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Abstract 

Introduction: Climate change and land-use (intensity) change are factors that force 

biological organisms to change their geographical distributions. These two global 

drivers, both alone and in combination, have a large impact on the geographical 

distribution of species. Explaining current distributions and predicting species’ future 

distributions are principal activities of biogeography, but very few such studies have 

been undertaken in the Himalayan region. This is despite climate change being more 

rapid in the Himalaya than the global average. Additionally, significant out-migration (to 

urban areas and/or abroad) and a change from pastoralism to tourism as the main 

livelihood in the mountains of Nepal have caused a drastic reduction in grazing pressure 

from domestic animals. 

Objectives: This thesis aims (i) to evaluate the spatial dynamics of a species – Abies 

spectabilis – at its upper species limit in response to recent warming and reduced land-

use intensity in the central Himalayan mountains; (ii) to investigate species potential 

responses to climate change under future projected warming (a case study of three 

Rhododendron sister taxa) and evaluate their climatically potential current and future 

distribution as well as distributional overlaps; and (iii) to investigate climatic niche 

similarity between parapatrically disjunct subspecies of Macaca assamensis (Assamese 

macaque) and whether their climatically potential distribution areas with current and 

future climate overlap or not .  

Methodology: To evaluate the spatial dynamics of species in current climate, an 

empirical study was carried out in the alpine treeline ecotone of the central Himalayan 

region (Paper I). The potential response of species to future projected climate was 

analysed based on predicted distributions from species distribution model (SDMs). The 

SDMs were fitted on binomial presence vs pseudo-absence and presence vs background 

data against associated bioclimatic variables using the Random Forest algorithm. The 

potential distributions were predicted for the current and future projected climate (Paper 

II). In a third case study (Paper III), the bioclimatic niche similarity between Macaca 

assamensis ssp. pelops and M. assamensis ssp. assamensis was tested with a multivariate 

analysis of variance. The potential distributions of both subspecies based on bioclimatic 
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variables under current and future climate were predicted using Random Forest and 

MaxEnt algorithms. Their overlap was analysed with Ecological Niche Modelling Tools 

(ENMTools) software.   

Main results: The upper species limit of Abies spectabilis is moving towards higher 

elevation, i.e. towards a cooler climate, in a backdrop of recent climate change and 

reduced land-use intensity (Paper I). The advancement of the leading edge can be 

interpreted as an attempt to remain within their climatic niche. The potential response 

under future projected warming for Rhododendron sister taxa is species-specific (Paper 

II). Rhododendron lowndesii, a species from a dry region of Nepal may not move to 

higher elevations, while predictions suggest that R. cowanianum may shift its leading 

edge along with its optimum and R. lepidotum may shift its whole range along with its 

optimum to track their climatic niches. The distribution models predicted higher overlaps 

of climatically suitable areas between Rhododendron sister taxa in the future compared 

to current modelled distributional overlaps.  

The closely related parapatrically disjunct Macaca assamensis ssp. pelops and M. 

assamensis ssp. assamensis have rather different climatic niches, but with some overlap 

(Paper III). In geographical space, however, the subspecies are separated by a 

zoogeographic barrier – the river Brahmaputra. The modelled current potential 

geographical distributions are smaller than the predicted climatically suitable areas in the 

future, but it is uncertain whether the species will disperse and whether biotic 

interactions will allow them to occupy these areas in the future. In the projected future 

climate, they will lose some of their current potential geographic space and some new 

geographic space may become available for them. 

Conclusions: Species responses to climate change are species-specific. Species maintain 

their spatial dynamics to remain within their climatic niches. Closely related sister taxa 

do not necessarily have similar climatic niches.  

Key words: Climate change, Himalaya, MaxEnt, Niche, Random Forest, Spatial 

dynamics, Species distribution modelling 
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Introduction 

The distribution pattern of species has intrigued ecologists for a long time. It was first 

documented as early as the late 18th century by Alexander von Humboldt. A species’ 

geographic distribution range and abundance are primarily determined by its 

physiological response to climate, particularly temperature (Latreille, 1819; cited by 

Davis et al., 1998a). If climate was the only determinant of species distribution, 

species would have always been in equilibrium with their geographic distribution; 

such a scenario is not supported by empirical evidence (Vetaas, 2002; Svenning & 

Skov, 2004; Araújo & Pearson, 2005; Pearson et al., 2006). The disequilibrium is 

because of different biotic and abiotic factors such as species interactions (Speed et 

al., 2012), dispersal limitation/capability (Araújo & Pearson, 2005), species history 

(Svenning & Skov, 2004), and land-use (Goring & Williams, 2017; Miller & McGill, 

2017). These factors prohibit species from occupying the whole of their suitable 

climatic ranges in geographic space (i.e. potential geography).    

A major concern of current biogeography is the impact of contemporary 

environmental changes on species range dynamics. Empirical studies from different 

parts of the world have reported range and/or optimum shifts for many plant and 

animal species (Parmesan & Yohe, 2003; Chen et al., 2011; Crimmins et al., 2011; 

Telwala et al., 2013; Morueta-Holme et al., 2015). Different scholars (Parmesan & 

Yohe, 2003; Chen et al., 2011; Morueta-Holme et al., 2015) suggest that the ongoing 

climate change is one of the important drivers of these geographical range and/or 

optimum shifts of species. However, the causal link to climate change may be 

masked by disturbances like grazing (Speed et al., 2012) and land-use change 

(Gehrig-Fasel et al., 2007; Goring & Williams, 2017; Miller & McGill, 2017). 

The effects on species range shift due to interactions between land-use and climate 

change is classified into three types by Goring and Williams (2017). These are the 

‘compounding effect’ (both acting in the same direction), the ‘confounding effect’ 

(both act together but affects only some parts of the environmental range) and the 

‘counteracting effect’ (climate change and land-use change act in opposite 
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directions). The effects produced by the interaction of land-use and climate change 

may be synergistic (greater when combined than the sum of both), antagonistic (less 

when combined than the effect of each) or additive (equal to the sum of both) (Oliver 

& Morecroft, 2014). These effects can result in species range or optimum shifts in 

latitude or elevation in three different ways, namely ‘march’, ‘lean’ and ‘crash’ 

(Breshears et al., 2008). ‘March’ is defined as a range shift with a retracting tailing 

edge, advancing leading edge and shifting optimum along the environmental gradient. 

‘Lean’ is defined as a shift of only the optimum while remaining within the upper and 

lower range of the gradient. ‘Crash’ is described as a decline in population with stable 

edges and an optimum within the environmental gradient. 

Species response to climate change is pronounced in the mountains as they have 

diverse climates within a short span of vertical distance (Beniston, 2003). This allows 

species to track their climate niche relatively easily compared to species in flat 

terrains (Loarie et al., 2009). However, it does not guarantee their survival in the 

future if precipitation and temperature variables develop new interactions leading to 

the development of a novel climate (Williams et al., 2007)  or if species fail to remain 

within their niche due to dispersal limitation with a shifted climatic space  (Thuiller et 

al., 2005).  

Studies show that species have an individualistic response to environmental change, 

and hence a species-specific rate of shift (Gleason, 1926; Parmesan & Yohe, 2003; 

Chen et al., 2011). The species shift in response to climate change is also not 

unidirectional. Typically, species are found to move pole-wards in latitude and 

upwards in elevation (Parmesan & Yohe, 2003; Lenoir et al., 2010; Chen et al., 

2011), however, some species shift downhill in the mountains (Crimmins et al., 2011; 

Qiu, 2015) or sometimes do not shift at all (Lenoir et al., 2010; Grytnes et al., 2014). 

Such differing rates and directions of species shift may produce new species 

assemblages in the future (Williams & Jackson, 2007).  

Future climate is projected to be warmer than now. Past climatic records show that 

the global mean surface air temperature has increased by 0.74°C during the last 



 
 

3 
 

century (IPCC, 2007), and the rate of warming between 1998 and 2012 was 0.05°C 

per decade (Stocker et al., 2014). This indicates that the most extreme future 

prediction (Representative Concentration Pathway (RCP) 8.5) may be a realistic 

scenario in the near future. The RCP8.5 projects the average surface temperature to 

be between 2.6°C to 4.8°C warmer by 2081 to 2100 compared to the 1986 to 2005 

baseline (Collins et al., 2013). If that happens, compared to current species shifts, the 

range and/or optimum shifts of species may become common; otherwise, species may 

lose their optimum climatic niche space. In the latter case, consequences can be 

unprecedented.  

Studies on species responses to climate change in the Himalayan region are rare. In 

recent years, a few studies have documented the response of species to climate 

change (e.g. Valley, 2003; Telwala et al., 2013; Shrestha et al., 2014; Chhetri & 

Cairns, 2015; Bhatta & Vetaas, 2016; Gaire et al., 2017) and a few have been carried 

out on the analysis of species distributions in the current climate and future projected 

climate (e.g. Gajurel et al., 2014; Shrestha & Bawa, 2014; Kandel et al., 2015; 

Schickhoff et al., 2016; Bobrowski & Schickhoff, 2017). Given that the Himalayan 

region remains largely unexplored, how its species will respond to climate change is a 

notable knowledge gap. This thesis will contribute to our understanding about species 

responses to contemporary climate change as well as projected future warming. The 

findings of the study will be helpful in designing proactive conservation policies in 

the face of projected warming in the region. This synthesis compiles three different 

case studies based on empirical and species distribution modelling from different 

geographic and temporal scales.   

Objectives  

This thesis aims to widen our understanding of the dynamics of species spatial 

distributions in response to climatic changes so that they remain within their climatic 

niche. The spatial changes include the vertical shift of species in the mountains and 

horizontal shift in their distribution. The specific objectives are:  
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1. Recent global warming has raised the average surface temperature in the 

Himalayan region (Shrestha et al., 1999; Shrestha et al., 2012; Pachauri et al., 

2014), causing isotherms to move towards higher elevations in the mountains. 

The geographic areas that were once beyond the temperature limit of species 

are now within the range of species. Provided there are no other hindrances, 

species may shift their range towards higher elevations to stay within their 

temperature niche. This study will assess the change in upper species limit in 

the mountains of the central Himalaya.  

2. The recent climate change and projected warming in the future may instigate 

novel climate in the Himalayan region (Williams et al., 2007). In this context, 

this study will investigate how species may respond to such climate change by 

assessing the likely responses of closely related sister taxa and evaluate 

overlaps of their climatically potential distribution areas in current and future 

climate.  

3. Closely related sister taxa (e.g. subspecies) are expected to have a higher 

degree of similarity in their niches (Losos, 2008), whereas geographically 

segregated (disjunct) species may have less similar niches (Garcia-Ramos et 

al., 2000). This study aims to investigate the climatic niche overlap between 

parapatrically (non-overlapping distribution with geographical contact lacking 

interbreeding (Bull, 1991; Gutiérrez et al., 2014)) disjunct subspecies and 

whether their climatic niche and climatically suitable geographical areas under 

current and future climate will overlap or not.  
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Conceptual framework  

Species’ niche 

Species are characterised by living within a limited range (maximum and minimum) 

of an environmental gradient and are most abundant in a particular environment 

(optimum) (Whittaker, 1967). In the absence of any biotic (negative) interaction and 

migration barrier, species may occupy the whole range of the environmental gradient. 

Different environmental variables that are ecologically sensible to the species define 

a hyper-volume known as the ‘fundamental niche’ that supports the indefinite 

survival of the species. In reality, however, species tend to utilise only a portion of 

their fundamental niche, which is known as the ‘realised niche’ (Figure 1) 

(Hutchinson, 1957). The realised niche is smaller than the fundamental niche because 

of biotic (negative) interactions (e.g. competition), abiotic factors (e.g. nutrients, 

disturbances, land use) and dispersal limitation (e.g. migration accessibility) 

(Hutchinson, 1957; Soberón & Arroyo-Peña, 2017).  

The biogeography of species is illustrated in relation to three components; namely 

Biotic interactions, Abiotic factors and Migration accessibility (BAM diagram detail 

in Soberón & Peterson, 2005; Soberón & Nakamura, 2009). Species occupy 

geographic space that is abiotically (climate, soil, nutrients etc.) suitable, where biotic 

interactions (mutualism, competition, parasitism etc.) allow them to maintain non-

zero positive growth rates and they are able to disperse, also known as realised 

distribution (Chase & Leibold, 2003; Sax et al., 2013). Geographic spaces that are 

suitable with respect to biotic and abiotic factors, but are limited by dispersal, will not 

be occupied by species even though the environmental space is part of the 

fundamental niche of the species (Soberón & Peterson, 2005; Soberón & Nakamura, 

2009); this is also referred to as an ‘empty niche’ (Elton, 1958). 

The concept of ‘empty niche’ (Elton, 1958) is debated because niche is a property of 

species and defined by keeping species at the centre, hence there is no space for the 

empty niche (MacMahon et al., 1981; Chase & Leibold, 2003). When a species is 

introduced to a new location, it fills a new (but not empty) niche (Herbold & Moyle, 
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1986). For example, ex-situ conservation of Rhododendron that is outside their 

realised niche has been termed a ‘potential niche’ (Jackson & Overpeck, 2000; 

Vetaas, 2002). Jackson and Overpeck (2000) also discuss that if any area where a 

species becomes extirpated (i.e. locally extinct due to natural or anthropogenic 

causes), it becomes a potential niche of the species rather than an empty niche. 

 

Occasionally, species are found in areas that do not support an intrinsic positive 

growth rate, but allow the survival of a portion of life, known as the ‘tolerance niche’ 

(Figure 1) (Sax et al., 2013) or ‘sink’ habitat (James et al., 1984; Pulliam, 1988). 

These areas are outside the fundamental niche as they do not support the indefinite 

survival of species (Holt & Gaines, 1992; Chase & Leibold, 2003). Occupancy of 

those geographic spaces of tolerance niche or sink habitat is supported by a regular 

migration of individuals from a nearby source population (Pulliam, 1988; Holt, 

1996). However, the sink remains a sink (Holt, 1996) because species niches are 

conserved over time (Wiens & Graham, 2005).  

Species tend to retain their fundamental niche over time, known as  ecological niche 

conservatism (Wiens & Graham, 2005). Although disagreement persists about the 

existence of ecological niche conservatism (Franklin, 2010), evidence of niche 

conservatism has been reported by different scholars (Peterson et al., 1999; Ackerly, 

2003; Romdal et al., 2013; Anacker & Strauss, 2014). Wiens and Graham (2005) 

Figure 1: Illustration of different 

concepts of niche. The realised 

niche is a subset of the fundamental 

niche (Hutchinson, 1957) and the 

tolerance niche is at the periphery 

of the fundamental niche (Sax et 

al., 2013).  
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suggest it is better to concentrate on what the implications of ecological niche 

conservatism are instead of its existence or not. It seems that the existence of niche 

conservatism is more widely accepted as the use of species distribution modelling 

increases, as niche conservatism is a fundamental assumption of species distribution 

models for the prediction of species distributions across space and time.  

Box 1: Glossary  

Empty niche: a set of existing environmental conditions which can support indefinite 

survival of species provided a species arrives there 

Fundamental niche: n-dimensional environmental space where species survive 

indefinitely in the absence of species interactions with the environment and between 

species 

Potential niche: The intersection between realised environmental space and 

fundamental niche, which is larger than the realised niche and a subset of the 

fundamental niche 

Realised niche: a subset of the fundamental niche constrained by different 

interactions between species and interactions of species with the environment  

Sink: a set of environmental conditions occupied by species, but it does not support 

self-sustaining populations of species, hence it is outside the fundamental niche of the 

species 

Tolerance niche: a set of environmental conditions where individuals of species can 

survive for some of their life but the establishment of a self-sustaining population is 

precluded. It is at the periphery of the fundamental niche. Equivalent to a sink.   

