital elevation
model from The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER). Vegetation-specific variables
(n = 4) were calculated from a Landsat 8 satellite image acquired on 13 December 2016. For details on each variable, refer
to Table 1.

To reduce the effect of collinearity, we examined the correlation between predictor variables using Pearson’s product
moment correlation (r). One variable from each pair of highly correlated variables (|r| > 0.70) was eliminated from the
analyses. After accounting for correlation, the original suite of variables (n = 34) was reduced to 13.

Modeling approach

Previous research conducted on rare species has shown that a limited amount of data on species presence can be used to
create SDMs if these occurrences are relatively unbiased (Hernandez et al. 2006; Pearson et al. 2007). Maxent 3.3.3 was
used to model habitat suitability for Yunnan snub-nosed monkeys (Elith 2000; Phillips et al. 2004). Maxent is a pro- gram
that facilitates SDM construction and estimates the probability of organismal presence (i.e., habitat suitability) given the
interaction between user-defined predictor variables and organismal presence data (Elith et al. 2006; Yesson et al. 2012).
Maxent performs well with presence-only data and frequently outperforms other SDM methods (Fourcade et al. 2014). The
model was initially restricted to the study area but then projected into adjacent areas within Laojun Mountain NP to better
estimate the extent of suitable habitat in the region. For the final model, including this projection, the area under the
receiver-operating curve (AUC) was used to evaluate predictive performance. The AUC value measured the probability that
a location known to be suitable for monkeys (recorded occurrences) was ranked higher than a randomly chosen background
location (Davis and Goadrich 2006). AUC values range from 0 to 1; a value of 0.5 indicates random prediction and 1 indicates
perfect predictive performance. Values over 0.70 are considered ecologically relevant (Fitzgerald et al., 2018; Araujo et al.
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2005; Pearce and Ferrier 2000; Swets 1988). The results reveal a best-fit model that classifies locations according to habitat
suitability. The model was replicated ten times to obtain a model average and standard deviation.

Results

Habitat suitability model

The final model was ecologically relevant, with an average AUC of 0.751 and standard deviation of 0.015. Figure 4 is a map
that shows the distribution of suitable habitat for Yunnan snub-nosed monkeys in the Jinsichang study area and adjacent
regions. The variables were ranked according to their influence on habitat suitability (i.e., permutation importance), as
shown in Table 2. The top five variables were mean diurnal temperature range (31.6%), precipitation in the wettest quarter
(30.4%), annual precipitation (17%), normalized difference vegetation index (NDVI) (5%), wet- ness (4.6%), and aspect
(4.5%).

Environmental variable response curves

The response curves for each of the top six environmental variables represent how habitat suitability (or probability of
monkey presence) changes in response to changes in the environmental variables used in the model. To create these curves,
each environmental variable was varied while keeping all others at their average sample value.

The environmental variable that contributed most to habitat suitability was mean diurnal temperature range (Fig. 5), which
measures daily temperature fluctuation (O’Donnell and Ignizio 2012). Mean diurnal temperature range initially had a
positive relationship with habitat suitability, which steadily increased with mean diurnal temperature ranges from 8.9 to
9.5 °C. After peaking at around 9.5 °C, habitat suitability showed a steep decrease as mean diurnal temperature range
continued to increase.

The second most important variable was precipitation during the wettest 3 months of the year (Fig. 6). Habitat suit- ability
was highest between 383 to 393 ml of precipitation. Next, annual precipitation showed peaks in habitat suitability between
840 and 855 ml (Fig. 7). Unlike the sharp rise in suitability seen at lower precipitation values, a gradual decrease occurred as
annual precipitation increased beyond approximately 853 ml.

NDVI, a measure of greenness or photosynthetically active vegetation, was the next most important environmental variable
(Fig. 8). The relationship between NDVI and habitat suitability was bimodal. The first peak in suitability occurred at low NDVI
values, with a second peak occurring in the upper range of NDVI values. It should be noted that the standard deviation at
low NDVI values was much greater than at higher values.

