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Highlights

•	 The distribution of biodiversity along mountain 
elevational gradients has been well studied, but the 
disparity in patterns between various organisms 
and associated factors makes it difficult to develop 
a universal model for explaining the variation of 
biodiversity.

•	 We report elevational patterns of species richness 
and density of butterflies in the Eastern Himalaya, 
both at whole group and sub-group levels.

•	 A general decline in species richness and density 
with elevation is not supported for Riodinidae and 
for Palearctic species.

•	 A measure of water energy balance, annual actual 
evapotranspiration, is the best correlated variable 
with species richness trends in butterflies.

•	 Our paper highlights the importance of low elevation 
forests for butterfly diversity in the Eastern Himalaya.

Abstract

Understanding the pattern of biodiversity along 
environmental gradients helps in identifying diversity 
hotspot areas that can be prioritized for conservation. 
While the elevational distribution of several taxa has 
been studied, responses of the sub-groups within a taxon 
to elevation and its associated factors are not properly 
understood. Here we study species richness and butterfly 
density along an elevation gradient in Sikkim, Eastern 
Himalaya, India and explore the underlying causes of 
the patterns. We sampled butterflies using a fixed-width 
point count method in 16 elevational bands (150–200 m 
intervals), between a range of 300 and 3300 m a.s.l. 
We categorized butterflies into various sub-groups 
based on family, range size, biogeographic affinity, and 
host-plant specialization. We recorded 3603 individuals 
and 253 species of butterflies after the completion 
of 1860 point counts. Overall, species richness in the 
majority of the sub-groups (except for Riodinidae and 
Palearctic species) declines with elevation, as does the 
density of almost all the sub-groups. From a selection of 
environmental factors, annual actual evapotranspiration 
has the strongest effect on the species richness pattern 
of butterflies as well as on the density of the overall 
butterfly community, especially the Lycaenidae family. 
The richness and density of butterfly groups display varied 
responses to the richness and density of trees and shrubs. 
The conducive climatic conditions and diverse habitats 
in the lower valleys of the Eastern Himalaya support a 
high diversity of butterflies (with majority of small range 
species) and thus warrants conservation attention.

Introduction
There has been an upsurge in studies assessing 

biodiversity patterns across broad spatial scales, 
explaining the underlying processes, and exploring 
any conservation implications (Stevens 1992, Sánchez-

Rodríguez and Baz 1995, Rahbek 2005, Acharya et al. 
2011a, Wu et al. 2013a, Li and Feng 2015, Rana et al. 
2019, Supriya et al. 2019). These studies may serve 
as a baseline for understanding the response of 
biological assemblages to climate change (Hodkinson 
2005). Additionally, environmental gradient studies 
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help to identify diversity hotspots that need to be 
prioritized for conservation (Hunter and Yonzon 1993, 
Bhardwaj  et  al. 2012, Chettri 2015). The majority 
of studies focusing on the latitudinal gradient have 
consistently found a decline in species from the equator 
to the poles (Pianka 1966, Stevens 1989, Gaston and 
Blackburn 2003). Elevational gradients are thought 
to proxy latitude in their distribution pattern of 
biological biomes and are therefore used to elucidate 
patterns and processes that influence biodiversity of 
various taxa around the world (Rahbek 1995, Gaston 
and Blackburn 2000, Colwell et al. 2004, McCain and 
Grytnes 2010, Sanders and Rahbek 2012). Patterns 
along elevational gradients are less general, however, 
due to complex biophysical processes that are involved 
in shaping the fine-scale spatial patterns on mountains. 
Commonly observed patterns of species richness along 
an elevational gradient are: (i) monotonic decline 
with increasing elevation, (ii) mid-elevation peak, (iii) 
low-elevation plateau and then linear decline, and 
(iv) low-elevation plateau with mid-elevation peak 
(McCain 2004, 2005, Rahbek 2005, Weins et al. 2007).

Factors such as contemporary climate, habitat 
heterogeneity, evolutionary events, and area or 
space have been proposed to explain diversity 
patterns along elevational gradients (Wiens  et  al. 
2007, McCain and Grytnes 2010). The climatic factors 
include temperature, precipitation, humidity, and 
cloud cover (Rosenzweig 1992, Sánchez-Rodríguez 
and Baz 1995, Despland et al. 2012). These factors 
regulate the productivity and water-energy dynamics 
of mountainous ecosystems (O’Brien 2006, Wu et al. 
2013b, Hu et al. 2017, Vetaas et al. 2019). The dynamic 
interaction of energy and water that controls liquid 
water availability may explain the richness patterns 
of various taxa (Wu  et  al.2013b, Hu  et  al. 2017, 
Vetaas et al. 2019). Similarly, energy drives the net 
primary productivity that facilitates species richness 
(Wright 1983, Rosenzweig 1992, Currie et al. 2004). 
The habitat heterogeneity hypothesis predicts that 
complex habitats provide more niches and diverse 
resources, thus increasing species richness (Bazzaz 
1975, Kerr 2001, Levanoni et al. 2011). The species−
area relationship predicts that along a montane 
gradient, environmental zones cover a wider area 
at the base and thus can sustain more species than 
zones such as mountain tops, which cover smaller 
areas (Rosenzweig 1992, Sánchez-Rodríguez and 
Baz 1995). The disparity in patterns between various 
organisms and associated factors makes it difficult to 
develop a universal model for explaining the variation 
of biodiversity (Supriya et al. 2019, Vetaas et al. 2019). 
Therefore, taxon or regionally specific studies need 
to be conducted so as to develop more specialized 
models.

The Himalaya forms the world’s largest mountain 
complex and offers a unique system for understanding 
the elevational patterns of species richness. The 
Himalayan region is part of the globally significant 
biodiversity hotspot (Critical Ecosystem Partnership 
Fund 2020) and forms a transition zone between the 
Oriental and Palearctic biogeographical realms (Mani 

1974, Holt et al. 2013). The region is well-suited for 
diversity studies along elevational gradients due to 
a sharp but continuous transition in vegetation and 
climatic conditions within a small geographical range. 
Much work has been carried out in the Himalaya on 
the distribution patterns of various taxa (Vetaas et al. 
2019 and references therein), including plants (Grytnes 
and Vetaas 2002, Bhattarai et al. 2004, Oommen and 
Shanker 2005, Acharya  et  al. 2011b, Sharma  et  al. 
2019), fishes (Li  et  al. 2009), amphibians (Fu  et  al. 
2006, Chettri and Acharya 2020), reptiles (Chettri et al. 
2010), birds (Acharya et al. 2011a, Wu et al. 2013a), 
and mammals (Wu et al. 2013b, Hu et al. 2017).