 

Spatial dynamics of species in an anthropogenic landscape 

Land-use has transformed a huge portion of the Earth’s surface by converting natural 

landscapes with human development (Foley et al., 2005). Land-use change has been 

reported to be one of the most influential factors of change in species realised 

environmental range, abundance and richness, and it is projected to be the most 
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important factor in this century (Sala et al., 2000; MEA, 2005). It has direct and 

indirect impacts on species distribution. For instance, land-use has a direct impact on 

species range, tree line and optima shift (Speed et al., 2012; Goring & Williams, 

2017; Miller & McGill, 2017; Vitali et al., 2018) and, indirectly, land-cover change 

affects local and regional climate (Kalnay & Cai, 2003) which ultimately affects the 

species in the landscape.  

Land-use change is a disturbance, but a partial removal of dominant species may 

allow more species to occupy a geographic space. The immediate impacts of land use 

are mostly at a local scale. It can constrict the ‘realised geographic distribution’ of 

species prohibiting them from occupying the full range of their ‘potential geographic 

distribution’, such as range contraction of snub-nosed monkey in China (Zhao et al., 

2018). The release of existing land-use pressure can facilitate a range expansion of 

species (Gehrig-Fasel et al., 2007; Vitali et al., 2018). Often, land use such as grazing 

can mask the effect of climate change (Speed et al., 2012) and sometimes the 

confounded effects of land use and climate change on the dynamics of species range 

make it hard to disentangle which factor is dominant.  

Spatial dynamics of species with climate change  

Habitat change and loss are the most important factors to impact species distribution, 

with climate change being important too. Climate change is predicted to continue to 

be prominent in the twenty first century (Sala et al., 2000; MEA, 2005). Climate 

change has been reported as being responsible for range and optima shifts of both 

plant and animal species from different parts of world (Parmesan & Yohe, 2003; Root 

et al., 2003; Chen et al., 2011; Pauli et al., 2012). The predominant shift in response 

to climate change is towards higher elevation or higher latitude, however, about one 

fourth of species are ‘going against the flow’ (Lenoir et al., 2010 and citation 

therein). Lenoir et al. (2010) suggest this shift against the expected direction is 

possibly due to changes in other aspects of the climatic variables besides mean 

temperature, such as precipitation regime or seasonal climatic parameters. It is 

manifest as a downward shift of species in response to water availability (Crimmins 

et al., 2011; Bhatta et al., 2018).  
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The dynamics of species distributions in response to climate change occur at a broad 

geographical scale (i.e. regional and global scale) compared to land-use change that is 

(mostly) local in geographic space. Species in mountains have an advantage over flat 

terrain species when climate changes because the speed of spatial climate change is 

slower in the mountains (Loarie et al., 2009) and species may only need to shift a 

short vertical distance to track their climatic niche space. Mountain species that have 

limited or no geographic space to go beyond the top of the mountain, will face 

geographic range contraction with their tailing edge or lower margin shifting towards 

higher elevations in a warming climate (Colwell et al., 2008). The shift towards 

higher elevation or latitude may not always be distinctly due to climate change, but 

can also result from changes in habitat type, atmospheric carbon dioxide and nitrogen 

concentrations, and land use as well as species traits (Lenoir et al., 2008; Forister et 

al., 2010; Grytnes et al., 2014).   

Species distribution models  

It is long known that a species geographic distribution is (cor)related to different 

bioclimatic variables and ecological processes (Grinnell, 1917; Elton, 1927; Odum & 

Odum, 1953; Hutchinson, 1957). Delineation of species geographic ranges has 

always been a challenge, particularly when species are generalist and widely 

distributed. It is a time- and resource-consuming process. Spatial prediction of 

species distributions is growing with the development of different statistical and 

machine-learning algorithms along with computer power (Johnson, 1980; Miller, 

1986; Austin et al., 1990; Austin & Meyers, 1996; Stockwell, 1999; Breiman, 2001; 

Drew & Perera, 2011; Phillips et al., 2017). There are a number of statistical and 

machine-learning methods each with slightly different applications (detail in Franklin 

et al., 2009; Araújo & Peterson, 2012) under the general term of ‘species distribution 

modelling’ that predict the range or distribution in geographic space of a species 

(SDM; Franklin, 2010). Guisan et al. (2017), however, suggest that ‘habitat 

suitability modelling’ is a better term to use. 
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Regardless of their names and the variety of algorithms and applications, SDMs are 

rooted into ecological gradient analysis, niche theory, remote sensing and 

geographical information science/system (Hutchinson, 1957; Whittaker, 1960; 

Whittaker et al., 1973; Franklin, 1995). SDMs are (mostly) correlative models that 

use environmental and/or geographic information to explain observed patterns of 

species occurrences (Elith & Graham, 2009; Franklin et al., 2009). Being a 

correlative approach, SDMs do not take account of causality or mechanisms 

underlying the way species have become distributed (Franklin, 2010). Franklin et al. 

(2009) suggest evaluating the ‘ecological realism’ of the models for consistency with 

ecological knowledge of limiting factors and species response curves of variables 

because the data rarely represent the ‘true species niche’.  

SDMs are useful tools to aid the understanding of abiotic and biotic environmental 

relationships with species for ecological inference based on observation, and to test 

ecological/biogeographical hypotheses about species distributions and ranges 

(Franklin et al., 2009). In ecology, SDMs are being used to model species responses 

to environmental variables, species niche evaluation, niche overlap analysis between 

species (Nakazawa et al., 2010), phylogenetic niche conservatism (Losos, 2008), 

discovery of new populations (Feria et al., 2002) and conservation planning 

(Williams et al., 2005; Araújo et al., 2011). SMDs are also applied to predict species 

distributions across geographic space and time (Thuiller et al., 2005; Randin et al., 

2006; Villemant et al., 2011), although their relative success when transferred across 

time is debatable (Araújo & Rahbek, 2006).  

Environmental space vs geographic space  

Species are distributed in environmental as well as geographic space (Hutchinson’s 

duality), and there are differences between them (Stockwell, 2006; Colwell & Rangel, 

2009). The distribution of species in geographic space may be discrete over a large 

area; however, their environmental space may be fairly compact within an 

environmental gradient (Stockwell, 2006). Every location in geographic space has a 

point in environmental space while a point in environmental space may have more 



 
 

11 
 

than one location in geographic space (Peterson et al., 2011) or none at the present 

time  (Jackson & Overpeck, 2000). 

Ecological niche models and species distribution models are constructed with 

environmental variables associated with species occurrences in true geographic space 

(Figure 2). The environmental niche space constructed from the realised distribution 

of species represents the realised niche of the species, which is a portion of the 

fundamental niche (Austin et al., 1990). Distribution models describe a species 

realised niche and associated realised distribution in geographic space, rather than 

fundamental niche (Franklin, 1995; Guisan & Zimmermann, 2000; Iverson et al., 

2017). It is because the fundamental niche is defined by the species’ physiological 

responses across the full range of the environmental gradient, whilst the 

environmental conditions represented for the species may not be limited to the area of 

interest (Peterson & Soberón, 2012) unless they are endemic to that particular 

locality. When an area of interest is smaller than the geographical space occupied by 

the species, it may not cover the whole realised (and fundamental) niche of the 

species (Austin & Smith, 1990; Franklin, 1995; Guisan & Zimmermann, 2000). Such 

a situation may have a negative consequence for model prediction (Raes, 2012) when 

extrapolated to a new environmental space. 
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Implications of niche concept in SDMs 

SDMs are correlatively fitted with environmental information from true occurrence 

records from geographic space. It implies that SDMs are fitted from the realised 

distribution of species, hence they do not represent the complete fundamental niche 

of species (Franklin, 1995; Guisan & Zimmermann, 2000; Iverson et al., 2017). 

Neither do they represent the true realised niche of species because they are fitted 

with limited (mostly climate only) environmental variables and they lack biotic 

interactions and other range-constraining variables (Jiménez‐Valverde et al., 2008). 

This kind of distribution model mostly predicts larger environmental space, i.e. 

‘potential niche’ (Jackson & Overpeck, 2000), as well as geographic space compared 

to the realised ones. The predicted geographic space may contain new localities 

which the species may potentially occupy if they overcome any dispersal limitations 

and/or negative biotic interactions. If the models are trained with occurrences from 

sink habitats, the results will be misleading as the models will over predict the species 

ecological niche as well as its distribution in geographic space by including similar 

sinks as potential areas for the species.  
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Methodology 

This thesis contains two different approaches, one is empirical based and the other is 

model based. The studies were conducted across three different geographic extents 

(Figure 3). It is hard to detect small spatial changes in response to niche variables 

such as temperature at a broad spatial extent; moreover, it takes many resources and 

much time to carry out field studies to detect spatial changes across broad 

geographical space. In such contexts, modelling techniques based on secondary data 

(e.g. published, museums and herbaria databases) are a more efficient approach. To 

detect spatial changes at a fine spatial scale, high-resolution data are required for 

modelling and empirical studies are needed.  

Geographic scale and temporal scale 

This thesis was carried out at three geographic scales: micro-level (Paper I), meso-

level (Paper II) and macro-level (Paper III) (Barnes et al., 1998). Similarly, the 

temporal scale of the thesis was current time (Papers I, II and III) and future time 

(average of 2061 to 2080) (Papers II and III).  

Study area  

The empirical study was carried out by sampling in two protected areas of Nepal 

(Paper I) and the model-based studies were carried out at the geographic extents of 

within Nepal (Paper II) and the regional level of southern-eastern Asia (Paper III) 

(Figure 3).  

Micro-level (in Paper I): The first case study was carried out in two protected areas, 

Manslu Conservation Area (MCA) and Gaurishankar Conservation Area (GCA) in 

Nepal (Figure 3). Three transects in areas of reduced land-use intensity (land use does 

not change in the area but the intensity of the land use is reduced compared to the 

past) were placed in the MCA and one transect as a control with no or negligible land 

use was sampled from GCA. All transects sampled the treeline ecotone in the 

subalpine region.  
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Meso-level (in Paper II): The area above 900 m above sea level (a.s.l.) within Nepal 

was considered as the study area in the second case study (Figure 3). It includes the 

lower temperate, upper temperate, subalpine and alpine bioclimatic zones in Nepal.  

 

 

Figure 3: Study area showing the three levels of geographic extent of the three case studies. 

In Paper I (micro-level), three transects were surveyed in Manslu Conservation Area (MCA) 

and one transect in Gaurishankar Conservation Area (GCA); in Paper II (meso-level), the 

area above 900 m above sea level within Nepal comprises the study area; and in Paper III 

(macro-level), some parts of or whole countries in the Asian region comprise the study area.    

Macro-level (in Paper III): The third case study was a regional study. It 

incorporates northern part of India, southern part of China, Nepal, Bangladesh, 

Myanmar, Thailand, Vietnam, Lao People's Democratic Republic (Lao PDR =  Laos) 

and Cambodia (Figure 3). 
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Focal species and their distribution 

In this thesis, five different species were considered for different case studies (Figure 

4). Two of them have a restricted distribution and the others are comparatively widely 

distributed in the Himalayan region.  

 

Kingdom                                    Plantae   Animalia 

Division / 

Phylum  

Gymnosperm Angiosperms Chordata 

Genus Abies Rhododendron Macaca 

Subsection   Lepidota   

Species spectabilis cowanianum lepidotum lowndesii assamensis 

Subspecies         assamensis pelops 

Paper I II III 

Figure 4: Schematic illustration of species, case studies and related papers. In this thesis, 

four plant species and one animal species were investigated in different case studies. 

 

Abies spectabilis (Paper I): The Himalayan Silver Fir (Abies spectabilis (D. Don) 

Spach) is a cool temperate and subalpine coniferous tree species. Its distributional 

elevation ranges between 2400 and 4400 m a.s.l.. It is distributed in the central and 

western Himalaya. It reaches a height of about 50 m with a trunk diameter larger than 

1.5 m forming monodominant forest. Its furrowed branchlets are densely leafy with 

yellowish grey, brown or reddish brown colour (eFloras, 2008).  

Rhododendron species (Paper II): In the second case study, three species of 

Rhododendron subsection Lepidota were the focus. Two of them, R. cowanianum 

Davidian and R. lowndesii Davidian, are rare and endemic to Nepal. The third one, R. 
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lepidotum Wall is widely distributed in the Himalaya. The elevational range for R. 

cowanianum is between 3000 and 3900 m a.s.l., R. lowndesii ranges from 3200–4500 

m a.s.l. and R. lepidotum from 2100–4700 m a.s.l. (eFloras, 2008).  

Macaca assamensis (Paper III): Assamese macaque (Macaca assamensis 

M'Clelland, 1840) is distributed in mountain regions of the central and eastern 

Himalaya and the adjoining south and southeast Asian mountain chains (Fooden, 

1980, 1982; Boonratana et al., 2008). Two subspecies M. assamensis ssp. pelops 

(western population) and M. assamensis ssp. assamensis (eastern population) are 

geographically isolated by the Brahmaputra river in north-eastern India (Fooden, 

1982). 

Data collection 

This thesis is based on primary data (Paper I) and secondary (published) data (Papers 

II and III). The primary data were collected as part of a defined research design. 

Study sites for the sampling were selected and field surveys were carried out in the 

selected sites. A total of four transects from two protected areas were sampled to 

analyse the upper species limit dynamics of A. spectabilis in response to current 

climatic warming, i.e. establishing the temperature niche of the species. The effect of 

warming can easily be masked by land-use (or land-use intensity) changes (Gehrig-

Fasel et al., 2007; Speed et al., 2012). To disentangle the effect of change in land-use 

intensity and climatic warming, a transect was sampled from an area with negligible 

or no land use as a control (GCA, Figure 3) as well as three transects from an area 

with reduced land-use intensity (MCA, Figure 3). The transects were set with 

reference to the uppermost individual of the species (i.e. its upper species limit, USL) 

in the respective landscapes. The top half of each transect extended to the treeline 

(highest elevation of trees at least 2 m high in a patch comprising at least three 

individuals (Körner, 2003)) and the lower half came downhill into the forest (Paper 

I).   

The occurrence of R. cowanianum, R. lepidotum, R. lowndesii and M. assamensis 

were compiled partly from personal field records and those from colleagues, while 

other occurrences were compiled from published literature and herbaria (Papers II 
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and III). The environmental data were collected from publicly available sources 

including WorldClim – Global Climate Data (www.worldclim.org; Hijmans et al., 

2005), Climatologies at High resolution for the Earth's Land Surface Areas 

(CHELSA) (www.chelsa-climate.org; Karger et al., 2016; Karger et al., 2017) and 

CGIAR-CSI for topographic elevation data (www.srtm.csi.cgiar.org; Jarvis et al., 

2008). Some variables were derived from the above collected data.  

For future climate estimates, the Representative Concentration Pathway 8.5 (RCP8.5) 

was chosen. Based on the current warming trend, it seems to be the most realistic. 

RCP8.5 projects a 2.6°C to 4.8°C warming during 2081 to 2100 compared with 1986 

to 2005 (Collins et al., 2013). To reduce biases among different downscaling models, 

an average of five different General Circulation Models, namely ACCESS1-0, BCC-

CSM1-1, GISS-E2-R, MIROC-ESM-CHEM and MPI-ESM-LR, was taken, as 

suggested by Beaumont et al. (2008). The future prediction was made only on a 

single worst case scenario and a single future period to 2070 (average of 2060 and 

2080) (Hijmans et al., 2005). 