Similar to some of the other environmental variables dis- cussed above, there was a unimodal relationship between

habitat suitability and wetness, or soil moisture content, which was the next most important variable in the model. There
was an initial spike and peak in habitat suitability at wetness values near 0; then, as wetness increased, habitat suitability
continuously dropped (Fig. 9).

The final variable of interest here is aspect, which is the direction in which a slope faces. Aspect can be divided into four
compass directions based on the primary, cardinal directions: north (315° to 360° and 0° to 45°), east (45°

to 135°), south (135° to 225°), and west (225° to 315°) (Fig. 10). Using these quadrants, the response curve for aspect
showed that habitat suitability was highest for north- facing slopes and lowest for east- to southeast-facing slopes.

Discussion

In this study, the aim was to use SDM to provide information about the current distribution of Yunnan snub-nosed monkeys
that can assist with the conservation of this endangered species. The results indicated that habitat suitability was influenced
by several environmental variables. The most influential were mean diurnal temperature range (31.6%), precipitation during
the wettest quarter of the year (30.4%), average annual precipitation (17%), normalized difference vegetation index (5%),
wetness (4.6%), and aspect (4.5%).

It has been over a century since Grinnell (1917) described local factors that potentially affect species’ distributions, including
food, vegetation, soil, breeding, climate, refuge sites, inter-specific interactions, and individual preferences. Until recently,
however, our understanding and collection of relevant data remained temporally and spatially limited. With the
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introduction of and subsequent advances in remote sensing and geographic information systems (GIS), scientists can obtain
a wide variety of spatial and temporal data to better understand species distributions and the environmental factors that
affect these distributions at multiple scales (Hirzel and Le Lay 2008; Grinnell 1917). In parallel with these technological
advances and increases in publicly avail- able data, there has been a surge in the use of predictive modeling (e.g., habitat
suitability modeling or species distribution modeling) to understand past, current, and future outlooks for species (Hirzel et
al. 2006; Hirzel and Le Lay 2008). The predictive performances of several modeling techniques have been extensively
examined to identify the optimum ways to map species distributions under different constraints (Brotons et al. 2004; Hirzel
et al. 2006; Ferraz et al. 2012).

Using satellite remote sensing and GIS, we modeled the distribution of suitable habitat for Yunnan snub-nosed monkeys in
the Jinsichang area of the Laojun Mountains in China. In addition, we examined some environmental variables hypothesized
to influence habitat suitability. Species distribution modeling provides information on the distribution of suitable habitat for
species of interest, important for the effective implementation of conservation strategies (Cayuela et al. 2009; Ferraz et al.
2012; Fourcade et al. 2014). In this study, the final model of habitat suitability was ecologically useful, with an average
model fit of 0.751. The variables that contributed most to habitat suitability were mean diurnal temperature range,
precipitation during the wettest quarter of the year, average annual precipitation, NDVI, wetness, and aspect. Our final
model is a spatially explicit representation of habitat suitability for Yunnan snub-nosed monkeys that can easily be visualized
and dis- cussed with conservation practitioners that work in Laojun Mountain NP. For example, practitioners on the ground
may realize that there are areas identified as highly suitable in the final model, but that these areas are actually devoid of
Yun- nan snub-nosed monkeys. This may result in refocusing or changing research and conservation efforts to better under-
stand such areas and the reasons monkey are absent. Conversely, there may be highly suitable areas where species data are
lacking or completely absent. We hope our model can be used to direct future research and efforts to widen our
understanding of this species’ range and distribution.

Of the top six variables that had the greatest influence on habitat suitability, mean diurnal temperature range ranked
highest. Mean diurnal temperature range is a measure of temperature fluctuation. Laojun Mountain NP is a highly seasonal
temperate area with clear differences between summer and winter (Baoping et al. 2009; Liu and Zhao 2004; Tsuji et al.
2013). Based on our observations and research by Xiao et al. (2003), snow usually covers the ground from November to
April, (up to 6 months) which may contribute to a large diurnal temperature range and few monkey occurrences above 3800
m. Habitat suitability was highest in areas where daily temperature fluctuated between only 9 °C and 9.5 °C throughout the
year; beyond this, habitat suitability dropped rapidly. This finding indicates that Yun- nan snub-nosed monkeys may have a
specific tolerance range for temperature fluctuations that plays a significant role in shaping their distribution.