Pollinators, including butterflies, are facing a 
threat of extinction worldwide due to global climate 
change and anthropogenic activities, resulting in a 
pollination deficit which might trigger food shortages 
in the future (Allen-Wardell et al. 1998, Vanbergen 
2013). Prior information on their distribution and 
influential variables forms the basis for predicting their 
responses to climate change and human disturbances. 
Such information would also be crucial in identifying 
hotspots that should be designated to conserve viable 
populations of taxa in the face of recent threats (Hunter 
and Yonzon 1993, Whittaker et al. 2005, Bhardwaj et al. 
2012, Chettri and Acharya 2020). Biogeographical 
studies are particularly important in mountain regions 
such as in the Himalaya where the effects of climate 
change and human disturbance are more pronounced 
than in other parts of the world (Singh et al. 2011). 
In the Himalayan region, biogeographic studies on 
butterflies are scarce (Bhardwaj et al. 2012, Acharya 
and Vijayan 2015, Chettri 2015, Vetaas et al. 2019) 
and little is known either quantitatively or qualitatively 
about butterfly richness at local and regional scales 
(Rahbek 2005, McCain and Grytnes 2010).

Butterflies can be grouped into meaningful 
ecological sub-groups (Oommen and Shanker 2005) 
and can be studied at both the whole and sub-group 
level. Range size, biogeographic affinity, taxonomic 
categories, and feeding guilds have been consistently 
used in macroecological studies to categorize a wide 
variety of taxa such as plants, moths, mammals, birds, 
and amphibians (Oommen and Shanker 2005, Beck and 
Chey 2006, Fu et al. 2006, Wu et al. 2013b, Hu et al. 
2017, Maicher et al. 2018, Zhou et al. 2019, Chettri 
and Acharya 2020, Subedi  et  al. 2020). Grouping 
taxa into smaller subsets may unveil differences in 
diversity patterns and their responses to abiotic and 
biotic factors. For example, the distribution of large-
range species is likely to be affected by geographical 
constraints, whereas small-range species are more 
influenced by environmental factors (Fu  et  al. 
2006, Wu et al. 2013b, Hu et al. 2017). Additionally, 
small-range or endemic species are often rare when 
compared to large-range species and might therefore 
be more vulnerable to extinction (Elsberry et al. 2018). 
Similarly, species having a tropical biogeographic 
affinity are more narrowly distributed while temperate 
species show a wider distributional range across 
elevation due to their higher environmental tolerance 
(Li and Feng 2015, Zhou et al. 2019). Feeding guilds 
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are also thought to influence elevational range size; 
however, no concrete evidence exists for such an 
assumption (Brehm et al. 2007).

Here, we aim to address the following questions. 
What is the pattern of richness and density of 
butterflies along the elevation gradient of Rangeet 
Valley, Eastern Himalaya? What are the factors 
associated with these patterns? How do the different 
sub-groups (categorized according to their family, 
elevational range size, biogeographic affinity, and larval 
host-plant specificity) respond to elevation? Are the 
underlying mechanisms similar in all the sub-groups? 
What are the conservation implications of the data?

Materials & Methods

Study area
The study was conducted in Rangeet Valley 

situated in the south-west district of Sikkim, Eastern 
Himalaya, India (Fig. 1). The elevation of the valley 
ranges from 300 m to 8586 m (the height of Mount 
Khangchendzonga) above sea level (a.s.l.). Rangeet 
River, an important tributary of the River Teesta, 

flows through the valley. The river originates from 
the Rathong glacier as Rathong Chu River at around 
4674 m a.s.l. in west Sikkim and merges with the River 
Teesta near Melli at around 300 m a.s.l. The region 
experiences a broad range of climatic conditions from 
hot tropical at low elevations to cold alpine at high 
elevations. The temperature shows a linear decrease 
with increasing elevation (lapse rate = -0.50°C per 
100 m) while precipitation is highest at mid-elevations 
(see Supplementary Figure S1). The rapid transition 
of climatic conditions along the elevational gradient 
influences the type of vegetation growth from tropical 
forest at lower elevations to alpine at higher elevations.

Butterfly sampling
We used fixed points along selected transects to 

sample butterflies following the methods of Acharya 
and Vijayan (2015). Mainstream methods such as 
Pollard’s walk and transect count (Pollard 1977, 
Isaac et al. 2011) were not feasible because of the 
steep topography. Our method has been used in a 
considerable number of previous studies (Chettri et al. 
2018, Dewan et al. 2019a, Sharma et al. 2020) and is 
recognized as an appropriate technique to sample 

Figure 1. Map showing the locations of the 16 sampling transects along the elevation gradient in Rangeet Valley, Sikkim, 
Eastern Himalaya.
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butterflies (Kral et al. 2018). Butterflies were sampled 
along an elevation range from 300 m to 3300 m a.s.l. 
(Fig. 1). The area was categorized into 16 elevation 
bands (with an interval of 150–200 m). Within each 
elevational band, a transect (800–1000 m long) was 
set up in suitable and accessible areas. Permanent 
points (80−100 m apart) were marked along the 
transect. Each transect had 10 permanent points 
altogether. At each point, butterflies within a 5 m 
radius of the centre of the point were recorded for 
five minutes. Butterfly sampling at each point was 
replicated 3–5 times in the pre-monsoon (March-
May), monsoon (June-August), and post-monsoon 
(September-November) over two years (2016 to 2018). 
We covered all the months to ensure that the majority 
of the species were encountered and recorded during 
sampling. We conducted a total of 1860 point counts 
during this study and the detail of sampling effort 
is provided in Table 1. Sampling was conducted on 
clear sunny days between 10:00 hrs and 13:00 hrs to 
ensure optimal weather conditions at least within one 
season. Additionally, we conducted the point counts 
in alternative order along the transect (i.e., starting 
from 1st point in first sampling but with the last point 
in the next sampling, and so on) in order to avoid 
any time bias with respect to any particular point 
(although variation in weather conditions between 
this short time frame, i.e., 10:00 h to 13:00 h would be 
minimal). Butterflies were identified during sampling 
using the illustrated guide-books of Haribal (1992) 
and Kehimkar (2016). Butterflies that could not be 
instantly identified in the field were photographed 

1  ifoundbutterflies.org; Kunte et al. 2019, last accessed on 15/12/2019

and later identified by referring to guide-books and 
the ifoundbutterflies1 website.

Species grouping
Butterflies observed in the study areas were 

broadly grouped according to their respective 
families, range size, biogeographic affinity, and host-
plant specialization. Families represented include 
Nymphalidae, Hesperiidae, Lycaenidae, Papilionidae, 
Pieridae, and Riodinidae. In terms of the range-size 
category, butterflies with an elevational range greater 
than half (1500 m) of the total elevational range 
covered in the study (3000 m) were considered as 
large-range species and the rest as short-range species, 
following the approach adopted by Wu et al. (2013b). 
Species observed in only one elevation band were 
assigned a 100 m range (±50 m of the point elevation), 
assuming the species to be present within this range 
(Stevens 1992). Holloway (1964, 1974) ascertained 
the distribution ranges of selected Indian butterflies 
and identified the centres of their diversity. Following 
a simplified version of Holloway’s method (Kunte 
2011), we grouped the observed butterflies according 
to their affinities to respective biogeographic realms 
into: (a) global (having a centre of diversity in at least 
two regions), (b) Oriental (affinity to hot, humid, 
evergreen forest habitats), and (c) Palearctic (affinity 
to colder and temperate regions). A few species with 
an affinity to the African region, and others that did 
not show affinity to any biogeographic realm, were 
excluded from the group-based analyses. Based on 
larval host-plant specialization, we grouped butterflies 

Table 1. Observed richness, estimated richness, rarefied richness, number of individuals, and density of butterflies along 
with effort for each transect along an elevation gradient in Rangeet Valley, Eastern Himalaya.