Variable selection 

The bioclimatic variables (Appendix 1) used in the second and third case studies are 

derived from temperature and precipitation variables. One of the problems while 

working with many derived variables is multicollinearity (Alin, 2010). To reduce or 

avoid multicollinearity among the variables, the fewest least correlated variables were 

selected (Elith et al., 2010; Fox & Weisberg, 2010; Petitpierre et al., 2017). In the 

second case study (Paper II), models were fitted both using all variables and only on 

selected variables (selected by generalised linear model forward-backward selection). 

In the third case study (Paper III), the variables were selected by the combined use of 

cluster analysis among variables and variable inflation factor.  

Data analysis and modelling  

The ability of the upper species limit to dynamically track the temperature niche in 

response to current warming was evaluated based on elevation, which is a surrogate 

for the temperature variable, by estimating the difference between the historic upper 
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species position (oldest individual along the transect) and the current upper species 

position. The shift in upper species limit was estimated in all transects and helped to 

disentangle the effect of change in land-use intensity and climate change (Paper I).  

The potential response to climate change under a future projected climate RCP8.5 for 

2070 was modelled for three Rhododendron sister species (Paper II). In this case 

study, the Random Forest (Breiman, 2001) algorithm was used. The models were 

calibrated with current bioclimatic variables and predicted with both the current and 

future climate. The potential response to shift in elevation for each species was 

evaluated along with the potential change in their climatically suitable geography 

from current climate to future projected climate.  

Similarly, in Paper III, niche similarity between two subspecies of Macaca 

assamensis was analysed and their potential distribution based on climatically 

suitable areas in the current climate and future projected climate were modelled. The 

change in climatically suitable geography in response to projected climate was 

analysed. In this study, the species distribution models were fitted in by Random 

Forest (Breiman, 2001) and MaxEnt (Phillips et al., 2006; Phillips et al., 2017) (Paper 

III).  

Modelling methods 

Of the different methods to model species distributions, I used only Random Forest 

(Breiman, 2001) in Paper II and additionally MaxEnt (Phillips et al., 2006) in Paper 

III, because they are good performers (Elith et al., 2006; Aguirre-Gutiérrez et al., 

2013; Mi et al., 2017).  

Random Forest: Random Forest modelling was performed in R (R Core Team, 

2017) package randomForest (Liaw & Wiener, 2002). In Random Forest, 2000 trees 

were grown as the models seemed to stabilise between 1000 and 1500 trees and Out-

Of-Bag (OOB) was turned on.  

MaxEnt: MaxEnt was used in the R through dismo package (Hijmans et al., 2016). 

The optimum regularisation multiplier value was determined by developing different 

models with different values.  
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Analysing the effects of MaxEnt Regularisation Multiplier  

The effect of the regularisation multiplier on different measures of MaxEnt, namely 

AUC, sensitivity, entropy, Kappa, and prediction of the models was assessed.  

The MaxEnt models were fitted to a 29-species dataset (Appendix 2) with 

occurrences between 14 and 284. For better illustration of the results, the datasets 

were grouped into four groups: Group A (number of occurrences from 14 to ˂ 25; 

total (n) = 9), Group B (25 to ˂ 50; n = 9), Group C (50 to ˂ 100; n = 5) and Group D 

(above 100, n = 6). In the models, random background data complemented the 

occurrence data to make the response variables binary and were fitted against the 

bioclimatic variables (Bio01 to Bio19; Appendix 1) from WorldClim (Hijmans et al., 

2005). A total of 42 regularisation multiplier values were set between 0 and 20 at 

different intervals (0.1 interval between 0 and 2; 0.5 interval between 2 and 5; 1.0 

interval between 5 and 20). An average of 10 replications at each value was reported 

for the final result. The predictions from models at different regularisation multiplier 

values were transposed to geographic space and similarity between predictions was 

evaluated using ENMTools (Warren et al., 2008).  

The results concur with previous findings (Anderson & Gonzalez, 2011; Muscarella 

et al., 2014; Radosavljevic & Anderson, 2014); the models are highly sensitive at low 

regularisation multiplier value and hence a higher variability of effects are observed 

on AUC, sensitivity, entropy, Kappa and prediction of the model, particularly with 

low occurrence datasets (Figure 5 and Appendix 3). Hence, the models in Paper III 

were tuned with optimum values of the regularisation multiplier. 
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Key assumptions in SDMs 

SDMs make some ecological assumptions, which are detailed by Soberón and 

Nakamura (2009). Some, but not all, of the assumptions of correlative models are 

briefly described here.  

1. Niche conservatism: The species distribution models rely on the fundamental 

assumption that ‘niches are conserved’ over time (Wiens & Graham, 2005), 

specifically when the niche or distribution is predicted across space and/or 

time. Evidence has been put forward both pro and against the concept of niche 

conservatism (Peterson et al., 1999; Dormann et al., 2010; Peterson, 2011).  

2. Equilibrium in distribution: One of the crucial assumptions of SDMs is the 

expectation of equilibrium conditions of species distribution with 

environmental condition during the training period (Jeschke & Strayer, 2008; 

Booth, 2017). Empirical evidence, however, mostly does not support this 

assumption (Vetaas, 2002; Pearson et al., 2006).  

3. Evolutionary adaptation, acclimatisation and persistence ability: SDMs do 

not account for the evolutionary adaptive capacity of species genotype (but see 

Cotto et al., 2017), phenotype, acclimatisation and persistence ability (Booth, 

2017). These characteristics of species are assumed constant when models are 

transferred over space and time (Dormann, 2007; Jeschke & Strayer, 2008; 

Willis & Bhagwat, 2009).  

4. No dispersal limitation: When the models are transferred in space, SDMs 

(mostly) assume unlimited dispersal of species (Jeschke & Strayer, 2008), 

which implies that species occupy all climatically suitable areas; this is not 

supported by empirical evidence (Vetaas, 2002; Pearson et al., 2006).  

5. Biotic interaction and ecological traits: Inclusion of biotic interactions and 

species ecological traits improves predictions of species distributions 

(Heikkinen et al., 2007; McPherson & Jetz, 2007; Trainor et al., 2014; 

Staniczenko et al., 2017). However, data about biotic interactions between 

species are rare and hard to document; hence the lack of such data is often 

mentioned as a limitation of SDMs (Davis et al., 1998b). Still, distribution 
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models based only on abiotic variables have proven their predictive ability 

(Franklin et al., 2009; Nakazawa et al., 2010).  

Some issues and limitations of SDMs 

1. Evaluation methods: Most of the SDMs are evaluated based on the area 

under the curve (AUC) of receiver operating characteristics (ROC) (Hanley & 

McNeil, 1982; Bradley, 1997). The AUC is indiscriminately used in almost all 

types of methods: presence only, presence─absence, presence─background 

and presence─pseudo-absence. The performance measure depends on the data 

input in the model, but proper attention is lacking in this aspect of distribution 

modelling (Soberón & Nakamura, 2009). Additionally, the exact same value 

of a performance measure of different methods does not guarantee an identical 

prediction by the models.  

2. Absence data: Species absence data are mostly unavailable, although the use 

of a binomial presence-absence response in SDMs is a better predictor than 

presence only data (Brotons et al., 2004). To overcome the dearth of absence 

data, background data or pseudo-absence data are commonly used in models.   

3. Background data/pseudo-absences: To make the response variable binomial, 

occurrence data is complemented by pseudo-absence or background data. 

They are generated by different methods such as completely random, designed 

random (Barbet‐Massin et al., 2012) and environmentally or geographically 

stratified (VanDerWal et al., 2009). Occasionally occurrence data of members 

of a genus of species are used as pseudo-absence data (e.g. Austin et al., 1990; 

Vetaas, 2002).  

4. Uncertainties: Occurrence data held in herbaria and museums (may) have 

geographic positional uncertainty (Naimi et al., 2014). Another uncertainty 

relates to the resolution of predictor variables.  

5. Sources of predictor variables: Predictions of species distribution depend on 

the source of the predictor variables used in the models while keeping other 

settings constant (Bedia et al., 2013; Pliscoff et al., 2014; Bobrowski & 

Schickhoff, 2017). Variations come from different methods that are used to 



 
 

24 
 

develop the predictor variables, for instance projected future climate varies 

from one downscaling method to another.  

6. Predictor resolution: The prediction of models is affected by the resolution of 

predictor variables (Trivedi et al., 2008). The commonly used 30 arc second 

resolution (about 1000 m) pixel may cover about 670 m (average in Nepal) in 

vertical distance in the Himalayan region (equivalent to about a 3.5°C 

temperature difference based on the interpolated lapse rate (Kattel et al., 

2013)).  

7. Correlative not causal: SDMs are based on correlations between species 

occurrence and environmental variables. They do not represent any causal 

relationship (Franklin, 2010).   

Dealing with the assumptions and issues  

Species distribution models are an efficient and cost-effective tool to study the 

biogeography of species, despite the underlying assumptions and issues outlined 

above. Meeting all the assumptions is rarely feasible (Guisan et al., 2017). However, 

to get the best from the models, some of the issues were tackled in this thesis by 

adopting different approaches, viz.:  

- Multicollinearity between variables was addressed by using a subset of least 

correlating variables to fit the distribution models 

- As a substitute for absence data in the models, I used pseudo-absence and 

background data in Paper II. The randomly generated background data proved 

to be a good solution; hence the same method was used in Paper III.  

- Whenever available, a high number (>100, R. lepidotum in Paper II and both 

subspecies of M. assamensis in Paper III) of occurrence points were used in 

the distribution model preparation. 

- Species occurrences as well as sister taxa constrained pseudo-absence points 

and were filtered out with a two-step filter to tackle geographical positional 

uncertainty (Paper II).  
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- To address the sources of variability related to predictor variables, predictor 

variables were selected from two different sources in Paper III, and an average 

of five different methods was used for future climate (Papers II and III).  

- The best available resolution of the open access predictor variables was used. 

- From those available, two of the better-performing modelling algorithms were 

used in the distribution modelling, namely Random Forest and MaxEnt. 

- Different model evaluation techniques (AUC, TSS, Omission Error) were 

applied in Paper III. 

- To extrapolate the prediction in future climate, a wide range of environmental 

space was covered during training the models. My study area covered the 

Himalayan region which encompasses different bioclimatic zones from 

tropical to alpine and nival (biomes), and trans-Himalayan semi-desert area. 

Hence, the model was trained with a wider range of environment than the 

species’ environmental range.  
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Results and discussion 

Species range dynamics with climate and land use (Papers I and II) 

The upper species limit (USL) of Abies spectabilis is moving towards higher 

elevation where the temperature is relatively cooler. This upslope shift is caused by 

reduced land-use intensity in the area because of out-migration of local people 

(Gartaula & Niehof, 2013; CBS, 2014; Sharma et al., 2014) and possibly facilitated 

by warming in the region (Shrestha & Aryal, 2011; Shrestha et al., 2012). The 

upslope shift of A. spectabilis can be interpreted as an attempt to remain within its 

climatic niche space. The minimum temperature isotherm of the species has moved 

towards higher elevation in mountain regions due to recent warming (Shrestha & 

Aryal, 2011; Shrestha et al., 2012). 

The rate of USL shift of A. spectabilis differs between transects by as much as four-

fold, i.e. it is site specific. Because of high levels of land-use pressure in earlier times 

in this region, the USL may have been controlled by human impact and hence was 

lower than its climatic limit (e.g. Chauchard et al., 2010; Speed et al., 2012), i.e. there 

was a ‘counteracting effect’ of land-use and climate change interaction (Goring & 

Williams, 2017). Currently though, reduced land-use intensity and global warming 

might synergistically influence the establishment of species at higher elevations 

(Morueta-Holme et al., 2015; Goring & Williams, 2017).  

At the control site, the annual rate of upshift of the species was less than altimeter 

accuracy; hence it was not possible to determine whether it was due to change in 

climate or an artefact. This study covered only the leading edge of A. spectabilis, 

which is advancing towards higher elevation. There is no information about whether 

the species is responding or not at its lower limit and optimum, but the leading edge 

is ‘marching’.  

On the basis of the findings in Paper I and the literature (Root et al., 2003; Chen et 

al., 2011; Du et al., 2017), it can be assumed that some species are moving uphill in 

the mountains to track their climate niche with released land-use pressure and 

warming in the region. The response to warming is species specific (Paper II; Root et 
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al., 2003; Chen et al., 2011) and depends on multiple variables (Pauli et al., 2012). 

The study on Rhododendron sister species (Paper II) shows different potential 

responses to projected climate change. The model predictions show that a species 

from a dry region, R. lowndesii, may not move towards higher elevations i.e. its 

climatic niche is predicted to be around current geographic space. Because 

precipitation is typically a limiting factor for growth (Browne, 1942), which has an 

inverse relation with elevation in the Himalayan region (Acharya et al., 2011). This 

means higher elevations will be drier in the future because of fewer rainy days 

(Collins et al., 2013; Pendergrass & Hartmann, 2014). Therefore, R. lowndesii may 

not extend its distribution to higher elevations despite a warmer climate because of 

the reduced precipitation (Nogués-Bravo et al., 2007; Lee et al., 2014). Similar 

results have been reported from California for multiple species (Crimmins et al., 

2011), for Picea crassifolia in southern Tibet (Qiu, 2015) and different vascular plant 

species on a Mediterranean mountain (Pauli et al., 2012).  

The future climatically suitable geographic space of R. lepidotum and R. cowanianum 

is predicted to occur at higher elevation compared to today (Paper II). Such an 

upslope shift is generally expected in mountains with increasing temperature (Root et 

al., 2003; but see Lenoir et al., 2010). Evidence reveals that some other species are 

also expanding their range towards higher elevation in the Himalayan region (Paper I; 

Telwala et al., 2013; Gaire et al., 2014), although not all (Lenoir et al., 2010; Bhatta 

et al., 2018). The effect of warming can, however, be confounded with other 

variables such as grazing (Speed et al., 2012), water availability (Crimmins et al., 

2011; Pauli et al., 2012; Bhatta et al., 2018) and land use (Gehrig-Fasel et al., 2007, 

Paper I).  

Under a scenario of projected future climate, three different sister species show 

species-specific modelled responses (Paper II). Rhododendron lepidotum may 

‘march’, R. cowanianum may ‘lean’ and ‘march’, while R. lowndesii does not seem to 

follow any of the suggested approaches of ‘march’, ‘lean’ or ‘crash’. Assuming the 

species will follow the predicted trend, as a majority of studies suggest (Colwell et 

al., 2008; Lenoir et al., 2008; Lenoir et al., 2010; Chen et al., 2011), their differential 

rate of shift may result in a different species composition (Hobbs et al., 2006; 
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Williams & Jackson, 2007). In such a situation, current species conservation 

approaches that aim to conserve representative assemblages of vegetation types may 

not achieve the anticipated results (Hannah et al., 2002).   

Climatic niche overlaps between sister taxa (Papers II and III) 

The closely related Rhododendron species have mostly overlapping ranges of 

bioclimatic variables (Paper II), while two subspecies of Macaca assamensis have 

mostly non-overlapping climatic ranges and different realised climatic niches (Paper 

III). These studies suggest that closely related sister taxa do not always have similar 

climatic niches. Paper II supports the concept of phylogenetic niche conservatism 

while Paper III does not, implying that phylogenetic relatedness should not be treated 

as a signal of phylogenetic niche conservatism (Losos, 2008). There are different 

findings in support of (Peterson et al., 1999; Peterson, 2011) as well as against niche 

conservatism (Losos et al., 2003), hence, as suggested by Wiens and Graham (2005), 

the debate should not be whether phylogenetic niche conservatism exists or not, but 

which patterns niche conservatism may generate. The climatic niche overlap between 

closely related sister taxa, as demonstrated in Paper II, is common with sympatric 

distribution (Steinbauer et al., 2016) by partitioning non-climatic niche dimensions 

such as micro-habitat or host species (Khelifa et al., 2013; Rosser et al., 2015).  