The second most important variable was total precipitation during the wettest 3 months of the year. The rainy sea- son in
Laojun Mountain NP lasts from July to early October. The most intense rainfall usually occurs between the end of July and
the middle of August, when downpours can last several days; heavy rain and snow can impede monkey group movements
and influence their ranging patterns (Baoping et al. 2009; Liu and Zhao 2004). Yunnan snub-nosed monkeys prefer areas
with precipitation between 390 and 395 ml during the wettest months of the year, suggesting a specific tolerance or
preference for places that receive moderate precipitation. This pattern was also seen in the next most important
environmental variable—total annual precipitation. Although annual precipitation and precipitation of the wettest quarter
are different measures, they both showed that these monkeys prefer moderate precipitation levels.

Additionally, the amount of photosynthetically active green vegetation (NDVI) in an area strongly influenced habitat
suitability. The NDVI response curve was bimodal, indicating that Yunnan snub-nosed monkeys preferred areas with
relatively low and high amounts of green vegetation, respectively. The monkeys are therefore selecting areas with specific
vegetation types.

Yunnan snub-nosed monkeys are semi-arboreal, large- bodied, and more terrestrial than most other colobines (Long and
Kirkpatrick 1994). They have been observed spending approximately 80.5% of their time in trees and 19.5% of their time on
the ground (Ren et al. 2000; Li 2007). Areas with lush green vegetation appeared to be preferred for feeding and resting
(pers. obs.). For example, Prunus conadenia, Sorbus spp., Acanthopanax evodiaefolius, and Padus brach- ypoda, all
imported food resources (Li et al. 2011), are found in high NDVI areas. In contrast, areas with lower amounts of green
vegetation possibly provided easier travel routes and food resources that met different nutritional needs of the monkeys.
For example, many of the mountain ridges—part of the Danxia landform, where vegetation cover is generally very sparse—
are natural corridors for monkeys to travel along (pers. obs.). Therefore, NDVI is an important index that provides insight
into the behavioral ecology of these monkeys.

Wetness is a measure of soil moisture content that we predicted would influence Yunnan snub-nosed monkey behavior and
ranging. In the study area, regions with low soil moisture content (i.e., low wetness values), such as mountain slopes and
ridges, yielded high habitat suitability for Yun- nan snub-nosed monkeys. Previous studies revealed that the monkeys
preferred sunlit and warmer areas (Gittins 1982). Valley bottoms and areas near rivers, with high soil moisture content or
wetness values, tend to receive less sunlight (pers. obs.), and therefore may also be less preferred by the monkeys. Even
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though valleys are potential sources of drinking water for monkeys, this is rarely observed. The monkeys may have other
means to obtain water, such as eating snow (Matsuzawa 2017).

Finally, aspect—the direction that a slope faces—also played a large role in determining habitat suitability, with north-facing
slopes having the highest suitability. Aspect plays a role in how much solar radiation and rain a slope receives. Both of these
factors influence the composition and structure of the vegetation. For example, if prevailing winds travel east to west across
a mountainous region, west-facing leeward slopes will experience a rain shadow effect in which rain is mostly deposited on
the east-facing slopes (Tian et al. 2001; Bhner and Antoni¢ 2009). The Yun Range runs north—south in northwestern
Yunnan, between the Lancang River (Mekong) to the west and the Jinsha River (Yangtze) to the east. As a part of Yun Range,
Laojun Mountain NP is affected by annual southwest monsoons from the Indian Ocean Bay of Bengal (Zhang 1998). These
monsoons cause a rain shadow effect on most north-facing leeward slopes. Based on this observation, Usnea longissima
and Bryora himalayana (lichen species), which represent 50.6% of the annual diet (Li et al. 2000) of Yunnan snub-nosed
monkeys, grow vigorously on the leeward slopes. Moreover, the monkeys avoid strong wind, choosing mid-slope areas and
areas in the shadow of ridges that provide protection from strong winds (Liu and Zhao 2004). Our results further confirm
that Yunnan snub-nosed monkeys prefer areas that provide protection from intense winds and rains, such as north-facing,
leeward slopes in Laojun Mountain NP.