Study 
sites

Elevation 
midpoint 

(m)

Effort 
(point 
count)

Observed 
species 
richness

Chao1 Jack1 Rarefied 
richness

No of 
individuals

Density 
(per ha.)

T1 350 130 121 145.76 155.73 115.03 800 784
T2 500 120 118 173.89 169.57 113.77 497 528
T3 650 120 80 107.20 104.79 77.84 364 386
T4 800 110 69 99.99 95.75 69.00 291 337
T5 950 120 79 89.56 100.82 77.21 358 380
T6 1150 120 49 64.46 68.83 47.35 179 190
T7 1350 110 58 105.01 85.75 58.00 201 233
T8 1550 110 36 44.18 47.89 36.00 123 142
T9 1700 110 56 118.67 84.74 56.00 189 219

T10 1900 120 31 42.04 43.89 29.87 112 119
T11 2100 120 27 28.65 31.96 26.55 129 137
T12 2300 110 24 26.48 29.95 24.00 113 131
T13 2500 110 12 12.00 12.99 12.00 96 111
T14 2700 120 11 11.99 12.98 10.83 69 73
T15 2900 120 10 10.25 11.98 9.81 54 57
T16 3100 110 8 8 8.88 8.00 28 32
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into monophagous (larva feeding on plants in only one 
genus), oligophagous (larva feeding on plants in a single 
family, but more than one genus), and polyphagous 
species (larva feeding on plants in more than one family 
or order) (Zhang 2019). The data on host plants were 
obtained from various sources (Haribal 1992, Kehimkar 
2008, 2016) supplemented by field observations. Data 
on host plants of 72 species were deficient and larvae 
of two species were carnivores, hence, analysing the 
trends of these species was not viable.

Spatial variables

Area
We downloaded Digital Elevation Model (DEM) 

imagery (covering the Sikkim Himalayan region) 
generated from the Cartosat-1 satellite, built and 
operated by the Indian Space Research Organization 
(ISRO). The Cartosat-1 data are freely available on 
Bhuvan2, an online Indian geospatial platform. The DEM 
raster image was first classified into the new classes 
that correspond to the respective elevation bands 
(classified according to this study) using the reclassify 
tool in the spatial analyst toolbox in ArcGIS 10.4. We 
then calculated the area of each reclassified elevation 
band using the zonal geometry tool in ArcGIS 10.4. 
Zonal geometry calculates the geometry measures 
(e.g., area) for each band in a dataset.

Environmental variables

Vegetation
Trees and shrubs were surveyed once during the 

study period along all the 16 transects established 
for sampling butterflies. Quadrats of 10x10 m were 
established at each point, adjacent to the butterfly 
sampling point, and two sub-quadrats (5x5 m) 
were laid diagonally within each 10x10 m quadrat 
for surveying shrubs. Plants with DBH (diameter at 
breast height) ≥20 cm were considered as trees. We 
estimated species richness and density of trees and 
shrubs in the quadrats and then pooled the data for 
each elevation band.

The Normalized Difference Vegetation Index (NDVI) 
was used as a surrogate for above-ground productivity 
(Nieto et al. 2015). We used three years (2016–2018) 
of Landsat8 imagery data (available at 30 m resolution) 
for the Sikkim Himalayan region available from the 
USGS3 website. We first averaged three years of red 
and near-infrared imagery data and then calculated 
NDVI from these averaged outputs using the formula

( ) ( )NDVI  Near Infrared –  Red  /  Near Infrared  Red= +

in ArcGis10.4. The final output provides NDVI values for 
each pixel. Averaging NDVI across an entire elevation 
band may produce biased results because of the 
presence of human habitation in the bands. Hence, 
we averaged the NDVI values of a central pixel plus 

2  http://bhuvan.nrsc.gov.in, last accessed on 09/10/2019

3  http://earthexplorer.usgs.gov, last accessed on 27/09/2019

eight adjacent pixels in the raster consisting of NDVI 
values. The central pixel was in the midpoint of each of 
our butterfly transects. Taking the averaged NDVI from 
nine pixels ensures that information from all points 
along the transects are taken into account. Using this 
approach, we estimated the NDVI for all 16 transects.

Climatic variables
All climatic data were downloaded from the CHELSA 

(Climatologies at high resolution for the Earth’s land 
surface areas) dataset (Karger et al. 2017a, b). Among 
19 bio-climatic variables, mean annual precipitation 
(MAP) and mean annual temperature (MAT) were 
selected because they are important in affecting the 
distribution of butterfly biodiversity. Besides, other 
bio-climatic variables are mostly derived from these 
two variables. The CHELSA dataset has a resolution 
of 30 arc seconds (1 km2 grid). The selected variables 
were then categorized into equal elevation bands 
of 200 m, except for the lowest band (<500 m) as 
land below 300 m does not occur in the study area. 
Temperature and precipitation values for consecutive 
elevation bands within the whole Sikkim Himalaya 
area were obtained by averaging the grid values falling 
into each band using ArcGIS 10.4. We also calculated 
annual evapotranspiration for all the transects using 
standard equations such as provided by Turc (1954) for 
actual evapotranspiration (AET;cf. Kluge et al. 2006) and 
Holdridge et al. (1971) for potential evapotranspiration 
(PET). AET is a function of water availability and 
temperature and, hence, has been used as a measure 
of water-energy balance (Bini et al. 2004).

Data Analysis
Observed species richness is the total number of 

species observed in all seasons per elevational band 
during the study. Since it is practically impossible to 
detect all species present, simple observed species 
richness may not always be a reliable estimate of 
richness. Hence, non-parametric estimators were also 
used to estimate richness (Colwell 2013). Chao1 and 
Jackknife1 estimators were selected owing to their high 
precision in estimating richness (Hortal et al. 2006). 
Species accumulation curves were generated using 
these estimators in order to assess the completeness 
of the sampling effort. To reduce the bias of unequal 
sampling effort, we estimated sample-based rarefied 
richness. Here, species richness was rarefied to the 
lowest number of counts conducted for any site 
(110 point counts). A preliminary analysis showed that 
Jackknife1 predicted a higher number of species in 
most of the sites. Hence, we used Jackknife1 estimated 
richness as the measure of species richness.

We also recorded abundance (total number of 
individuals) of butterflies in each elevation band. To 
account for variability in abundance due to unequal 
sampling, we converted the abundance records into 
density of butterflies in each elevational band. Density 
is the number of individual butterflies recorded per 
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unit area irrespective of the species richness. Density 
is estimated as

2D  n *10000 /  r C= π

where D = butterfly density (numbers ha–1), n = total 
number of butterflies observed in all counts within 
the specific radius, r (specific radius is the average 
radial distance of butterflies from the observer), and 
C = total number of counts conducted, following the 
approach used for birds (see Reynolds et al. 1980). 
From the overall pooled data, species richness and 
density of all the sub-groups in each elevational band 
were estimated.