Based on the current geographic distribution, R. lepidotum is a generalist, while R. 

cowanianum and R. lowndesii are restricted species; all of them have at least partial 

geographic overlap in their distribution (Paper II). A larger climatic niche space 

overlap between generalist and restricted species is estimated compared to overlap 

between restricted species. The differences in climatic niches mainly concern 

precipitation variables rather than temperature variables, which is consistent with 

findings for Aeonium and Argyranthemum clades by Steinbauer et al. (2016).  

Differences in the niches of sister taxa are typically not exceptional (e.g. Dufour‐Dror 

& Ertas, 2004; Chetan et al., 2014), but are quite common when they are 

geographically distant or divided by a migration barrier (Garcia-Ramos et al., 2000; 

Steinbauer et al., 2016). This was the case with two subspecies of M. assamensis, 

where significantly different climatic niches of each subspecies revealed weaker 
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phylogenetic relatedness over geographical distance. It may imply that niches have 

evolved over time as an adaptation to local climate.   

The realised climatic niche difference between the subspecies of M. assamensis is 

related to temperature variables more than precipitation variables (Paper III). It may 

be due to the different elevational (a surrogate of temperature variable) distribution of 

the two subspecies. The western population (M. assamensis ssp. pelops) is distributed 

from about 1000 m to 4000 m a.s.l. (Chalise, 2003; Boonratana et al., 2008), while its 

sister taxa M. assamensis ssp. assamensis inhabits the elevation zone below 1500 m 

a.s.l. (Timmins & Duckworth, 2013).  This clearly suggests that they have different 

temperature limits and ranges. The climatic differences of their geographic space are 

also clearly visible on the Köppen-Geiger climate classification (Peel et al., 2007).  

Spatial dynamics in geographic space (Papers I, II, and III) 

The spatial dynamics reported here are both vertical (up-down movement in the 

mountains) and horizontal (any direction). The spatial dynamics of species is reported 

with respect to current climate (Paper I) and predicted future climate (Papers II and 

III) with the assumption that species attempt to remain within their current climatic 

niche space. With the backdrop of contemporary climate change and reduced land-

use intensity in mountain regions of Nepal, A. spectabilis is expanding its 

geographical distribution range towards higher elevations (Paper I). The land use has 

localised effects in the study area. The recent release of land-use pressure has 

facilitated the geographical range expansion of the leading edge of A. spectabilis on 

three mountain slopes. Here the climate may have either a confounding effect with 

land-use intensity reduction or a synergistic effect. Consistent results for the species 

are also reported from other mountain regions of Nepal (Gaire et al., 2014; Shrestha 

et al., 2014; Chhetri & Cairns, 2015; Gaire et al., 2017). Similar spatial dynamics of 

the species upper limit, treeline and optima of different species are also observed 

from the Himalayan region (Valley, 2003; Telwala et al., 2013; Bhatta & Vetaas, 

2016; Schickhoff et al., 2016). The spatial dynamics are attributed to land use 

(Shrestha et al., 2014; Schickhoff et al., 2016; Bhatta et al., 2018)  and climate 

change (Valley, 2003; Telwala et al., 2013; Gaire et al., 2014; Shrestha et al., 2014; 
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Chhetri & Cairns, 2015; Gaire et al., 2017). Most of these studies (Valley, 2003; 

Gaire et al., 2014; Shrestha et al., 2014; Chhetri & Cairns, 2015; Bhatta & Vetaas, 

2016; Gaire et al., 2017) are at a fine spatial scale, or based on local samples. At such 

a fine geographic scale, land use dominates over climate change effects. However, an 

interaction between land use and climate change might have contributed to the 

observed responses.  

Under projected warming for 2070, distribution models predict an upslope shift of the 

climatically suitable area for R. cowanianum and R. lepidotum in the mountains of 

Nepal. The suitable area for R. lowndesii, in contrast, is predicted to be around its 

current distribution area (Paper II). Regardless of the elevational shift of climatically 

suitable geographic space in the future, the bioclimatic models predict an expansion 

of suitable geographic space for all the sister taxa. The entirety of the predicted areas 

may not necessarily be available for the species because land use will continue to 

shape a species’ geographical range in the future and will be a stronger driver than 

climate change (Sala et al., 2000; MEA, 2005). These Rhododendron species may, 

however, flourish across wider areas in the future because the Himalayan 

Rhododendron species can successfully establish in non-native climates (Vetaas, 

2002) provided there is no migration limitation and non-climatic constraints do not 

limit their survival in the new localities. If they fail to shift or extend their range to 

new geographic space in the future, they may not fully occupy their potential climatic 

niche space (Pearson, 2006). Potential spatial dynamics of other species under 

projected future climate have been predicted by other studies in Nepal Himalaya. For 

example, an increase of up to 4.87% of potential area is predicted for Ophiocordyceps 

sinensis in Nepal (Shrestha & Bawa, 2014), while Taxus wallichiana is predicted to 

lose some current geographic space in the Nepal Himalaya (Gajurel et al., 2014). 

Similar geographic shifts are also predicted outside the Himalayan region, for 

instance, a study of 1400 European plant species found that 32% or more of them will 

shift their geographic space by 2050 (Bakkenes et al., 2002). 

The distribution models in this study predict more climatically suitable geographic 

space for both Macaca assamensis subspecies under a projected warmer future 

climate compared to current climate (Paper III). Some patches of suitable geographic 
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spaces are around and nearby the current distribution areas, while most of the 

predicted suitable areas are farther north and east of the current geographic spaces of 

the species. It suggests that the species may need to move northward (as well as other 

directions) to find their potential climatic in geographic space. Meta-analyses of a 

number of plants and animals species reveal that species geographic distributions are 

dynamic generally. However, some species do not exhibit any range shift in response 

to contemporary climate change (Parmesan & Yohe, 2003; Chen et al., 2011) and 

sometimes the range shifts are masked by confounding effects and/or counteracting 

effects of land use (Speed et al., 2012; Goring & Williams, 2017; Miller & McGill, 

2017).      

Based on the current widespread spatial dynamics of species in response to warming 

(Parmesan & Yohe, 2003; Chen et al., 2011; Telwala et al., 2013; Gaire et al., 2014; 

2017; Shrestha et al., 2014; Chhetri & Cairns, 2015; Suwal et al., 2016), a spatial 

shift of species in the future may become a general trend, and is supported by the 

predictions here (Paper II and III) and in previous studies (Bakkenes et al., 2002; 

Gajurel et al., 2014; Shrestha & Bawa, 2014). It is because the future climate is 

projected to be warmer than present (Collins et al., 2013; Lee et al., 2014; Stocker et 

al., 2014). Although species upshift in the mountains may become a general trend, it 

may not apply to all species (Lenoir et al., 2010). A downhill shift in plant species, 

for instance, may occur because of water limitation (Crimmins et al., 2011; Qiu, 

2015) or no shift due to dispersal limitations or capacity, to topography  (Svenning & 

Skov, 2004; Svenning et al., 2010) or to a change in grazing intensity (Bhatta et al., 

2018). All possible types of effects from interactions between land use and climate 

change (Goring & Williams, 2017) should be taken into consideration to predict 

future spatial dynamics of species.  
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Conclusions  

This thesis provided additional knowledge about responses of species to 

contemporary climate change and projected future warming in the Himalayan region 

and surroundings. It presented an upper limit shift of Abies spectabilis (Paper I); 

possible species-specific responses to future warming of three Rhododendron sister 

taxa (Paper II); and the potential distribution and distribution overlap of closely 

related Rhododendron species (Paper II) and parapatric subspecies of Macaca 

assamensis (Paper III) under current and future climate.  

The thesis substantiates the fact that the spatial distribution of species is dynamic in 

nature. To remain within their climatic niche, species are dynamic within geographic 

space. However, the rates of shift as well as directions are species specific, which 

depends on their physiological relationships to predictor variables. Abies spectabilis 

is advancing its leading edge under a backdrop of reduced land-use intensity and 

warming, R. cowanianum and R. lepidotum may also advance their leading edge in 

future projected warmer climate, while R. lowndesii may not show any shift under a 

projected future climate with more dry days.  

The two endemic species (R. cowanianum, R. lowndesii) seem to be occupying less 

than their climatically potential geographic space in the central Himalaya. This 

implies that other non-climatic biotic and abiotic factors or dispersal limitation may 

play a key role in their limited distribution. On this premise, it is hard to predict 

whether they will occupy additional climatically potential geographic space under the 

future projected climate.  

Two parapatric subspecies of Macaca assamensis have different climatic niches with 

few range overlapping variables. The distribution models predict wider geographic 

spaces that are climatically suitable for them compared to their currently known 

distribution area. The models predict that their potential geographic space will be 

farther east and north compared to their current space in a future projected climate.  
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Future perspectives 

This thesis covered studies conducted in one of the harshest and least explored 

geographic areas, the Himalayan region, on species niche and distribution dynamics. 

The empirical investigation of species’ spatial dynamics under a backdrop of land-use 

intensity change and climate change (Paper I) covered just four sites in the central 

Himalayan region. Further studies with a larger number of transects covering a larger 

portion of the Himalayan region would broaden the picture of species dynamics. The 

response of species is species specific; hence more species will need to be sampled in 

prospective research.   

The distribution models were fitted with the best openly available data. Higher 

resolution data may give a better picture of the distribution in areas with 

heterogeneous geography, like the Himalayan region. Hence, efforts and resources 

should also be channelled into the development and/or downscaling of high-

resolution data for current climate as well future climate. 

The model output varies with the source of the data because different sources have a 

different data policy and use different algorithms. It may be a good idea, therefore, to 

use an ensemble of data from different sources during model fitting, as was done with 

future climate data in both Paper II and Paper III.   

The literature shows that distribution models with species absence, biotic interactions 

and other non-climatic variables improve model performance. Such data are globally 

rare; the Himalayan region is not just an exception. It may be worthwhile to collect 

such data to use in prospective studies.  
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Appendices   

Appendix 1: List of bioclimatic, topographic and energy related predictor variables 

S.N. Abbreviation Details Category  

1 Bio01  Annual Mean Temperature Bioclimatic 

variables 2 Bio02  Mean Diurnal Range  

(Mean of monthly (max temp - min temp)) 

3 Bio03  Isothermality (BIO2/BIO7) (* 100) 

4 Bio04  Temperature Seasonality (standard deviation *100) 

5 Bio05  Maximum Temperature of Warmest Month 

6 Bio06  Minimum Temperature of Coldest Month 

7 Bio07  Temperature Annual Range (BIO5-BIO6) 

8 Bio08  Mean Temperature of Wettest Quarter 

9 Bio09  Mean Temperature of Driest Quarter 

10 Bio10  Mean Temperature of Warmest Quarter 

11 Bio11  Mean Temperature of Coldest Quarter 

12 Bio12  Annual Precipitation 

13 Bio13  Precipitation of Wettest Month 

14 Bio14  Precipitation of Driest Month 

15 Bio15  Precipitation Seasonality (Coefficient of Variation) 

16 Bio16  Precipitation of Wettest Quarter 

17 Bio17  Precipitation of Driest Quarter 

18 Bio18  Precipitation of Warmest Quarter 

19 Bio19  Precipitation of Coldest Quarter 

20 ABT Annual Bio-Temperature 

21 EQ Ellenberg Climatic Quotient 

22 RRI Relative Radiation Index Energy  

22 Elev SRTM Digital Elevation Model Topographic 

variables 23 Slope Topographic Slope 

24 Aspect Topographic Aspect 
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Appendix 2: List of Berberis and Rhododendron species and their respective groups 

based on number of occurrences, Group A (number of occurrences from 14 to ˂ 25; 

total (n) = 9), Group B (25 to ˂ 50; n = 9), Group C (50 to ˂ 100; n = 5) and Group D 

(above 100, n = 6). A total of four species are endemic to Nepal. 

SN Species No. of occurrence 
points 

Data Set Group Remark 

1 B. angulosa 80 D1 C  

2 B. aristata 110 D2 D  

3 B. asiatica 92 D3 C  

4 B. concinna 37 D4 B  

5 B. everestiana 33 D5 B  

6 B. glaucocarpa 17 D6 A  

7 B. hamiltoniana 16 D7 A Endemic  

8 B. hookeri 16 D8 A  

9 B. insignis 24 D9 A  

10 B. jaeschkeana 21 D10 A  

11 B. koehneana 65 D11 C  

12 B. mucrifolia 36 D12 B Endemic  

13 B. wallichiana 22 D13 A  

14 R. anthopogon 285 D14 D  

15 R. arboreum 66 D15 C  

16 R. barbatum 123 D16 D  

17 R. campanulatum 135 D17 D  

18 R. campylocarpum 31 D18 B  

19 R. cinnabarinum 30 D19 B  

20 R. cowanianum 19 D20 A Endemic  

21 R. dalhousieae 25 D21 B  

22 R. hodgsonii 48 D22 B  

23 R. lepidotum 239 D23 D  

24 R. lowndesii 40 D24 B Endemic  

25 R. nivale 84 D25 C  

26 R. setosum 224 D26 D  

27 R. thomsonii 25 D27 B  

28 R. triflorum 14 D28 A  

29 R. wightii 16 D29 A  
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Appendix 3: Effect of the regularisation multiplier in MaxEnt models, an illustration 

with Rhododendron cowanianum with Relative Index of Occurrence (RIO). Last map 

(bottom-right) shows occurrence points (blue dots) of the species.   
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Abstract Global warming is triggering some species

to shift towards the poles or higher elevations, but

spatial translocation is also influenced by land-use

regime or intensity. The Himalayan climate is getting

warmer and land use has changed, reducing in

intensity in some areas. We estimated the upper

species limit (USL) and tree limit of Abies spectabilis

(D. Don) Spach and assessed whether these have

changed over recent years. We hypothesise an upslope

shift in response to enhanced temperature and changes

in land-use intensity. Our four transects were located

in treeline ecotones of two protected areas in Nepal,

namely Manaslu Conservation Area (3 transects) and

Gaurishankar Conservation Area (1 transect). Tran-

sects (20 m wide) ran from the USL of A. spectabilis

down towards the treeline and beyond to the forest

line. Length of each transect varied depending on local

conditions. Co-ordinates, elevation, height and age of

each A. spectabilis individual along the transects were

recorded. We noted an upward shift of both the USL

and the tree limit. The rate of shift was ca. 20 m per

decade for the USL and 12 m per decade for the tree

limit in the area of reduced land-use intensity and in

the area with no change in land use, 5 m per decade for

the USL, but almost nil for tree limit. The seedling

density was higher below the treeline than above.

Reduced intensity of land use was the dominant factor

in upslope shift of A. spectabilis at both the USL and

the tree limit.

Keywords Abies spectabilis � Central Himalaya �
Climate change � Treeline ecotone � Tree limit �

Regeneration � Upper species limit

Introduction

The treeline in the mountains is one of the most

fundamental ecological and conspicuous physiog-

nomic boundaries along the elevation gradient (Harsch

et al. 2009; Holtmeier 2009; Schickhoff 2005). The

natural alpine treelines are the result of heat deficiency
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that adversely affects growth, regeneration and sur-

vival of trees, and they are therefore sensitive to

climate change (Körner and Paulsen 2004).

The extent and limits of the treeline ecotone are

easily confounded by different factors such as the

presence of herbivores (Speed et al. 2012), forms of

treeline (Harsch et al. 2009), land-use dynamics

(Gehrig-Fasel et al. 2007), geomorphology (Leonelli

et al. 2011; Resler 2006), moisture (Crimmins et al.