The Yunnan snub-nosed monkey population is gradually increasing, but this monkey is still listed as endangered.

A previous population study estimated that there is a sufficiently high ecological capacity in Laojun Mountain NP for these
monkeys to survive and thrive (Li et al. 2009). This species forms highly cohesive groups based on multiple one-male units,
and large groups require an area large enough to meet their nutritional requirements. Thus, habitat fragmentation and
reduction may have strongly detrimental effects. Fragmentation by both natural terrain features and human activity may be
an important determinant of regional species richness (Kirkpatrick et al. 1998; Dias and Strier 2003). Moreover, with
increasing development of the local economy, ecotourism and ever-expanding anthropogenic activities may aggravate
fragmentation. We recommend urgent consideration of the following:

(1) strengthening protection and management of all areas with high habitat suitability, (2) promoting connectivity between
suitable habitat patches, and (3) continuing surveillance and analyses for more robust conservation- related decision-
making.

In conclusion, our analyses have limitations that should be addressed in future studies. One limitation of our study is the
lack of data on anthropogenic activities in Laojun Mountain NP. Although we collected data on activities such as grazing,
logging, poaching, and forest product collection, we did not do so systematically throughout the park. Thus, it is possible
that anthropogenic activities influence snub-nosed monkey ranging and behavior, but our study was not able to factor such
variables into the model. Future studies should investigate this further. Additionally, distribution of food resources is an
environmental variable that we did not include, because previously data were not collected systematically throughout the
study area (see Li et al. 2009; Yang 2000). Future studies can improve upon our model with greater consideration of food
resource-related variables, incorporation of information on anthropogenic activity, and overall larger data sets.
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Fig. 1 Free-ranging Yunnan snub-nosed monkey at Laojun Mountain National Park
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Fig. 5 Response curve plot generated by Maxent that shows the dependence of predicted habitat suitability on mean diurnal range. The curve
shows the mean response of the ten replicate Maxent runs (red) and the standard deviation (blue)
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Fig. 6 Response curve plot generated by Maxent that shows the dependence of predicted habitat suitability on precipitation in the wettest
quarter. The curve shows the mean response of the ten replicate Maxent runs (red) and the standard deviation (blue)
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shows the mean response of the ten replicate Maxent runs (red) and the standard deviation (blue)
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Fig. 8 Response curve plot generated by Maxent that shows the dependence of predicted habitat suitability on normalized difference
vegetation index. The curve shows the mean response of the ten replicate Maxent runs (red) and the standard deviation (blue)
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Fig. 9 Response curve plot generated by Maxent that shows the dependence of predicted habitat suitability on wetness. The curve shows the
mean response of the ten replicate Maxent runs (red) and the standard deviation (blue)
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Fig. 10 Response curve plot generated by Maxent that shows the dependence of predicted habitat suitability on aspect. The curve shows the
mean response of the ten replicate Maxent runs (red) and the standard deviation (blue)
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Table 1 Environmental variables examined for habitat suitability modeling of Yunnan snub-nosed monkeys in Laojun Mountain NP

Environmental variables Source Description

Elevation® ASTGTM2 Height above sea level

Slope* ASTGIM2 Degree of rise/run

Aspect* ASTGTM2 Direction a slope faces

Integrated moisture index* ASTGIM2 Estimate of soil moisture based on topography

Roughness ASTGTM2 Surface roughness

Relief* ASTGTM2 Rugosity

Surface exposure index* ASTGTM2 Exposure of an area based on surrounding topography