To assess the relationship between elevation and 
observed species richness, estimated richness, rarefied 
species richness, total density, and species richness 
and density of the sub-groups, we drew scatter plots 
using the ggplot2 package (Wickham 2016) in R (R 
Core Team 2019). Richness estimates and density of 
most sub-groups show a linear trend with elevation: 
hence, we used ordinary least squares regression 
to test the significance of the relationship. We also 
analysed the relationships between species richness 
and density with various predictor variables. Since 
MAT (r = 0.998, p <0.01), MAP (r = -0.874, p <0.01), 
and PET (r = 1, p <0.01) are highly correlated to AET, 
we do not consider MAT, MAP, and PET for further 
analyses (see Currie et al. 2020). Generalized linear 
modelling (GLM) with a log link function assuming 
a Poisson distribution of error was used to explore 
the relationship of selected explanatory variables 
and total species richness or density of butterflies 
in the various sub-groups (cf. above). A total of 
128 GLMs were generated using the package glmulti 
in R (Calcagno and de Mazancourt 2010). From all 
the models generated, the best fitting GLM is the 
one with the lowest corrected Akaike information 
criterion (AICc) value. Models with a ΔAICc<2 from 
the model with the lowest AIC are considered equally 
likely (Burnham and Anderson 2002). Hence, we used 
a model averaging approach to compare all the likely 
models and estimated the relative importance of each 
of the predictor variables from these models (Johnson 
and Omland 2004) using the package MuMin in R 
(Barton and Barton 2013). GLM takes into account 
the deviance explained in each of the models because 
the lowest AICc has the minimum residual deviance.

Results

Species richness and density of butterflies along the 
elevational gradient

A total of 3603 individual butterflies representing 
253 species and six families were recorded during the 
study (Table 1, Supplementary Table S1). Nymphalidae 
is the most dominant family with 117 species followed 
by Lycaenidae with 42 species, Hesperiidae with 39 
species, Pieridae with 25 species, Papilionidae with 
24 species, and Riodinidae with six species. Out of all 
butterfly species recorded, 22 species have a large-
range size while the other 231 species have a small 

range. Regarding their biogeographic affinity, 23 
species belong to the global category, 208 are Oriental, 
and 10 are Palearctic. In terms of larval host-plant 
preference, 43 species are monophagous, 75 species 
oligophagous, and 61 species polyphagous in nature.

The observed species richness of butterflies shows 
a declining trend with increase in elevation (Table 2, 
Fig. 2). For each elevation band, estimated richness 
(Jackknife1) predicts a slightly higher number of 
species, suggesting more species could be counted 
with further sampling. The species accumulation curve, 
however, predicts that the rate of addition of species 
would be uniformly low, thus suggesting that the 
sampling effort was almost complete (Supplementary 
Figure S2). Estimated species richness (Jackknife1) 
also shows a declining trend but with a slight hump at 
around 500 m elevation (R2 = 0.868, p < 0.01). Similarly, 
rarefied species richness shows a declining trend with 
increasing elevation (R2 = 0.883, p < 0.01) (Table 2).

The species richness of the majority of the sub-
groups declines with increasing elevation and fits well 
to a linear declining model (Table 2, Fig. 2). When 
assessed, as butterflies grouped into higher taxonomic 
levels, the results are similar to total species richness 
for families such as Nymphalidae (R2 = 0.806, p < 0.01), 
Papilionidae (R2 = 0.833, p < 0.01), Hesperiidae 
(R2 = 0.684, p<0.01), Lycaenidae (R2 = 0.890, p < 0.01), 
Pieridae (R2 = 0.768, p < 0.01) with the exception 
of Riodinidae, which shows no definite trend. The 
species richness of the small-range butterflies shows 
a distinct linear decline with elevation (R2 = 0.836, 
p < 0.01), while the large-range species have two 
distinct peaks (at 500 m and 1700 m), making a 
poor fit to the linear regression model (R2 = 0.649, 
p = 0.01). Global (R2 = 0.844, p < 0.01) and Oriental 
(R2 = 0.836, p < 0.01) species mirror the overall species 
richness pattern and decline linearly with an increase 
in elevation but Palearctic species do not show any 
definite pattern. Oligophagous (R2 = 0.909, p < 0.01), 
monophagous (R2 = 0.583, p = 0.01), and polyphagous 
(R2 = 0.786, p < 0.01) butterflies show a declining trend 
with elevation confirming that butterflies of the study 
area decline linearly with the elevation.

The total density of butterflies decreases linearly 
(R2 = 0.740, p < 0.01) with increasing elevation 
(Table 3, Fig. 3). Similarly, we see a significant decline 
in the density of Nymphalidae (R2 = 0.370, p < 0.05), 
Papilionidae, (R2 = 0.530, p < 0.01), Hesperiidae 
(R2 = 0.520, p < 0.01), Pieridae (R2 = 0.250, p < 0.01), 
and Lycaenidae (R2 = 0.370, p < 0.05) families, as well as 
in small-range (R2 = 0.320, p < 0.05), global (R2 = 0.740, 
p < 0.01), oligophagous (R2 = 0.330, p < 0.05), and 
polyphagous (R2 = 0.320, p < 0.05) butterflies along 
the elevation gradient. The density of Riodinidae, 
large-range, Oriental, Palearctic, and monophagous 
species do not show any definite pattern.

Determinants of butterfly species richness and 
density

The overall richness of butterflies is explained 
by two sets of best candidate models that have the 
lowest AICc (Supplementary Table S2). Model averaged 
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Table 2. Ordinary least squares regression of observed (overall), estimated, and rarefied species richness and different 
sub-groups of butterflies with elevation in Sikkim, Eastern Himalaya.
Species richness Coefficient Std. Error R2 t-value Pr(>|t|)
Observed -0.039 0.004 0.876 -9.941 <0.001**
Chao 1 -0.053 0.007 0.794 -7.334 <0.001**
Jackknife 1 -0.053 0.006 0.868 -9.586 <0.001**
Rarefied -0.037 0.004 0.883 -10.280 <0.001**
Nymphalidae -0.022 0.002 0.806 -7.628 <0.001**
Papilionidae -0.007 0.001 0.833 -8.378 <0.001**
Hesperiidae -0.009 0.001 0.684 -5.515 <0.001**
Lycaenidae <-0.001 0.001 0.898 -2.872 <0.001**
Riodinidae <-0.001 0.000 0.001 -0.133 0.980
Pieridae -0.006 0.001 0.768 -6.817 <0.001**
Large-range -0.005 0.001 0.649 -5.098 0.001**
Small-range -0.047 0.005 0.836 -8.471 <0.001**
Global -0.007 0.001 0.844 -8.471 <0.001**
Palearctic <-0.001 0.000 0.050 -0.862 0.403
Oriental -0.041 0.004 0.847 -8.821 <0.001**
Monophagous -0.008 0.001 0.534 -4.009 0.001**
Oligophagous -0.018 0.001 0.909 -11.880 <0.001**
Polyphagous -0.017 0.002 0.786 -7.188 <0.001**
Coefficient of regression, standard error (Std. Error), R2 representing the proportion of variance of regression, and t-value along with 
overall significance of the regression are presented. ** Significant at p <0.01, Negative relationships are indicated by minus (-) sign.