2011; Qiu 2015), as well as local temperature. Several

recent studies document an upslope or poleward shift

of species at the treeline and suggest that this is partly

as a result of recent global warming (Bhatta and

Vetaas 2016; e.g. Matteodo et al. 2013; Parmesan and

Yohe 2003; Sturm et al. 2001; Telwala et al. 2013).

The impact of climate change is likely to be both

species specific and site specific (e.g. Chen et al. 2011;

Lenoir et al. 2008; Telwala et al. 2013), making it

difficult to determine the role played by climate in any

changed scenario. The upslope shift for different

species ranged from 586 to 787 m on the Chimborazo

volcano in Ecuador over a 210-year period (Morueta-

Holme et al. 2015); in the Engadine valley of Swiss

Alps, more than 100 m upslope shift has been

reported during the last nine decades (Frei et al.

2010) and 87 percent of 124 endemic plants species

have expanded their range in Sikkim Himalaya during

the last ca. 150 years (Telwala et al. 2013). The

treeline has shifted upwards in Barun valley in central

Himalaya in the last 130 years (Chhetri and Cairns

2015), and A. spectabilis has shifted upslope in

Manaslu region, central Himalaya in the last ca.

160 years (Gaire et al. 2014).

Not all species, however, exhibit a range expansion

or upward shift (565 species, Grytnes et al. 2014; 92

species, Zhu et al. 2012). For instance, vascular plant

species were found to be tracking their environmental

niche by shifting downhill because of decreased water

availability in California, although average tempera-

ture increased (Crimmins et al. 2011). Climatic

warming increases water stress by increasing evapo-

transpiration. In such cases, temperature rises without

an increase in precipitation counteracts the expected

effects of warming. Picea crassifolia was found to be

translocated downhill when suffering from such a

phenomenon on the southern Tibetan Plateau (Qiu

2015).

Land-use change has also been identified as a driver

in species-range dynamics. For example, plant species

may expand into abandoned agropastoral areas due to

reduced herbivory (Sharma et al. 2014b; Speed et al.

2012). Gehrig-Fasel et al. (2007) show that the treeline

is moving upwards in the Swiss Alps due to land-use

change, and in the French Maurienne valley, the upper

elevational limit of Abies alba shifted upslope bymore

than 300 m in 50 years after land abandonment

(Chauchard et al. 2010). Herbivores suppress the

growth, and kill or uproot seedlings that are thriving in

the harsh treeline ecotone (Hofgaard 1997). Thus the

density of herbivores affects the species range (Gry-

tnes et al. 2014). Grazing in the treeline ecotone

impacts the position of the treeline (Holtmeier and

Broll 2007; Speed et al. 2010) and plant species limit

(Speed et al. 2012).

The range dynamics of a treeline species under

different land-use regimes can be tested in the high

mountain areas of Nepal that has experienced climatic

warming of 0.6 �C per decade since 1970 s (between

1971 and 1994, Shrestha et al. 1999; between 1982 and

2006, Shrestha et al. 2012).We selected sites represen-

tative of two land-use regimes: one with a history of

limited land use that has not changed as a control and the

other with reduced land-use intensity (RLI) to study the

upper-range dynamics of A. spectabilis (D. Don) Spach.

The aims of this study were (i) to compare the upper

species limit and the tree-limit dynamics in two

contrasting land-use scenarios and (ii) to analyse

regeneration within the treeline ecotone.

Methodology

Study areas

This study was carried out in two protected areas of

Nepal, namely Manaslu Conservation Area (hereafter

MCA; 84�39.500E–84�41.810E and 28�33.860N–

28�34.310N) and Gaurishankar Conservation Area

(henceforth GCA; 86�22.5480E–86�22.4940E and

27�53.8650N–27o53.9140N) (Fig. 1).

Climate

We used available climate data (1978–2009) from the

nearest meteorological stations to the study areas. For

the MCA, we used temperature data from Chame

(2680 m a.s.l.; 28�330N and 84�140E; ca. 40 km west)

and precipitation data from Larke Samdo (3650 m
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a.s.l.; 28�400N and 84�370E; ca. 8 km northwest). For

the GCA, we used data for both precipitation and

temperature from Jiri (2003 m a.s.l.; 27�380N and

86o140E; ca. 34 km south). Missing temperature and

precipitation data were assigned the respective mean

monthly values. Temperature data were extrapolated

to treeline elevations assuming a mean annual lapse

rate of 0.52 �C per 100 m elevation (Kattel et al.

2013). Temperature has been increasing at a rate of ca.

0.19 �C per decade in both the areas (p\ 0.05)

between 1978 and 2009. This warming rate is slower

than the average warming in Nepal (between 1971 and

1994) (Shrestha et al. 1999) and in the Hindu Kush

Himalayan region (between 1982 and 2006) (Shrestha

et al. 2012).

Land use

In both our study areas, transhumance is still

practiced, but in the GCA it does not affect the

sampling area (Schickhoff et al. 2014). During

summer, cattle herds are taken to the highland,

while during autumn they are brought back to the

lowland. In the MCA, land-use signs such as

lopping, cut stumps, grazing, trampling and drop-

pings were noticed. In the GCA, the practice of

collecting dead tree branches and lopping signs

were observed mainly in the dense forest at lower

elevations. It is a near-natural or climatic treeline

in this area (Müller et al. 2015; Schickhoff et al.

2014).

Vegetation

A. spectabilis is a coniferous tree species growing in

cool temperate and subalpine regions in the central and

western Himalayas. It forms monodominant forest and

reaches a height of 50 m and trunk diameter of more

than 1.5 m. Furrowed branchlets are densely leafy

with yellowish grey, brown or reddish brown colour

(eFloras 2008).

In the MCA, the lower part of the treeline ecotone is

dominated by A. spectabilis and the upper part by

Betula utilis and Rhododendron scrub. Juniperus

recurva, Rhododendron companulatum, R. antho-

pogon, R. lepidotum, Delphinium spp. and Berberis

spp. were also found in the forest of this area. In the

treeline ecotone in the GCA, the lower part is

dominated by A. spectabilis and the upper part by

Rhododendron spp., Betula utilis, Rhododendron

campanulatum, R. anthopogon, R. lepidotum, Rosa

sericea, Potentilla fruticosa and Berberis spp. are

found as co-occurring species.

Sampling

To be able to partially disentangle the effects of land-

use intensity and climate change, we selected two

study areas within the protected areas to circumvent

contemporary high human disturbances. Then we

filtered the areas based on the accessibility of the

treeline ecotone.

One control transect was located in an area of

negligible land use (transect GCA-1, control) and

three transects (MCA-1, MCA-2, MCA-3) were

located in an area which had undergone RLI. In all

areas, we first looked for the uppermost individual

(= Upper Species Limit, hereafter USL) in the treeline

ecotone. Our horizontal search distance ranged from a

few hundred metres to an 1800 m stretch of landscape.

Transects were then drawn on the basis of the USL of

A. spectabilis in a delimited area.

A transect of 20 m width running downhill towards

the treeline [highest elevation of trees at least 2 m high

in a patch comprising at least three individuals (Körner

2003)] was surveyed. From the treeline, a second half

of the transect continued downhill into the forest. The

second half of transect should ideally be as long as the

first, but in two of the cases this was not possible due to

topographical constraints.

Fig. 1 Black dots indicate the transect locations in the two

protected areas: three transects are located in MCA and one is

located in GCA in Nepal
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Altogether four transects of variable lengths (see

Table 1) were sampled. In each transect, trees (height

C2 m), saplings (15–199 cm) and seedlings (B15 cm)

of A. spectabilis were recorded (Hofgaard and Rees

2008). Each tree was cored at the base of the tree using

an increment borer (Haglöf, Sweden) to determine its

age by counting the rings. The age of a sapling or

seedling was estimated by the branch whorl count

method (Camarero and Gutierrez 2004; Ninot et al.

2008). The height of each individual was measured.

Elevation (±1 m accuracy, using a digital altimeter

(Silva)), latitude and longitude (Garmin GPS) were

recorded for all individuals.

Analysis

The USL shift rate (metre per decade) was calculated

based on the elevation, and the age of the uppermost

individual and the oldest individual occurring within

the transect is given in the following equation:

USL shift rate ¼
EUI� EOIð Þ

AOI� AUIð Þ
� 10; ð1Þ

where EUI is the elevation of the uppermost individ-

ual; EOI the elevation of the oldest individual;

AOI the age of the oldest individual and AUI is

the age of the uppermost individual (modified method

of Gamache and Payette 2005).

The tree-limit shift rate [the upper limit of woody

plants C2 m tall (Wardle 1974)] (metre per decade)

was calculated using the following equation:

Tree limit shift rate ¼
EUT� EOIð Þ

AOI� AUTð Þ
� 10; ð2Þ

where EUT is the elevation of the uppermost tree and

AUT is the age of the uppermost tree.

Average shifting rate of ten individuals (metre per

decade) was estimated using the following equation:

Average shift rate ¼
AE10UI� AE10OIð Þ

AA10OI� AA10UIð Þ
� 10; ð3Þ

where AE10UI is the average elevation of 10 upper-

most individuals; AE10OI the average elevation of 10

oldest individuals; AA10OI the average age of 10

oldest individuals and AA10UI is the average age of

10 uppermost elevational individuals.

The regeneration of A. spectabilis was assessed

with a histogram for different age groups expressed as

individuals per hectare. We compared seedlings and

saplings above and below the treeline in all transects in

terms of density per hectare.

Results

Species limit shift

We found that the USL ranges from ca. 4000 to

3750 m a.s.l. (Table 1; Fig. 2) in our transects. The

length of the transects varied from 102 to 570 m, and

the number of individuals per unit area also varied

between the transects. The average USL and tree-limit

shift rates in the RLI area were ca. 20 and 12 m per

decade, respectively. In the control area with a

climatically controlled treeline, the rate of USL shift

was much less, only ca. 5 m per decade, and effec-

tively nil for the tree-limit shift. The average of ten

individuals had a shift rate in the RLI area of about

Table 1 Elevational position of the upper species limit (USL), treeline, tree limit and calculation of the shift in upper species limit

and tree limit

Transects Transect

length

(m)

Position

of

treeline

(m a.s.l.)

USL

position

(m a.s.l.)

Age of the

oldest

individual

in transect

Position of

the oldest

individual

(m a.s.l.)

Age of the

uppermost

individual

USL

shift

rate (m

per

decade)

Elevation

of the

uppermost

tree (m

a.s.l.)

Age of the

uppermost

tree

Tree-

limit

shift

rate (m

per

decade)

MCA-1 265 3726 3841 51 3673 2 34 3749 15 21

MCA-2 173 3685 3753 106 3643 5 11 3727 20 10

MCA-3 570 3700 3929 237 3602 1 14 3718 35 4

GCA-1 102 3942 4001 153 3938 22 5 3951 29 1
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26 m per decade and in the control area the shift was

only ca. 2 m per decade (Table 2).

Regeneration and density in treeline ecotone

The age–frequency histogram is left skewed or

inverse-J shaped (Fig. 3), except in one transect in

Manaslu (MCA-1), implying a high density of

seedlings and saplings. The density of seedlings and

saplings was higher below the treeline (Fig. 4). The

seedling density above the treeline was ca. 83 and ca.

19 individuals ha-1 in the RLI and control areas,

respectively, while below the treeline it was ca. 301

and 800 individuals ha-1. Similarly, the sapling

Fig. 2 Scatter plots of recruitment year and elevation for

seedlings, saplings and trees in each of the four transects

[A MCA-1, B MCA-2, C MCA-3 (reduced land-use intensity),

D GCA-1 (no land-use change)]. The dashed lines show the

upper species limit. The arrow indicates the position of the

current treeline position and the vertical lines mark 1950 for

comparison before and after 1950. Note: For better illustration

of the plots, we hide five points in subplot C and two points in

subplot D before 1900 AD

Table 2 Shift of A. spectabilis based on mean of 10 uppermost and oldest individuals

Average of 10 uppermost individuals Average of 10 oldest individuals Vertical shift (m) Rate of shift

(m per decade)
Elevation Age Elevation Age

MCA-1 3816 4 3660 37 156 47

MCA-2 3726 12 3665 74 60 10

MCA-3 3858 5 3624 116 235 21

GCA-1 3956 15 3945 62 11 2
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density above the treeline was ca. 110 and 76

individuals ha-1, while below the treeline it was ca.

245 and 150 individuals ha-1 in the RLI and control

areas, respectively.

Discussion

The treeline in the eastern location (GCA) is at a

higher elevation than in the western part (MCA),

which matches the geographical trend in the Himalaya

(Mani 1974; Miehe et al. 2015). All four treelines

almost coincide with the 10 �C isotherm of the

warmest month as noted by Körner (2003) and

Holtmeier (2009).

We find that the USL has ascended between 63 and

327 m at the different sites, consistent with other

studies in the Himalaya (Gaire et al. 2014; cf. Telwala

et al. 2013). The shift rate was calculated based on two

individuals in each transect and may differ from the

average for the whole landscape. The USL is not static

but very dynamic due to the uncertainty of lethal

events at an early life stage. It records extreme events

experienced by each individual rather than the average

response to climate change (Kreyling et al. 2012). In

an attempt to compensate for this, we used the mean

measurements of 10 individuals to provide a more

general expression. The mean shift rate of 10 individ-

uals was ca. 26 m per decade in the RLI area, while it

was nearly static in the control area (ca. 2 m per

decade). This indicates no significant change because

two metres is within the error in the estimation of

elevation.

We find that the species population has expanded in

the RLI area, a finding confirmed by the local people.

Species are colonising new areas in the mountains and

Fig. 3 Age–frequency histograms for each transect (AMCA-1,

BMCA-2, CMCA-3 [with reduced land-use intensity),DGCA-

1 (no land-use change)]. The histograms show an inverse-J

shape except for MCA-1. Note: The sizes of age group class and

bar width are increased with age
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moving upslope. In the control area, however, there

were only a few individuals above the treeline. The

uppermost individual was recruited in 1990 and was

isolated from the rest of the population. There were no

other individuals of A. spectabilis until close to the

treeline. A similar pattern was observed in the Barun

valley in central Himalaya for the same species

(Chhetri and Cairns 2015). Establishment of new

seedlings of A. spectabilis in the control area may be

inhibited by the monotonous thick Rhododendron

scrub above the treeline (Baker and Van Lear 1998),

and there may be an allelopathic effect (Fisher 1980;

Nilsen et al. 1999) and light control (Clinton and Vose

1996) from the Rhododendron. The ground was

almost devoid of herbaceous vegetation, indicating

that it would not be easy for species to establish here.

The regeneration study clearly shows that there

were many young individuals along our transects. We

recorded, on an average, higher numbers of saplings

along the RLI transects than along the control transect,

suggesting that some level of disturbance provided

opportunities for sapling growth (Vetaas 1997). The

inverse-J-shaped age–frequency histograms (Fig. 3)

depict that A. spectabilis was maintaining a sustain-

able population in the treeline ecotone. The density of

seedlings was, as expected, higher than the density of

saplings. The MCA-3 transect went through very

frequent anthropogenic disturbances and only few

individuals had opportunity to survive to mature age.

The intense disturbances are also depicted by lower

density of saplings and trees in this transect. For all our

transects, we see that the densities of seedlings and

saplings were higher below the treeline than above.

This is in line with other studies (Ninot et al. 2008;

Shrestha et al. 2007), although it contrasts with

findings from Bell et al. (2014) who note an upshift

of range for juveniles and from Shrestha et al. (2014)

who found more seedlings of A. spectabilis above the

treeline in Laurebinayak area in Langtang National

Park, Nepal. There could be many factors to cause

these patterns, such as orography, soil moisture, pH,

community interaction and chance events; some are

likely to be quite site specific.