Heat load index* ASTGTM2 Measure of how much heat an area receives based on slope steepness
and aspect

Curvature ASTGTM2 Index of concavity/convexity

Compound topographic index* ASTGIM2 Steady-state wetness index

Slope position index ASTGTM2 Slope position

NDVI* Landsat 8 Index of photosynthetically active vegetation

TC Brightness Landsat 8 Measure of soil

TC Greenness Landsat § Measure of vegetation

TC Wetness* Landsat 8 Interrelationship of soil and canopy moisture

Biol—Annunal mean temp

Bio2—Mean diurnal range*
Bio3—Isothermality

Bio4—Temp seasonality

Bio5—Max temp of warmest month
Bio6—Min temp of coldest month

Bio7—Temp annual range
Bio&—Mean temp of wettest quarter

Bio%—Mean temp of driest quarter
Biol0—Mean temp of warmest quarter
Bioll—Mean temp of coldest quarter

Biol2—Annual precip*

Biol3—Precip of wettest month
Biol4—Precip of driest month

Biol5—Precip seasonality

Biol6—Precip of wettest quarter®
Biol7—Precip of driest quarter
Biol8—Precip of warmest quarter

Biol9—Precip of coldest quarter

WorldClim—Bioclim variables
‘WorldClim—Bioclim variables

‘WorldClim—Bioclim variables

WorldClim—Bioclim variables

WorldClim—Bioclim variables

WorldClim—Bioclim variables

WorldClim—Bioclim variables
‘WorldClim—Bioclim variables

WorldClim—Bioclim variables

‘WorldClim—Bioclim variables

WorldClim—Bioclim variables

WorldClim—Bioclim variables
‘WorldClim—Bioclim variables

WorldClim—Bioclim variables

‘WorldClim—Bioclim variables

WorldClim—Bioclim variables

WorldClim—Bioclim variables

‘WorldClim—Bioclim variables

WorldClim—Bioclim variables

The annual mean temperature

The mean of the monthly temperature ranges (monthly maximum
minus monthly minimum)

Isothermality quantifies how large the day-to-night temperatures oscil-
late relative to the summer- to-winter (annual) oscillations

The amount of temperature variation over a given period based on the
ratio of the standard deviation of the monthly mean temperatures to
the mean monthly temperature

The maximum monthly temperature occurrence over a given year
(time-series) or averaged span of years (normal)

The minimum monthly temperature occurrence over a given year
(time-series) or averaged span of years {normal)

A measure of temperature variation over a given period

This quarterly index approximates mean temperatures that prevail dur-
ing the wettest season

This quarterly index approximates mean temperatures that prevail
during the driest quarter

This quarterly index approximates mean temperatures that prevail dur-
ing the warmest quarter

This quarterly index approximates mean temperatures that prevail dur-
ing the coldest quarter

This is the sum of all total monthly precipitation values

This index identifies the total precipitation that prevails during the
wettest month

This index identifies the total precipitation that prevails during the
driest month

This index is the ratio of the standard deviation of the monthly total
precipitation to the mean monthly total precipitation (also known as
the coefficient of variation) and is expressed as a percentage

This quarterly index approximates total precipitation that prevails dur-
ing the wettest quarter

This quarterly index approximates total precipitation that prevails dur-
ing the driest quarter

This quarterly index approximates total precipitation that prevails dur-
ing the warmest quarter

This quarterly index approximates total precipitation that prevails dur-
ing the coldest quarter

Variables used in the model are marked with asterisks
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Table 2 Permutation importance of the 13 environmental variables used for habitat suitability modeling

Variable Permutation
importance

Mean diurnal range 31.6

Precipitation in wettest quarter 30.4

Annual precipitation 17

NDVI 5

Wetness 4.6

Aspect 4.5

HLI 2.9

SEI 1.8

Elevation 0.6

Relief 0.6

Slope 0.5

CTI 0.3

IMI 0.2