Figure 2. Scatter plots of butterfly species richness and elevation in the Eastern Himalaya; a) Overall, estimated (Chao 1 
and Jackknife 1), and rarefied species richness by b) family, c) range size, d) geographic affinity, and e) larval host plant 
specialization. A linear trend line with shading representing the 95% confidence interval has been fitted to each plot. The 
linear trend observed in overall richness, Chao 1, Jackknife 1, rarefied richness and richness of Hesperiidae, Lycaenidae, 
Nymphalidae, Papilionidae, Pieridae, large-range, small-range, Global, Oriental, monophagous, oligophagous and 
polyphagous are statistically significant (p<0.01). Richness trend of Riodinidae and Palearctic species are non-significant.
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Table 3. Ordinary least squares regression of density (total and sub-groups) of butterflies with elevation in Sikkim, Eastern 
Himalaya.

Coefficient Std. Error R2 t-value Pr(>|t|)
Total Density -0.190 0.030 0.740 -6.390 <0.001**
Nymphalidae -0.060 0.020 0.370 -2.850 0.013 *
Papilionidae -0.020 -0.020 0.530 -3.940 0.002 **
Hesperiidae -0.010 0.000 0.520 -3.900 0.001 **
Lycaenidae -0.010 0.000 0.370 -2.890 0.012 *
Riodinidae 0.000 0.000 0.020 0.550 0.590
Pieridae -0.030 0.010 0.250 -2.150 0.051 *
Large-range -0.010 0.010 0.070 -1.040 0.310
Small-range -0.100 0.040 0.320 -2.570 0.022 *
Global -0.030 0.010 0.400 -3.070 0.008 **
Palearctic 0.400 0.000 0.700 0.400 0.700
Oriental 0.000 0.000 0.190 -1.820 0.090
Monophagous -0.020 0.010 0.160 -1.640 0.120
Oligophagous -0.080 0.030 0.300 -2.460 0.027 *
Polyphagous -0.050 0.020 0.320 -2.560 0.022 *
Coefficient of regression, standard error (Std. Error), R2 representing the proportion of variance of regression, 
and t-value along with overall significance of the regression are presented. *Significant at p <0.05, ** significant 
at p <0.01. Negative relationships are indicated by a minus (-) sign.

Figure 3. Scatter plots of butterfly density and elevation in the Eastern Himalaya; a) Overall, b) by family, c) range size, d) 
geographic affinity, and e) larval host plant specialization. A linear trend line with shading representing the 95% confidence 
interval has been fitted to each plot. The linear trend observed in overall density and density of Papilionidae, Hesperridae, 
and Global butterflies are significant at p<0.01. Density pattern of Nymphalidae, Lycaenidae, Pieridae, small-range, 
oligophgaous and polyphagous butterflies are significant at p<0.05. Density trend of Riodinidae, large-range, Palearctic, 
Oriental and Monophagous butterflies are non-significant.
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inference of the two most likely models suggest that 
AET, followed by tree species richness and density are 
the best explanatory variables of the major variation in 
overall butterfly richness along the elevation gradient 
(Table 4). Other sets of models explain the richness 
patterns of butterflies of the different sub-groups. 
AET significantly influences the species richness 
pattern of most sub-groups of butterflies except for 
Riodinidae, large-range, and Palearctic species. Tree 
species richness strongly affects the species richness 
patterns of Nymphalidae, Hesperiidae, small-range, 
and monophagous butterflies, whereas tree density is 

an important determinant of oligophagous butterflies. 
The species richness of the Riodinidae family, large-
range, and Palearctic butterflies shows no significant 
relationship with spatial or any environmental 
variables.

For the density of butterflies, average model sets 
suggest that AET followed by shrub density are the 
most significant predictors of total butterfly density 
along the elevation gradient (Table 5, Supplementary 
Table S3). Amongst the different sub-groups of 
butterflies, AET is a significant variable for the density of 
Lycaenidae only. Habitat variables such as shrub density 

Table 4. Summary of model averaged estimates (generalized linear model) of predictor variables in explaining variation 
in species richness of butterflies along the elevation gradient in Sikkim, Eastern Himalaya using multimodal inference.

Variables Estimate Std. Er Z-value P-value
Overall richness TRS 0.024 0.007 2.812 0.005 **

TRD 0.002 0.001 2.822 0.004 **
AET 0.004 0.001 9.246 <0.001**
SSD -0.001 0.001 0.838 0.402

Nymphalidae TRD 0.002 0.001 1.112 0.261
AET 0.003 0 8.261 <0.001**
TRS 0.03 0.269 2.947 0.003**

Papilionidae TRS 0.056 0.026 1.935 0.53
AET 0.007 0.002 2.975 0.002**
Area 0.004 0.002 1.73 0.083
NDVI -5.727 4.155 1.24 0.215

Pieridae SSR -0.037 0.01 1.989 0.046*
AET 0.004 0.001 7.09 <0.001**

Hesperiidae TSR 0.094 0.021 4.065 <0.001**
AET 0.005 0.001 6.804 <0.001**
TRD 0.002 0.003 0.692 0.489

Lycaenidae AET 0.004 0.001 5.988 <0.001**
Area 0.001 0.001 0.406 0.685

Riodinidae TSR 0.021 0.03 0.67 0.503
TRD 0.002 0.003 0.614 0.539
Area 0.001 0.002 0.508 0.612
AET -0.0001 0.001 0.242 0.809
SSD -0.001 0.001 0.224 0.823

NDVI 0.609 2.079 0.281 0.779
Large-range TSR 0.019 0.02 0.932 0.351

TRD 0.003 0.002 1.699 0.089
AET 0.001 0.001 1.437 0.15
SSD -0.001 0.001 0.316 0.751
Area 0.001 0.001 0.377 0.706

Small-range TSR 0.0182 0.012 1.411 0.158
TRD 0.002 0.001 2.325 0.020 *
SSD -0.001 0.001 1.277 0.201
AET 0.005 0.001 14.547 <0.001**

Parameter estimate, standard deviation of the parameter estimates, z-score and significance of each predictor variable are provided. 
Significant variables are marked in bold. *Significant at p <0.05, ** significant at p <0.01. AET Actual Evapotranspiration, NDVI 
Normalized Difference Vegetation Index, SSD Shrub Density, SSR Shrub Species Richness, TRD Tree Density, TSR Tree Species Richness
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Variables Estimate Std. Er Z-value P-value
Global AET 0.004 0.001 5.225 <0.001**

Area 0.001 0.001 0.414 0.679
Oriental TSR 0.039 0.007 5.265 <0.001**

TRD 0.0029 0.001 3.636 <0.001**
AET 0.004 0.001 14.157 <0.001**

Palearctic SSR -0.028 0.029 0.922 0.356
NDVI -1.922 3.395 0.56 0.575
SSR 0.001 0.001 0.315 0.752

Monophagous TSR 0.065 0.014 4.025 <0.001**
AET 0.002 0.001 3.9 <0.001**
SSR -0.014 0.014 0.907 0.364

Oligophagous TRD 0.002 0.001 2.099 0.255
AET 0.005 0.001 6.903 <0.001**
Area 0.003 0.001 2.611 0.02 *
TSR 0.001 0.012 2.019 0.873
SSD -0.001 0.00 0.653 0.923

Polyphagous AET 0.005 0.001 6.915 <0.001**
TRD 0.001 0.001 0.846 0.400
SSD -0.001 0.001 0.355 0.722
Area 0.001 0.001 0.464 0.642

Parameter estimate, standard deviation of the parameter estimates, z-score and significance of each predictor variable are provided. 
Significant variables are marked in bold. *Significant at p <0.05, ** significant at p <0.01. AET Actual Evapotranspiration, NDVI 
Normalized Difference Vegetation Index, SSD Shrub Density, SSR Shrub Species Richness, TRD Tree Density, TSR Tree Species Richness

Table 4. Contined...