Our comparison of the USL and tree-limit shift

between a control area and an area of reduced land-use

intensity shows that a greater shift rate occurred in the

area with reduced land use. The type of land-use

practice has not changed, i.e. transhumance, hus-

bandry, agroforestry and grazing, but the intensity has

reduced substantially due to outmigration of local

people (CBS 2014; Bal Kumar 2003; Sharma et al.

2014a). In contrast, there has been no discernible shift

of the tree limit in the control area (a change of 1 m is

less than the error in the estimation of elevation).

There has been a slight shift in the USL of ca. 5 m per

decade, but this estimate is based on only two

individuals. Reduced land-use intensity is therefore

the most likely driver of range expansion in the MCA.

The small increase in average atmospheric tempera-

ture has not yet impacted species distribution in this

ecotone, although it has been noted in other regions

(Matteodo et al. 2013; Parmesan and Yohe 2003;

Fig. 4 Comparative

illustration of seedling and

sapling density (individuals

ha-1) above and below the

treeline in all four transects

(MCA transects are with

reduced land-use intensity,

while GCA is a control with

no land-use change)
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Telwala et al. 2013). However, reduced intensity of

land use (Müller et al. 2015) may also have synergistic

effects with increased warming in the RLI area

(Morueta-Holme et al. 2015).

Comparing the trends of the USL of the four

transects (Fig. 2), it can be seen that the limit has

increased at all sites. In the eastern Himalaya, Telwala

et al. (2013) reported 87 % of endemic plants (out of

124 species) shifted upslope in response to a temper-

ature rise in mean summer temperature of 0.76 and

3.65 �C inmean winter temperature. Over the last nine

decades, an average upslope shift of 145 m was

reported in Engadine valley of Swiss Alps (Frei et al.

2010) and in the last half century a 70 m elevational

shift in the Montseny Mountains (Catalonia, NE

Spain) was reported (Penuelas et al. 2007) as a

response to global warming.

In the last 50 years the local mean annual temper-

ature has increased by about 1 �C based on data from

the nearest meteorological station. To track this

warming, species are predicted to need to move

upslope by about 192 m, equivalent to 38 m per

decade. The analysis of our species demonstrates that

it is lagging behind the recent warming. Projected

climatic warming for 2081–2100 is 1.0–3.7 �C higher

than the 1986–2005 normal (IPCC 2014), so a shift of

between about 24–90 m per decade would be required

for species to maintain their current climatic niche.

However, a species’ ability to respond is affected by

local geomorphic processes (Macias-Fauria and John-

son 2013), grazing (Speed et al. 2012) and community

interactions such as dense grassland (Rehm and Feeley

2015). Based on the predicted required shifts, it seems

that the species will not be able to track the projected

warming which may cause them to lose their potential

habitat (Engler et al. 2011; Svenning et al. 2008) and

reduce their population size (Feeley and Silman 2010).

Conclusions

In an area of reduced land-use intensity, we document

the growth of A. spectabilis at higher elevations than

the estimated upper species limit and tree limit for

earlier years. The slight increase in mean annual

temperature has not yet prompted a noticeable

response in the species. The rate of upward shift is

site specific and appears to increase after 1950.
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Müller M, Böhner J, Chaudhary R, Drollinger S, Schickhoff U,

Scholten T (2015) How do soil properties affect alpine tree-

lines? General principles in a global perspective and novel

findings from Rolwaling Himal, Nepal. Prog Phys Geogr

Nilsen ET,Walker JF,Miller OK, Semones SW, Lei TT, Clinton

BD (1999) Inhibition of seedling survival under Rhodo-

dendron maximum (Ericaceae): could allelopathy be a

cause? Am J Bot 86:1597–1605

Ninot JM, Batllori E, Carrillo E, Carreras J, Ferre A, Gutierrez E

(2008) Timberline structure and limited tree recruitment in

the Catalan Pyrenees. Plant Ecol Divers 1:47–57. doi:10.

1080/17550870802260764

Parmesan C, Yohe G (2003) A globally coherent fingerprint of

climate change impacts across natural systems. Nature

421:37–42. doi:10.1038/Nature01286

Penuelas J, Ogaya R, Boada M, Jump AS (2007) Migration,

invasion and decline: changes in recruitment and forest

structure in a warming-linked shift of European beech

forest in Catalonia (NE Spain). Ecography 30:829–837

Qiu J (2015) High-altitude forests in the Himalayas harder hit by

droughts. Why are plateau and mountain timberlines in

Asia shifting downslope, despite global warming?, vol

2015. Scientific American Division of Nature America Inc,

Berlin

Rehm EM, Feeley KJ (2015) The inability of tropical cloud

forest species to invade grasslands above treeline during

climate change: potential explanations and consequences.

Ecography 38:1167–1175

Resler LM (2006) Geomorphic controls of spatial pattern and

process at alpine treeline. Prof Geogr 58:124–138. doi:10.

1111/j.1467-9272.2006.00520.x

Plant Ecol (2016) 217:993–1002 1001

123



Schickhoff U (2005) The upper timberline in the Himalayas,

Hindu Kush and Karakorum: a review of geographical and

ecological aspects. Springer Verlag, Berlin-Heidelberg-

New York

Schickhoff U et al (2014) Do Himalayan treelines respond to

recent climate change? An evaluation of sensitivity indi-

cators. Earth Syst Dyn Discuss 5:1407–1461

Sharma LN, Vetaas OR, Chaudhary RP, Måren IE (2014a)
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Paper II 

Climatic variables determining Rhododendron sister taxa 

distributions and distributional overlaps in the Himalayas 
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Introducon 

Climate change affects species distribuons 

(Parmesan and Yohe 2003), and species with a 

restricted distribuon may be more vulnerable to 

the changes in climac factors that determine the 

boundaries of their distribuons (Thuiller et al. 

2005, Manish et al. 2016). Understanding the ex-

tent to which a geographical range shi is needed 

for species to be able to track their climate niche 

in response to climate change is currently a crucial 
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Abstract. Endemic species in mountains are vulnerable to rapid cli-

mate change. We elucidated distribuonal overlaps and related cli-

mac variables for two endemic sister taxa of Rhododendron and a 

generalist with respect to current and future climate condions. Our 

research quesons are: (i) Which climate factors separate the distri-

buons of Rhododendron cowanianum, R. lepidotum and R. 

lowndesii? (ii) How large is the geographic overlap in current and fu-

ture distribuons? (iii) Is it likely that the species are able to track 

their niches in the future? To answer these quesons, we performed 

species distribuon modelling on binomial Rhododendron occurrenc-

es accompanied by random pseudo-absences and absences con-

strained by other Rhododendron taxa. We used Generalized Linear 

Modelling to select variables, and modelled the distribuon of each 

species using Random Forest algorithms, predicng their potenal 

distribuon in current and future climates. We also examined range 

differences to idenfy the variables segregang the distribuon of 

these sister taxa, and esmated current and future distribuonal 

overlap between and within species. Precipitaon variables explained 

R. lowndesii distribuon, whereas temperature variables explained 

distribuons of the other two species. We found that sister taxa have 

similar climate niche and hence high overlap in geographic distribu-

on in current climate (46–68%) and potenally in future climate (53

–77%). Under future climate condions, the potenal distribuon 

area of R. lepidotum and R. cowanianum is predicted to be at a high-

er elevaon, while the predicon for R. lowndesii is similar to its cur-

rent geography. Our models suggest that there are more potenal 

distribuon areas for these narrowly distributed endemic species 

than are currently occupied, which illustrates that it is rather uncer-

tain whether the Rhododendron species will be able to track the geo-

graphical locaon of their niches in the future. 
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scienfic task. Several organisms have already 

shied their range margins (Parmesan and Yohe 

2003, Telwala et al. 2013). These findings are un-

derpinned by paleo-ecological data indicang that 

geographical range shis were common during 

previous episodes of climate change (Willis and 

MacDonald 2011).  

 The magnitude of projected climac change 

is large at high elevaons and high latudes 

(Pachauri et al. 2014). For species in the moun-

tains, it is easier to track their climate niche than 

species in flat terrains because the speed of spa-

al climate change is slower in the mountains 

(Loarie et al. 2009). In addion, many species with 

a restricted distribuon in the mountains have 

relavely wide climate niches compared to spe-

cies with restricted distribuons in flat terrains. 

However, both types of species have a high risk of 

exncon if climate change develops novel inter-

acons between precipitaon and temperature 

(Williams and Jackson 2007). 

 In general, most species are adapted to ad-

dress variaons in climate, but some species that 

are endemic to a mountain range or a mountain 

peak are more vulnerable to exncon (Thuiller et 

al. 2005, Manish et al. 2016) and are parcularly 

vulnerable to climate change if they have dispersal 

limitaons (Manish et al. 2016). Mountain fea-

tures may increase dispersal limitaons due to 

steeper environmental gradients, heterogeneous 

microhabitats and isolaon mechanisms, such as 

sky islands, which support a large number of 

unique and endemic species (Steinbauer et al. 

2016). In addion, the exncon of endemic spe-

cies is a global process, rather than just the loss of 

one metapopulaon (Malcolm et al. 2006).  

 Although the spaal distance between 

different climate types is short in the mountains, it 

is not certain that the current combinaon of 

different climac variables will actually exist in the 

future. Therefore species’ survival is not guaran-

teed if they cannot keep pace with the climate as 

they move (Pearson 2006). The steady increase in 

mean annual temperature interacts with precipi-

taon and the ming of the growing season, 

which is rather short in high mountains. The spe-

cies-specific responses to warming in the moun-

tains will also pose new challenges, such as com-

peon with new species (Williams and Jackson 

2007) or a lack of essenal vectors for pollinaon 

or seed dispersal (Hobbs et al. 2006, Abrol 2012).  

 In the Himalayan region, the disappearance 

of current climate condions and the develop-

ment of a novel climate is expected (Williams and 

Jackson 2007) including an increase in the total 

amount and intensity of the precipitaons with a 

reduced number of rainy days (Pendergrass and 

Hartmann 2014). In such condions, the dry sea-

son becomes drier and species are found to move 

downwards against the direcon of warming to 

track their precipitaon niche (Crimmins et al. 

2011, Qiu 2015). The species-specific responses 

and pace of migraon may promote novel species 

assemblages and interacons that can lead to un-

certain consequences (Hobbs et al. 2006). In this 

context, the convenonal conservaon approach-

es that aim to conserve representave communi-

es or vegetaon types may be ineffecve 

(Hannah et al. 2002). This is mainly because the 

idea of representave communies is rooted in 

plant phytosociology, which assumes that the 

plant community responds to climate change as a 

unit and not as each individual species (Gleason 

1926). This view of nature will be challenged by 

climate change (Hobbs et al. 2006, Williams and 

Jackson 2007), and future dynamic conservaon 

approaches will have to focus on individual spe-

cies because each species may respond to the on-

going changes differently (Parmesan and Yohe 

2003, Telwala et al. 2013). 

 Breshears et al. (2008) describe three possi-

ble ways of species range shiing in response to 

climate change; they are ‘march’ (defined as, 

range shi by colonizing leading edge, a shi in 

opmum and retracon at tailing edge), ‘lean’ (a 

stable range with the opmum shiing within the 

exisng range) and ‘crash’ (populaon decline 

with stable edges and opmum). As such, it is im-

portant to focus on species with narrow elevaon-

al ranges and restricted geographic distribuons 

because these specialist species will have higher 

risks of exncon due to their small populaons 

and narrow ranges. 

 Species Distribuon Models (SDMs) are be-
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ing used to predict potenal spaal and temporal 

distribuon of species (Thuiller et al. 2005, Randin 

et al. 2006) although their relave success when 

transferred to future condions is at stake (Araújo 

and Rahbek 2006). Species distribuon shis are 

mostly studied within a single taxon, between sis-

ter or descendent taxa and within communies 

(Thuiller et al. 2005, Mao and Wang 2011). Sister 

taxa are assumed to have common ancestors and 

are therefore expected to show some degree of 

niche overlap because niches are, to some extent, 

conserved within a clade (Wiens and Graham 

2005, Losos 2008) while maintaining some disnc-

ons among themselves (Cavender-Bares et al. 

2004).  

 In the Himalayan region, studies on niches, 

distribuon overlaps and shis of sister taxa are 

rare (but see Vetaas 2002). We address this gap 

by studying Rhododendron sister taxa from the 

central Himalayas. The target sister taxa belong to 

the subgenus Hymenanthes, subsecon Lepidota. 

One species has a wide distribuon from the 

western and the eastern Himalayas to China (R. 

lepidotum Wall), whereas the two other species 

have restricted distribuons in the central Himala-

yas (Nepal: R. cowanianum Davidian and R. 

lowndesii Davidian).  

 Here we seek to address: (i) Which climate 

factors separate the distribuons of closely relat-

ed R. cowanianum, R. lepidotum and R. lowndesii 

species? (ii) How large are the current geographic 

overlaps between them and what will their poten-

al overlap under future climac condions? (iii) 

Is it likely that the species are able to track their 

niches in new geographic areas? 

 

Methodology 

Study area 

This study was carried out within the distribuon 

range of the genus Rhododendron across Nepal in 

the central Himalayas. The study area ranges from 

80.0015
o
E to 88.3373

o
E and 26.3255

o
N to 

30.4688
o
N (Fig. 1). 

 

Taxa 

Members of the genus Rhododendron L. 

(Ericaceae) are phanerophytes, i.e., shrubs or me-

dium-sized trees. Rhododendron has a wide tem-

perature range, from warm temperate zones to 

alpine bioclimac zones. There are 43 lower taxa 

of Rhododendron in Nepal between approximately 

900 m and 5600 m above sea level (a.s.l.) 

(www.efloras.org). The Lepidota (Hutchinson) 
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Figure 1. Study area map depicng an elevaon range of three Rhododendron sister taxa (2100 to 4700 m a.s.l. with 

light blue colour) and their recorded presence locaons with different symbols. 



Sleumer subsecon of the genus Rhododendron 

includes three sister taxa, R. lepidotum Wall, R. 

cowanianum Davidian, and R. lowndesii Davidian, 

which are distributed between approximately 

2100–4700 m a.s.l. in Nepal
1
. Among these, the 

laer two are rare and endemic to Nepal 

(Rajbhandari et al. 2016). 

 

Occurrence data 

We compiled occurrence data from the Naonal 

Herbarium and Plant Laboratories, Kathmandu, 

Nepal, the Royal Botanic Gardens Edinburgh, UK, 

the Tokyo Herbarium, Japan, the Global Biodiver-

sity Informaon Facility
2
, and from field sampling. 

Inially, we recorded 25, 420 and 46 presence 

data for R. cowanianum, R. lepidotum and R. 

lowndesii respecvely. Among the collected occur-

rence points, we filtered out some points with 

high uncertainty. First, we excluded points with a 

very crude accuracy of the locaon, i.e. latudinal 

and longitudinal values with less than three digits 

aer decimal place (number of points removed: 6 

points for R. cowanianum, 37 for R. lepidotum, 

and 6 for R. lowndesii). Secondly, we omied 

specimens with elevaon below 900 m and above 

5600 m a.s.l. as they were more than 1000 m be-

low or above the lowest and highest record of the 

Rhododendron species concerned
1
. This yielded 19 

presence points for R. cowanianum, 271 for R. 

lepidotum and 40 for R. lowndesii. 