Table 5. Summary of model averaged estimates (generalized linear model) of predictor variables in explaining variation in 
butterfly density (numbers per ha) along the elevation gradient in Sikkim, Eastern Himalaya using multimodal inference.

Variables Estimate Std. Er Z-value P-value
Total Density SSD 0.527 0.116 4.122 <0.001**

AET 0.587 0.107 5.000 <0.001**
SSR -2.254 2.859 0.758 0.449

Nymphalidae TRD 0.386 0.429 0.870 0.384
AET 0.111 0.131 0.828 0.408
SSD 0.065 0.114 0.558 0.577
SSR -0.724 1.881 0.372 0.71
Area -0.049 0.147 0.323 0.747

Papilionidae AET 0.112 0.081 1.238 0.216
SSR -1.602 0.592 2.434 0.014 *
TSR 0.112 0.081 1.238 0.215

Pieridae TRD 0.006 0.004 1.323 0.186
SSR -0.184 0.067 2.471 0.013 *
SSD 0.003 0.001 6.337 <0.001**

Hesperiidae TRD 0.102 0.037 2.554 0.011 *
SSR -0.351 0.344 0.988 0.323
AET 0.019 0.017 0.1.077 2813
Area -0.026 0.034 0.752 0.452

Parameter estimate, standard deviation of the parameter estimates, z-score and significance of each predictor 
variables are provided. Significant variables are marked in bold. *Significant at p <0.05, **significant at 
p <0.01. AET Actual Evapotranspiration, NDVI Normalized Difference Vegetation Index, SSD Shrub Density, 
SSR Shrub Species Richness, TRD Tree Density, TSR Tree Species Richness.
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significantly affect the density of Pieridae, small-
range, oligophagous, and polyphagous butterflies. 
Similarly, tree density significantly affects the density 
of Hesperiidae butterflies. However, species richness 
of shrubs is found to have a negative influence on the 
density of certain sub-groups of butterflies such as 
Papilionide, Pieridae, and Palearctic species.

Discussion

Species richness and density along the elevation 
gradient

This study examines the pattern of species richness 
and density of butterfly communities along an elevation 

gradient in Rangeet Valley in Sikkim, Eastern Himalaya, 
India. The species richness and density of butterflies 
generally decline with an increase in elevation. A mid-
elevation peak is the most common pattern of species 
richness in mountain ecosystems for the majority of 
taxa (Rahbek 1995, 2005, McCain and Grytnes 2010), 
although for butterflies, a monotonic decline has been 
frequently reported from the Himalaya and elsewhere 
(Sánchez-Rodríguez and Baz 1995, Kumar et al. 2009, 
Bhardwaj et al. 2012, Leingärtner et al. 2014, Acharya 
and Vijayan 2015, Chettri 2015). A monotonic decline 
in species richness with increasing elevation might 
therefore be the general pattern for butterflies.

While the species richness and density of the 
different sub-groups often mirror the overall richness 

Table 5. Contined...
Variables Estimate Std. Er Z-value P-value

Lycaenidae AET 0.059 0.022 0.2.462 0138 *
TSR -0.175 0.469 0.354 0.723

Riodinidae Area 0.061 0.024 2.360 0.019 *
TSR 0.168 0.251 0.647 0.518
AET 0.002 0.007 0.309 0.757

Large-range SSR -1.602 1.126 1.379 0.168
AET 0.086 0.058 1.469 0.142
SSD 0.112 0.077 1.412 0.158
Area 0.425 0.274 1.530 0.126
TRD 0.076 0.136 0.555 0.579

Small-range SSD 0.590 0.181 2.990 0.003**
TRD 0.214 0.469 0.435 0.663

Global SSR -1.252 1.576 0.772 0.44
AET 0.080 0.078 0.999 0.318
SSD 0.038 0.065 0.572 0.567
TRD 0.057 0.136 0.411 0.681
Area -0.100 0.162 0.606 0.545

Oriental AET 0.013 0.015 0.847 0.397
SSR -0.153 0.314 0.637 0.472
Area -0.006 0.018 0.302 0.763
NDVI -7.860 29.305 0.258 0.797

Palearctic SSR -0.680 0.239 2.604 0.009 **
SSD 0.030 0.018 1.609 0.10
Area 0.067 0.033 1.828 0.06

Monophagous SSD 0.080 0.056 1.364 0.173
SSR -0.460 0.961 0.460 0.646

Oligophagous SSD 0.468 0.154 2.772 <0.001**
TRD 0.160 0.379 0.402 0.68

Polyphagous SSD 0.322 0.068 4.313 <0.001**
SSR -2.716 1.801 1.368 0.171

Parameter estimate, standard deviation of the parameter estimates, z-score and significance of each predictor 
variables are provided. Significant variables are marked in bold. *Significant at p <0.05, **significant at 
p <0.01. AET Actual Evapotranspiration, NDVI Normalized Difference Vegetation Index, SSD Shrub Density, 
SSR Shrub Species Richness, TRD Tree Density, TSR Tree Species Richness.
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and density patterns, we find a few exceptions to this 
general pattern. We also find varied responses of the 
sub-groups of butterflies to spatial, environmental, 
and biotic variables. Differences between the sub-
groups indicate that the trends strongly depend 
on the sub-groups or species considered (Wu et al. 
2013b). The variety of trends and responses to 
explanatory variables may be attributed to differences 
in physiological adaptation, ecological requirements, 
and the evolutionary history of the species groups 
(Wu  et  al. 2013b, Zang 2019). The richness and 
density of five butterfly families, namely Nymphalidae, 
Papilionidae, Pieridae, Hesperiidae, and Lycaenidae, 
follow a declining trend. Hesperiidae and Papilionidae 
are mostly restricted to an elevation below 2000 m, 
probably due to physiological requirements for their 
energetic lifestyle.