 

Pseudo-absence data 

Most SDMs and niche models are based on pres-

ence-absence data. However, species data are 

mostly composed only of recorded presences. In 

such cases, absences are complemented by pseu-

do-absence data for environmental informaon 

(Elith et al. 2011). There is no consensus on how 

to generate the best pseudo-absence data, and 

most studies use the random pseudo-absence 

method, which is equal to or beer than other 

methods (Barbet-Massin et al. 2012). We used 

two different methods to generate ‘pseudo-

absences’ to test which one would perform beer. 

The first approach was to use the presence points 

for all Rhododendron species in Nepal except the 

target species as absence points combined with 

the presence of the target species (hereaer; 

“Rhododendron pseudo-absences” = “RhoPs”). 

The approach constrains the pseudo-absence 

points to be within the climac envelope of the 

genus, thereby avoiding “naughty noughts” placed 

far outside the potenal climate range (Ausn and 

Meyers 1996). This kind of pseudo-absences has 

been used for Eucalyptus in Australia and Rhodo-

dendron in Nepal (e.g., Ausn et al. 1990, Vetaas 

2002). Among the collected occurrence points, we 

filtered out some points with high uncertainty us-

ing the two-step filter described in the previous 

secon. With this method we obtained 890 Rho-

dodendron pseudo-absences. The second ap-

proach was to use randomly generated equal 

numbers of pseudo-absences combined with pres-

ence data (hereaer; “Random pseudo-absences” 

= “RanPs”) within the same elevaonal range. 

 

Predictor variables  

We used 22 water and energy related predictor 

variables, including 19 bioclimac variables from 

the WorldClim
3
 dataset (Hijmans et al. 2005), An-

nual BioTemperature (ABT; Holdridge 1947), Ellen-

berg’s Climac Quoent (EQ; Ellenberg 1963) and 

the Relave Radiaon Index (RRI; Oke 1987). All 

climac data required for preparing the ABT and 

EQ were taken from the WorldClim dataset 

(method details in Supplementary Material S1). All 

predictor variables were in a 30 arc-second resolu-

on and the same coordinate system (WGS 1984), 

and can be made available upon request to the 

authors.  

 We prepared two groups of variables from 

the original set of 22. The first group was com-

posed of all variables (hereaer the “set I” varia-

bles) and the second group was prepared by se-

lecng a few effecve variables from a General-

ized Linear Model (GLM) using the bidireconal 

(forward and backward) selecon method in R 

package stats (R Core Team 2016). Then, we 
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dropped the non-significant variables. For RanPs 

this yielded 9, 10 and 6 variables for R. cowani-

anum, R. lepidotum and R. lowndesii, respecvely, 

and for RhoPs 12, 10 and 7 (Supplementary Mate-

rial S2), (hereaer the “set II” variables). The op-

mum GLM models (set II variables) were par-

oned to obtain the deviance explained by tem-

perature and precipitaon related variables using 

the R-package ecospat (Broennimann et al. 2016). 

 

Future climac scenario  

We used the Intergovernmental Panel on Climate 

Change’s (IPCC) most extreme future predicon 

(worst-case scenario), Representave Concentra-

on Pathway 8.5 (RCP8.5) for our future climac 

scenario because when we look at last few years, 

it is hard to be opmisc that the world’s coun-

tries will succeed in liming the warming to 2°C by 

the end of the 21
st

 century (UNFCCC 2015), espe-

cially as recent monthly mean temperatures and 

annual mean temperatures have broken previous 

records (GISTEMP Team 2016).  

 The RCP8.5 projects 2.6°C to 4.8°C warming 

by 2081 to 2100 compared to the 1986 to 2005 

baseline (Collins et al. 2013). We took the average 

of five different downscaled General Circulaon 

Models, namely the ACCESS1-0, BCC-CSM1-1, GISS

-E2-R, MIROC-ESM-CHEM, and MPI-ESM-LR mod-

els, to reduce model-derived biases. We predicted 

our results for only one worst-case scenario and 

for a single future period in the 2070s (average of 

2060 to 2080).  

 The values of the predictor variables that 

were in raster format were extracted to the pres-

ence, rhododendron pseudo-absence, random 

pseudo-absence and lace files (regular grid 

points of 3 km resoluon above 900 m a.s.l.) for 

current climate and future climate in ArcGIS 10.3 

(ESRI).  

 

Distribuon modelling and variable range 

difference analyses  

To answer the first research queson, which cli-

mac factors segregate the closely related three 

Rhododendron sister taxa, Tukey’s Honesty Signifi-

cant Difference (HSD) post hoc test was used to 

idenfy the difference in range for all 22 variables 

for each species using R package stats (R Core 

Team 2016). Species distribuon models were 

prepared to predict the potenal distribuon of 

species in current and future climate using the 

Random Forest method (Breiman 2001). The pre-

dicons were portrayed into geographic space to 

analyse the overlaps between species. The Ran-

dom Forest method was used among different 

techniques because it can handle mulple varia-

bles regardless of their eventual mulcollinearity, 

low numbers of presence points and different 

prevalence raos (Elith et al. 2011, Barbet-Massin 

et al. 2012). All analyses were performed in the R 

package RandomForest (Liaw and Wiener 2002). 

 In the Random Forest method, we fied 

models on RanPs and RhoPs with the set I and set 

II variables. The datasets were paroned at 3:7 

raos for test and training datasets. We grew 

2000 trees, as growth appeared to stabilize by 

1000 – 1500 trees. The model was replicated five 

mes. Each me, we evaluated the Area Under 

the Curve (AUC) of the Receiver Operang Charac-

terisc (ROC) value. Important variables are listed 

based on their Mean Decrease Gini in Random 

Forest. Predicons of the relave index of occur-

rence (RIO) of species were made from each repli-

cate of models on current climate and future cli-

mate lace files. Then average RIO was calculated 

from five predicons. The predicted RIO value 

ranges from 0 to 1; where a higher value refers to 

more suitability of the locaon. At the end, we 

had a total of 24 different predicons. Then, RIO 

raster maps for each species were prepared by 

interpolang the average RIO using the Inverse 

Distance Weighted tool in ArcGIS 10.3 (ESRI). This 

raster was converted to ASCII format to be fed 

into the distribuonal overlap study.  

 

Distribuon overlap analysis 

To answer the second research queson, we stud-

ied the predicted distribuon overlap between 

species using ENMTools (Warren et al. 2008) with 

three different available methods, including 

Schoener’s D, I stascs and Relave Rank (RR), 

for both current and future climates. Then, we 

compared the predicted distribuonal overlaps 
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based on the average of the three methods. The 

value ranges from 0 (no overlap at all) to 1 

(complete overlap). 

 

Geographic shi of climac niche  

To analyse the geographic shi of climac niches 

of three Rhododendron species, i.e. the third re-

search queson, the predicted average RIO values 

of the lace points were ploed against elevaon 

for the current and future projected climate for 

each species, and the shi was analysed graphical-

ly as it could not be quanfied because we did not 

convert the RIO into a binary value. We ploed 

the points with RIO above or equal to 0.02 for 

beer illustraon. 

  

Effects of environmental dimension reducon 

analysis 

The models with the set I and set II variables with 

RanPs and RhoPs were compared based on the 

AUC value and ROC curve plots in order to figure 

out the effect of dimension reducon in models. 

Then, the differences between their predicons 

were tested in ENMTools. In this analysis, the val-

ue ranges from 0 (complete dissimilarity) to 1 

(total idencal). 

 

Results 

Variables segregang species distribuons  

All but two temperature variables had similar 

ranges for the three species. Out of 22 variables, 

R. lepidotum had five variables’ ranges that were 

significantly different from R. lowndesii, while the 

ranges of six variables were significantly different 

between R. lepidotum and R. cowanianum, and 

the ranges of five variables were significantly 

different between R. lowndesii and R. cowani-

anum (Fig. 2 and Supplementary Material S3). 

Mean temperature of the driest quarter (bio09) 

and precipitaon of the driest quarter (bio17) 

were significantly different between R. lowndesii 

and both of the other species (Fig. 2). A two-

dimensional niche plot of these variables (Fig. 3), 

showed a higher overlap of the generalist R. lepi-

dotum and both endemic sister taxa, while R. 

lowndesii and R. cowanianum had smaller over-

laps.  
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Figure 2. Climate variables that were significantly differ-

ent between the realized distribuons of the three spe-

cies. Variable acronyms correspond to isothermality 

(bio03), mean temperature of the driest quarter (bio09), 

annual precipitaon (bio12), precipitaon of the weest 

month (bio13), precipitaon of the driest month (bio14), 

precipitaon seasonality (coefficient of variaon) (bio15), 

precipitaon of the weest quarter (bio16), precipitaon 

of the driest quarter (bio17), precipitaon of the warm-

est quarter (bio18), precipitaon of the coldest quarter 

(bio19) and Ellenberg Climac Quoent (EQ). 

Figure 3. 2-Dimensional niche plot between mean temper-

ature of the driest quarter (bio09) and precipitaon of the 

driest quarter (bio17) for all three sister taxa (R. cowani-

anum, R. lowndesii and R. lepidotum). It depicts higher 

overlap of R. lepidotum climac niche with R. cowanianum 

than with R. lowndesii.  



 Based on the Random Forest models of 

RanPs (results are not illustrated from RhoPs mod-

els as they were consistently poor, details below), 

the most important variables (based on mean de-

crease in Gini index) in both sets I and II that ex-

plained the distribution of R. lowndesii were pre-

cipitation of the wettest month (bio13) and precip-

itation of the warmest quarter (bio18). In the case 

of R. lepidotum, in set I the most important varia-

bles were isothermality (bio03) and precipitation 

of the coldest quarter (bio19) and in set II they 

were isothermality (bio03) and mean temperature 

of the wettest quarter (bio08). The distribution of 

R. cowanianum was mostly explained in set I by 

the Ellenberg Climatic Quotient and precipitation 

of the driest quarter (bio17) and in set II by precipi-

tation seasonality (bio15) and Annual BioTempera-

ture. Although there were differences in the most 

important variables among sister taxa (Table 1), 

there were only a few variable ranges that were 

significantly different between them (Fig. 2).  

 The variance paroning analysis showed 

that the deviances explained by temperature and 

precipitaon are 30% and 22.9% respecvely for 

R. cowanianum in the opmal GLM (set II) for 

RanPs (the total explained deviance was 66.3%). 

For R. lepidotum, the total deviance explained was 

51.9%, of which 37.1% was explained by tempera-

ture variables and only 6.3% by precipitaon vari-

ables. For R. lowndesii, the deviance explained by 

precipitaon variables was 66.5%, which was ten-

fold higher than the deviance explained by tem-

perature-related variables (5.7%), and the total 

deviance explained was 64.0%. 

 

Distribuon overlaps under current and pro-

jected future climate 

The distribuonal overlap analysis verified a high 

degree of distribuonal overlaps (Table 2; Fig. 4; 

Supplementary Material S4) for current and future 

climates. The average within-species predicted 

distribuon overlap between current and future 

climac condion was around 72% for all species, 

except for R. cowanianum (60% from set II varia-

bles), (Supplementary Material S5A and S5B).  
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Table 1. The most important variables for explaining the distribuons of three Rhododendron species. Results from 

the model with presence data with random pseudo-absences using set I and set II variables.  

Table 2. Results of the potenal distribuon overlap analysis between three Rhododendron species 

in current and the future climac condions. Values correspond to percentage of overlap. 

Importance 

Rank Number 

All Variables (set I) GLM selected variables (set II) 

R. cowanianum R. lepidotum R. lowndesii R. cowanianum R. lepidotum R. lowndesii 

1 EQ bio03 bio13 bio15 bio03 bio13 

2 bio17 bio19 bio18 ABT bio08 bio18 

3 bio16 ABT EQ bio19 bio01 EQ 

4 bio19 bio08 bio16 bio09 bio19 bio12 

5 bio18 EQ bio15 bio06 bio10 bio09 

Variable acronyms stand for: annual mean temperature (bio01), isothermality (bio03), minimum temperature of the 

coldest month (bio06), mean temperature of the weest quarter (bio08), mean temperature of the driest quarter 

(bio09), mean temperature of the warmest quarter (bio10), annual precipitaon (bio12), precipitaon of the weest 

month (bio13), precipitaon seasonality (bio15), precipitaon of the weest quarter (bio16), precipitaon of the 

driest quarter (bio17), precipitaon of the warmest quarter (bio18), precipitaon of the coldest quarter (bio19), An-

nual BioTemperature (ABT) and Ellenberg Climac Quoent (EQ) 

Between species Current climate Future climate 

All variables 

(set I) 

GLM selected 

variables (set II) 

All variables 

(set I) 

GLM selected 

variables (set II) 

R. cowanianum - R. lepidotum 63 68 77 74 

R. cowanianum - R. lowndesii 57 46 72 53 

R. lepidotum - R. lowndesii 55 49 68 62 



Geographical shis of climac niche  

The predicons of our Random Forest models pre-

dicons using RanPs suggested that climac nich-

es of R. cowanianum and R. lepidotum will move 

to higher elevaons with projected warming. 

However, the climac niche of R. lowndesii does 

not seem to move uphill in future climate projec-

ons (Fig. 5). The results were consistent across 

both sets of variables.  

 

Effects of reducing environmental dimension 

on species distribuon models 

There were some differences in the predicons 

using set I and set II variables. The similaries are 

depicted in Table 3. The respecve AUC values of 

the Random Forest models are also illustrated in 

the table. The ROC curves for the set I and set II 

variables were also close to each other 

(Supplementary Material S6). 

 

Discussion 

In this study, we verified that three closely related 

Rhododendron sister taxa have similar relaon-

ships to most climac variables. As these taxa are 

phylogenecally highly related and geographically 

very close in the Himalayas, their distribuons 

parally overlap. The distribuon model suggests 

that the potenal area of distribuon of species 

adapted to arid environments will not move to 

higher elevaons, whereas the potenal area of 

distribuon of the other two sister species will 

move to higher elevaons in the future climate. 

Here, the potenal area of distribuon shi in ge-

ography is based on the ‘worst-case’ climac sce-

nario. 

 

Climac factors segregang species distribu-

on 

Based on the Random Forest model with the set I 

and set II variables on RanPs, precipitaon of the 

weest month and the warmest quarter are the 

most influenal variables for the distribuon of R. 

lowndesii. This aligns with empirical data that this 

species is mainly observed in dry regions in Nepal, 

where any amount of precipitaon is important. 

The R. lepidotum distribuon is mostly related to 

isothermality, a measure of how variable is tem-

perature within each cell derived from diurnal and 

annual temperature ranges. Distribuon of R. 

cowanianum is related to both temperature and 

precipitaon variables as the most important vari-

ables. In other words, for R. lepidotum and R. cow-

anianum, water is not the main liming factor in 

their distribuons, in contrast with R. lowndesii 

(Fig. 3). This finding agrees with Cavender-Bares et 
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Figure 4. Maps depicng the values of the predicted relave index of occurrence (RIO) for current climate (le side 

panel, columns 1 and 2) and future climate (right side panel, columns 3 and 4). The predicons are for presence data 

with random pseudo-absences (RanPs). The white area inside the Nepal boundary is beyond the range of the study 

area. 

  Current climate Future climate 

Species % Similarity AUC % Similarity AUC 

R. cowanianum 74.5 0.985 74.0 0.936 

R. lepidotum 94.4 0.963 94.2 0.966 

R. lowndesii 85.2 0.985 87.4 0.982 

Table 3. Similarity in the potenal area of distribuon (in per-

centage) between models with all variables (set I) and those 

with GLM-selected variables (set II) under current and future 

climate condions and their respecve model AUC values.  



al. (2004), who found that phylogenecally close 

oak species share contrasng moisture prefer-

ences in North Central Florida. The most im-

portant variable lists differ between sister taxa 

(Table 1) and most of the variables’ ranges are 

similar between them (Supplementary Material 

S3), which supports previous findings that sister 

taxa possess similar climac niches on a broad 

scale (Hof et al. 2010) and indicates the conserva-

on of phylogenec niches (Losos 2008). 

 

Range shis and distribuon overlaps under 

current and projected future climate 

The results of Tukey’s HSD tests suggest that the 

highest distribuonal overlap is found between 

the generalist species R. lepidotum and the two 

endemic sister taxa. On average, the sister taxa 

have approximately 58% (set I) and 54% (set II) 

overlaps in their geographical distribuon 

(Supplementary Material S5A and S5B). This  over-

lap is higher than the one found between de-

scendent and parent species in the Tibetan Plat-

eau esmated by Mao and Wang (2011). They 

found 32% to 36% overlap between Pinus densa-

ta, a descendent from the hybridizaon of its par-

ent species P. tabuliformis and P. yunnanensis. 

However, the distribuonal overlap between the 

three Rhododendron species was smaller than the 

80% of distribuonal overlap between sister taxa 

found on a study with 71 different species in the 

California Florisc Province (Anacker and Strauss 

2014).  

 We esmated potenal geographic distribu-

on overlaps between current and future cli-

mates, assuming that the species may be able to 

track the geographical locaon of their niche, but 

many factors such as soil condions, vectors for 

pollinaon, and dispersal may hamper a potenal 

shi in geographical locaon therefore projected 

changes are always rather uncertain (Parmesan 
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Figure 5. The opmum potenal 

elevaon for R. cowanianum and 

R. lepidotum show some eleva-

onal difference between current 

and future climates, while the 

opmum elevaon of potenal 

distribuon of R. lowndesii is 

about the same. The peaks of the 

smoothing curves depict the 

highest occurrence probabilies 

of the species in the respecve 

elevaon in the x-axis (points 

with RIO value less than or equal 

to 0.02 are not depicted in plots 

for beer illustraon). 



and Yohe 2003, Araújo and Rahbek 2006, Sven-

ning et al. 2010). The degree of distribuonal 

overlap under future climate condions is predict-

ed to be almost the same between R. cowani-

anum and R. lepidotum, whereas it may increase 

between R. cowanianum and R. lowndesii, while 

the overlap between R. lepidotum and R. 

lowndesii is predicted to be slightly lower by set I 

variables and slightly higher by set II variables. 

This predicon agrees with the assumed niche 

conservasm within sister taxa (Wiens and Gra-

ham 2005). Within species, changes in the distri-

buon of approximately 30% (set I) and 26–40% 

(set II) are predicted between current and future 

climate condions (Supplementary Material S5A 

and S5B).  

 Based on the predicons, to be able to track 

their current niches R. lepidotum will have to 

‘march’, and R. cowanianum will have to ‘lean’ 

and ‘march’ (Fig. 5). These species may move 

upslope with predicted warming as seen in other 

Himalayan species (Telwala et al. 2013). However, 

it is not necessarily true that all species require 

shiing upslope with warming (Crimmins et al. 

2011, Qiu 2015); for instance, the potenal area 

for R. lowndesii in the future climate is predicted 

around its current elevaon. This is explained by 

precipitaon. In the Himalayan region, the 

amount of precipitaon has an inverse relaon-

ship with elevaon, moreover, the future precipi-

taon is predicted to be less frequent 

(Pendergrass and Hartmann 2014), which means 

that dry areas will be drier. In this situaon, spe-

cies may tend to stay behind the temperature 

niche or move downhill to track their precipitaon 

niche. Similar instances are reported by Crimmins 

et al. (2011) in California, USA and Qiu (2015) in 

southern Tibet, China. This shows that geograph-

ical shis along mountainsides are species-specific 

and more complex than just upward shis 

(Gleason 1926, Halpin 1997).  

 Climate change may be a real threat to 

some endemic species if they fail to migrate due 

to dispersal limitaons or if lack of adequate soil 

condions prevent them from establishing in a 

new geographical locaon even if it is within their 

climate niche (Thuiller et al. 2005, Pearson 2006, 

Manish et al. 2016). This will in essence create 

large challenges for contemporary strategic biodi-

versity conservaon (Hannah et al. 2002). Moreo-

ver, species-specific geographic shi rates 

(Parmesan and Yohe 2003) may involve the emer-

gence of new community assemblages leading to 

novel ecosystems under future climate condions 

(Hobbs et al. 2006, Williams and Jackson 2007). In 

this context, contemporary conservaon pracces 

may have to change from ecosystem and/or com-

munity oriented to individual species oriented 

(e.g., red-listed species) because convenonal 

strategies for communies may not be suitable for 

rare and endemic species in a dynamic future con-

text. Hence, conservaon strategies should incor-

porate climate change and focus on mountains 

when selecng protected areas in the future 

(Araújo et al. 2004). 

 

Effects of reducing environmental dimension 

on distribuon models 

Here, our strategy of dimensionality reducon 

provided good results. In general, the AUC has a 

posive relaonship with the number of predictor 

variables (Synes and Osborne 2011). In contrast, 

we found a negave relaonship in R. lepidotum. 

We found that the model performances with set I 

(including all the environmental variables) and set 

II (reduced set) variables are very close to each 

other when the prevalence rao is higher, with 

low differences between the predicons. Howev-

er, set I is beer at low prevalence raos. This 

suggests that the model can be simplified by re-

ducing the number of predictor variables. Here, 

we separately selected variables for three species 

using GLM, which is a recognized method for se-

lecng effecve variables (Guisan et al. 2002), and 

generated different combinaons of variables 

(Supplementary Material S2). 

 In this study, the prevalence rao was not 

equal among species, as rare species had a low 

number of presence records. The lower number of 

occurrences for rare species can hinder stascal 

analysis. However, other studies have shown that 

such low occurrences of rare species data are ac-

ceptable and more accurate predicve models can 

be developed for rare and restricted range species 
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(Franklin et al. 2009). The narrow environmental 

range and restricted geographic distribuon may 

have enabled the SDM to predict with higher ac-

curacy for endemic and rare species despite the 

low number of occurrences. Here, our results sup-

port the previous findings. We found a higher AUC 

value for both the rare and endemic species (R. 

cowanianum and R. lowndesii) compared to the 

generalist species R. lepidotum (Table 3).  

 The predicon accuracy and model perfor-

mance measures do not only depend on the num-

ber of presences, but are also affected by the 

number of pseudo-absences (VanDerWal et al. 

2009). Here, we tested models wherein the num-

bers of pseudo-absences were set equal to the 

number of presences (results not included here). 

There are many different ways to distribute the 19 

pseudo-absence points for R. cowanianum in the 

study area. We found that when the pseudo-

absences were at a distance from the presence 

locaons, the AUC was higher and the predicon 

was beer than when the pseudo-absence points 

were close to the presence locaons, which 

agrees with VanDerWal et al. (2009). This is why 

the RanPs models always outperformed the RhoPs 

models. This finding reveals that sister taxa-

constrained absence values are not beer than 

randomly generated pseudo-absences. This result 

is consistent with a finding by Barbet-Massin et al. 

(2012). The reason behind the poor performance 

of the sister taxa-constrained absence value is 

because of a low discriminaon power within the 

model between the targeted presences and the 

constrained pseudo-absences as they are both 

within close proximity.  

 In conclusion, our models suggest that 

there is high climate niche overlap and thereby 

high geographical overlap for the sister species, 

but there are also more potenal geographical 

areas for the two endemic species not occupied, 

which may relate to dispersal limitaon or other 

environmental factors. The modes indicate that R. 

lepidotum will have to ‘march’, and R. cowani-

anum will have to ‘lean’ and ‘march’ to track their 

future climate niche, whereas R. lowndesii may 

stay behind, because its distribuon is determined 

by precipitaon. This illustrates that responses to 

climate change are very individual and it is also 

rather uncertain whether the Rhododendron spe-

cies are able to track the geographical locaon of 

their niches in the future.  
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Supplementary Material S1: Methodological details of preparing ABT, EQ and RRI 

variables 

Annual BioTemperature (ABT): It is an index for accumulated effective temperature. It is 

calculated from the months with mean temperature of 0 to 30oC (Holdridge 1947) (as did by 

Fang and Lechowicz (2006)) 

 =	
∑

12
		 , (for	months	in	which	0 < T < 30C) 

Ellenberg Climatic Quotient (EQ): It is  defined  as the mean  temperature  of  the  warmest  

month (MTWM, in  oC)  divided  by  annual  precipitation (AP, in mm  per year),  multiplied  

by  1000 (Ellenberg 1963). 

 =
	ℎ			()

		()
× 1000 

Relative Radiation Index (RRI): It is the relative measure of the substrate's annual exposure to 

solar radiation. The RRI takes account of aspect (which is measured clockwise from north and 

takes values from 0 to 360°), slope (in degree 0 to 90), latitude (in degree) (Oke 1987). 

 = (180 − ) × () × () 

														+		() × 	() 
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Supplementary Material S2: List of variables and GLM selected list for Random Pseudo-
absence and Rhododendron Pseudo-absence 

  
Variable 
Names 

Presence with Random Pseudoabsence  Presence with Rhododendron 
Pseudoabsence 

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii 

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii 

bio01 √ √  √ √ √ 
bio02    √  √ 
bio03  √   √  
bio04 √    √  
bio05    √   
bio06 √   √  √ 
bio07       
bio08 √ √    √ 
bio09 √  √ √   
bio10  √  √ √  
bio11  √   √  
bio12   √ √ √  
bio13  √ √ √ √  
bio14       
bio15 √ √   √  
bio16  √    √ 
bio17 √  √ √  √ 
bio18   √ √   
bio19 √ √  √ √  
RRI     √  
ABT √   √  √ 
EQ  √ √    
 Total 
Number 
of 
Variables 

9 10 6 12 10 7 

 

  



Supplementary Material S3:  Tukey's HSD test p-value between species  

SN variables R. lepidotum –  

R. cowanianum 

R. lowndesii –  

R. cowanianum 

R. lowndesii –R. 

lepidotum 

1 bio01 0.147 0.64 0.64 
2 bio02 0.195 0.108 0.108 
3 bio03 0.735 0.004 0.004 
4 bio04 0.316 0.855 0.855 
5 bio05 0.311 0.326 0.326 
6 bio06 0.159 0.312 0.312 
7 bio07 0.171 0.611 0.611 
8 bio08 0.081 0.769 0.769 
9 bio09 0.105 0.025 0.025 

10 bio10 0.14 0.635 0.635 
11 bio11 0.125 0.607 0.607 
12 bio12 0 0.989 0.989 
13 bio13 0 0.722 0.722 
14 bio14 0.003 0.053 0.053 
15 bio15 0.536 0 0 
16 bio16 0 0.749 0.749 
17 bio17 0.086 0 0 
18 bio18 0 0.681 0.681 
19 bio19 0.405 0 0 
20 ABT 0.122 0.538 0.538 
21 EQ 0.031 0.696 0.696 
22 RRI 1 0.993 0.993 
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Supplementary Material S5A: Distribution Overlap, All variables (set I) 

  SPECIES Current Climate    Future 2070s 

   D Index 

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii   

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii 

Current 
Climate 
  

R. cowanianum 1 0.446 0.363   0.563 0.427 0.471 
R. lepidotum   1 0.329   0.494 0.541 0.347 
R. lowndesii     1   0.383 0.404 0.588 

Future 
2070s 
Climate 

R. cowanianum         1 0.638 0.585 
R. lepidotum           1 0.495 
R. lowndesii             1 

                  
  I index Current Climate   Future 2070s 

  
SPECIES 
 

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii   

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii 

Current 
Climate 
  

R. cowanianum 1 0.749 0.67   0.846 0.739 0.762 
R. lepidotum   1 0.625   0.746 0.813 0.62 
R. lowndesii     1   0.68 0.704 0.851 

Future 
2070s 
Climate 

R. cowanianum         1 0.89 0.838 
R. lepidotum           1 0.79 
R. lowndesii             1 

                  
  RR Index Current Climate   Future 2070s 

  
SPECIES 
 

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii   

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii 

Current 
Climate 
  

R. cowanianum 1 0.686 0.668   0.788 0.732 0.678 
R. lepidotum   1 0.687   0.649 0.734 0.61 
R. lowndesii     1   0.696 0.742 0.765 

Future 
2070s 
Climate 

R. cowanianum         1 0.775 0.743 
R. lepidotum           1 0.757 
R. lowndesii             1 

                  
  Average Current Climate   Future 2070s  

  
SPECIES 
 

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii   

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii 

Current 
Climate 
  

R. cowanianum 1 0.63 0.57   0.73 0.63 0.64 
R. lepidotum   1 0.55   0.63 0.7 0.53 
R. lowndesii     1   0.59 0.62 0.73 

Future 
2070s 
Climate 

R. cowanianum         1 0.77 0.72 
R. lepidotum           1 0.68 
R. lowndesii             1 

 

  



Supplementary Material S5B: Distribution Overlap, GLM selected variables (set II) 

  SPECIES Current Climate    Future 2070s 

   D Index 

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii   

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii 

Current 
Climate 
  

R. cowanianum 1 0.511 0.254  0.413 0.482 0.346 
R. lepidotum  1 0.293  0.387 0.552 0.342 
R. lowndesii   1  0.239 0.372 0.598 

Future 
2070s 
Climate 

R. cowanianum     1 0.594 0.331 
R. lepidotum      1 0.438 
R. lowndesii       1 

                  
  I index Current Climate   Future 2070s 

  
SPECIES 
 

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii   

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii 

Current 
Climate 
  

R. cowanianum 1 0.795 0.52  0.695 0.774 0.608 
R. lepidotum  1 0.557  0.642 0.812 0.605 
R. lowndesii   1  0.489 0.661 0.847 

Future 
2070s 
Climate 

R. cowanianum     1 0.842 0.604 
R. lepidotum      1 0.729 
R. lowndesii       1 

                  
  RR Index Current Climate   Future 2070s 

  
SPECIES 
 

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii   

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii 

Current 
Climate 
  

R. cowanianum 1 0.723 0.615  0.691 0.753 0.604 
R. lepidotum  1 0.621  0.601 0.726 0.601 
R. lowndesii   1  0.611 0.701 0.77 

Future 
2070s 
Climate 

R. cowanianum     1 0.774 0.642 
R. lepidotum      1 0.704 
R. lowndesii       1 

                  
  Average Current Climate   Future 2070s  

  
SPECIES 
 

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii   

R. 

cowanianum 

R. 

lepidotum 

R. 

lowndesii 

Current 
Climate 
  

R. cowanianum 1 0.68 0.46  0.6 0.67 0.52 
R. lepidotum  1 0.49  0.54 0.7 0.52 
R. lowndesii   1  0.45 0.58 0.74 

Future 
2070s 
Climate 

R. cowanianum     1 0.74 0.53 
R. lepidotum      1 0.62 
R. lowndesii       1 

 

 

  



Supplementary Material S6: Area 
Under the Curve (AUC) of the 
Receiver Operating Characteristic 
(ROC) curve of R. cowanianum 
(subplot “A”), R. lepidotum (subplot 
“B”) and R. lowndesii (subplot “C”). 
The values inside parenthesis are the 
average AUCs of the five-fold cross-
validation. Inside the plot, “RanPs” is 
presence with random pseudo-
absences, “RhoPs” is presence with 
Rhododendron-constrained pseudo-
absences, “I” is for the all variables 
models (set I) and “II” represents the 
GLM-selected variables (set II).  
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