The species richness and density of small-range 
butterflies decrease linearly with an increase in 
elevation, whereas large-range species do not show 
a clear linear decline. Several studies have shown 
that small-range species are likely to be affected by 
environmental variables while large-range species 
(having wider environmental tolerances) with hump-
shaped diversity distribution might also be influenced 
by geographic constraints (Jetz and Rahbek 2002, 
Colwell et al. 2004, Brehm et al. 2007). Larger ranges 
are more likely to overlap in the middle of the domain 
causing a mid-elevation peak in richness (Colwell and 
Hurtt 1994). This perhaps explains the distinct mid-
elevation peak in richness as well as density of the 
large-range species found in our study.

The Lepidoptera of the Eastern Himalaya are mostly 
dominated by Oriental species (mostly Indo-Chinese 
and Malayan forms), with less representation of Global 
and Palearctic elements (Holloway 1974, Mani 1974). 
The Oriental biotas are mostly represented by species 
adapted to the tropical hot/humid climate, whereas 
Palearctic elements are considered to be representative 
of the colder temperate region (Holloway 1974). The 
differences in niches of the Palearctic and Oriental 
biota can be observed in the Himalayan butterflies. 
The mixing of faunal elements having different 
biogeographic affinities provides direct evidence that 
historical events such as continental drift, Himalayan 
uplift, and colonization were important in shaping the 
current distribution of butterflies (Miehe et al. 2015).

While we find distinct variation in richness and 
density patterns between many sub-groups, there 
are no differences in the trends between butterflies 
categorized according to their feeding specificity as 
species richness and density always decrease with 
increasing elevation. The elevational niche-breadth 
hypothesis predicts that the diet breadth of herbivores 
increases with increasing elevation (Rasmann et al. 
2014); hence, it will be pertinent to assume that a 
higher number of species will be polyphagous at 
higher elevations while lower elevations will have 
more specialist species. The deviation in our results 
from this hypothesis may be due to: (i) non-availability 
of sufficient information on larval host plants for 
Himalayan butterflies, and (ii) the exclusion of a large 

spatial extent of alpine area (>4000 m) in our study due 
to logistical reasons (harsh climatic conditions, steep 
gradient, accessibility, etc.). Species in stressful habitats 
(such as alpine area in our study) are more likely to 
have different life-history strategies compared to their 
lowland counterparts. Evidence for the niche-breadth 
hypothesis is mixed and varies according to region. 
Pellissier et al. (2012) show that in temperate climates, 
diet breadth of butterflies decreases with elevation, 
while Rodríguez-Castañeda  et  al. (2010) find the 
opposite pattern in the tropics. Novotny et al. (2005) 
find no significant difference in moth diet-breadth with 
elevation in the tropics. More research is necessary 
to understand how species with different dietary 
requirements are segregated along environmental 
gradients (for example, elevation).

Determinants of species richness and density along 
the elevational gradient

Among all the variables, annual AET is the most 
important variable affecting the overall species 
richness patterns and total density of butterflies 
along an elevation gradient in the Eastern Himalayan 
landscape. Annual AET has been found to strongly 
influence butterflies (Acharya and Vijayan 2015) and 
trees (Acharya et al. 2011b, Rana et al. 2019) along 
elevational gradients in the Eastern Himalaya. AET 
is reported to decline with elevation (Trabucco and 
Zomer 2010), resulting in the decline in species richness 
of butterflies. AET is known to function in two ways 
– (1) directly affecting the physiology of organisms 
via temperature/light stress and water availability 
(water-energy balance or water-energy dynamics) and 
(2) by influencing the productivity of the ecosystem 
(Rosenzweig 1995, Waide et al. 1999, Hawkins and 
Porter 2003, Whittaker and Heegaard 2003). Water-
energy dynamics has subsequently been demonstrated 
to be a better explanation than net primary productivity 
in explaining species richness patterns of various 
taxa, including butterflies (Vetaas et al. 2019). Since 
butterflies are ectotherms, thermal energy is crucial to 
their basic physiology and their feeding behaviour by 
influencing water availability in all forms (nectars, mud 
puddles, fruit juices; Fleishman et al. 2005, Kehimkar 
2008). It can, therefore, be concluded that AET affects 
species richness both indirectly by influencing primary 
productivity and, most importantly, directly due to the 
physiological requirements of the butterflies. Large-
range and Palearctic species, being widely distributed, 
are less affected by the AET gradient due to their higher 
level of environmental tolerance. Also, the density of 
most of the sub-groups seems less affected by AET and 
more by habitat variables, indicating that resource 
abundance is necessary to maintain the population 
of the species (Curtis et al. 2015).

Resource availability and habitat condition are 
also considered a strong determinant of species 
richness and density (Ribas et al. 2003, McCain and 
Grytnes 2010). We find a strong relationship between 
habitat variables (tree species richness, tree density, 
shrub density) and the species richness pattern and 
density of butterflies. The ambient climatic condition 
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(such as AET) facilitates the growth of vegetation by 
influencing the resources available for plant growth. 
Since butterflies are dependent on plants for their 
entire life cycle, vegetation structure and composition 
are important in shaping the distribution of butterflies 
(Schulze  et  al. 2004, Vu 2009). Monophagous 
butterflies, in particular, show a strong relationship 
with tree richness, indicating that their distribution is 
mostly affected by host-plant distribution. Moreover, 
it is evident that higher plant diversity at lower 
elevations results in a more heterogeneous habitat, 
resulting in an increase in butterfly diversity. Habitat 
heterogeneity also influences species richness because 
complex habitats provide more diverse resources, thus 
increasing species diversity (Bazzaz 1975).

An increase in area has often been linked to an 
increase in species richness (Rosenzweig 1992). At the 
regional or global scale, the extinction rate decreases 
due to more populations in larger areas, and speciation 
increases due to the potential for the formation of 
barriers. At the local scale, larger areas support more 
diverse habitats, allowing more species and individuals 
to thrive. Thus, along an elevational gradient, the 
species-area relationship may matter along with 
these two scales (Rosenzweig 1995, McCain 2007). 
In this study, we do not find a statistically significant 
relationship between area as a potential driver and 
species richness or density of the different butterfly 
sub-groups. In contrast to most mountain areas, where 
area decreases with increasing elevation, in the Sikkim 
Himalayan region areal extent has two distinct peaks 
(500 and 1500 m, Supplementary Figure S1). Studies 
in other parts of the Himalayan region show similar 
results where the relationship between area and the 
species distribution pattern along an elevation gradient 
are not significant (Hu et al. 2017).

Conclusions and Conservation 
Implications

Butterfly species richness and density decline 
with an increase in elevation, with the highest values 
below 500 m in Rangeet Valley in Sikkim, Eastern 
Himalaya. The trends in species richness and density 
and associated biotic, abiotic, and spatial factors vary 
with the sub-groups considered. This indicates that 
sub-groups within a taxon may respond differently 
to climatic changes and anthropogenic pressures. We 
find that the trends in species richness and density 
are mainly explained by climatic factors and habitat 
variables. Reports on the range shift of butterflies due 
to global climatic changes are on the rise (González-
Megías 2008, Foristera  et  al. 2010, Braby and Hsu 
2019). Small-range species, Oriental species, the 
majority of the butterfly families, and polyphagous 
species are more likely to be affected by changes 
in temperature and precipitation gradients caused 
by climate change. Additionally, monophagous 
species, due to their exclusive dependency on habitat 
variability, are also threatened by habitat loss which 
will exacerbate the effect of climate change (Fonseca 
2009). Such differences in resilience and vulnerability 

are mainly due to the variation in life-history associated 
with a particular group. Long-term studies are needed 
to document the life-history traits of the various 
butterfly sub-groups and to understand their responses 
to the energy-elevation gradient. Such studies will 
provide significant insights to inform better directed 
conservation policies for different groups of butterflies.

Climatic conditions and diverse habitats in the 
lower sub-tropical valleys of Rangeet support a high 
diversity of butterflies along with majority of small-
range species, and thus requires high conservation 
attention. The lowland forest in the Himalaya and 
elsewhere is under immense anthropogenic pressure, 
leading to the extinction of species (Pandit et al. 2007). 
In the Sikkim Himalaya, 31% of the total geographical 
area is within a protected area network, but most of 
the protected areas are above 1500 m a.s.l. (Forest, 
Environment and Wildlife Management Department 
2019). The forest in lowland areas below 500 m in 
Sikkim covers only 40 km2 (Forest Survey of India 2017). 
The low-elevation landscape is mostly dominated by 
agricultural lands, industry, dams, towns, and road 
networks. Apart from natural forests, the traditional 
agroecosystem has been shown to be important for the 
conservation of butterflies and odonates (Dewan et al. 
2019b, Sharma et al. 2020). Hence, specific policies 
are required to safeguard these lowland landscapes 
(including traditional agroecosystems), which are vital 
for the conservation of butterflies in the long run.

Acknowledgements

We thank the Rufford Small Grant for Nature 
Conservation (Project ID: 20758-1) for funding a major 
part of this study. Additionally, SD was partly supported 
by University Grants Commission of India under Non-
Net Fellowship through Sikkim University, and BKA was 
supported under the extra-mural research scheme of 
the Science and Engineering Research Board (SERB), 
Department of Science and Technology, Government 
of India (Grant No: EMR/2017/002901). We also thank 
Sikkim University for the facilities to undertake this 
research smoothly. We thank the Department of Forest, 
Environment & Wildlife Management, Govt. of Sikkim 
for permitting us to undertake research on butterflies 
(permit no: 78/GOS/FEWMD/BD-R-2015/CCF (T&HQ) 
297 and 78/GOS/FEWMD/BD-R-2015/CCF (T&HQ) 
328). We are thankful to Rosy Chamling and Cathy 
Jenks for their help in the grammatical correction of 
English in the manuscript. We thank the editor and 
two anonymous reviewers of the journal for their 
critical comments, which helped us to improve the 
manuscript substantially. We are sincerely grateful for 
the support and cooperation of the local communities 
of Rangeet Valley during the fieldwork for this study.

Supplementary Material
The following materials are available as part of the 
online article at https://escholarship.org/uc/fb
Figure S1. Scatter plots of selected climatic, biotic, 
and spatial variables against elevation



Dewan et al. Elevational distribution of butterflies in the Eastern Himalaya

Frontiers of Biogeography 2021, 13.3, e49643 © the authors, CC-BY 4.0 license  14

Figure S2. Species accumulation curves of butterflies 
observed at different elevations
Table S1. Details of butterfly species recorded during 
the study
Table S2. Best candidate generalized linear models 
describing the relationship between species richness 
of butterflies and selected predictor variables
Table S3. Best candidate generalized linear models 
describing the relationship between density of 
butterflies and selected predictor variables

References

Acharya, B.K. & Vijayan, L. (2015) Butterfly diversity 
along the elevation gradient of Eastern 
Himalaya, India. Ecological Research, 30, 
909–919.

Acharya, B.K., Sanders, N.J., Vijayan, L. & Chettri, B. 
(2011a) Elevational gradients in bird diversity 
in the Eastern Himalaya: an evaluation of 
distribution patterns and their underlying 
mechanisms. PLoS One, 6, e29097.

Acharya, B.K., Chettri, B. & Vijayan, L. (2011b) 
Distribution pattern of trees along an 
elevation gradient of Eastern Himalaya, India. 
Acta Oecologica, 37, 329–336.

Allen-Wardell, G., Bernhardt, P., Bitner, R.,  et  al., 
(1998) The potential consequences of 
pollinator declines on the conservation of 
biodiversity and stability of food crop yields. 
Conservation Biology, 12, 8–17.

Barton, K. & Barton, M.K. (2013) Package ‘MuMIn’. 
Version, 1, 18.

Bazzaz, F.A. (1975) Plant species diversity in old-
field successional ecosystems in southern 
Illinois. Ecology, 56, 485–488.

Beck, J. & Chey, V.K. (2006) Explaining the elevational 
diversity pattern of geometrid moths from 
Borneo: a test of five hypotheses. Journal of 
Biogeography, 35, 1452–1464.

Bhardwaj, M., Uniyal, V.P., Sanyal, A.K. & Singh, 
A.P. (2012) Butterfly communities along 
an elevational gradient in the Tons valley, 
Western Himalayas: implications of rapid 
assessment for insect conservation. Journal 
of Asia Pacific Entomology, 15, 207–217.

Bhattarai, K.R., Vetaas, O.R. & Grytnes, J.A. (2004) 
Fern species richness along a central 
Himalayan elevational gradient, Nepal. Journal 
of Biogeography, 31, 389–400.

Bini, L.M., Diniz-Filho, J.A.F. & Hawkins, B.A. (2004) 
Macroecological explanation for differences 
in species richness gradients: a canonical 

analysis of South American Birds. Journal of 
Biogeography, 31, 1819–1827.

Braby, M.F. & Hsu, Y.F. (2019) Range extension for 
Anthene seltuttus (Rober, 1886) (Lepidoptera: 
Lycaenidae) in Northeastern Australia. 
Australian Entomologist, 46, 23-26.

Brehm, G., Colwell, R.K. & Kluge, J. (2007) The role of 
environment and mid‐domain effect on moth 
species richness along a tropical elevational 
gradient. Global Ecology and Biogeography, 
16, 205–219.

Burnham, K.P. & Anderson, D.R. (2002) Model 
selection and multimodel inference, 2nd edn. 
Springer, New York.

Calcagno, V. & de Mazancourt, C. (2010) glmulti: an 
R package for easy automated model selection 
with (generalized) linear models. Journal of 
Statistical Software, 34, 1–29.

Chettri, N. (2015) Distribution of butterflies along 
a trekking corridor in the Kangchendzonga 
Biosphere Reserve, Sikkim, Eastern Himalaya. 
Conservation Science, 3, 1–10.

Chettri, B. & Acharya, B.K. (2020) Distribution of 
amphibians along an elevation gradient in the 
Eastern Himalaya, India. Basic and Applied 
Ecology, 47, 57–70.

Chettri, B., Bhupathy, S. & Acharya, B.K. (2010) 
Distribution pattern of reptiles along an 
eastern Himalayan elevation gradient, India. 
Acta Oecologica, 36, 16–22.

Chettri, P.K., Sharma, K., Dewan, S. & Acharya, B.K.  
(2018) Butterfly diversity in human-modified 
ecosystems of southern Sikkim, the eastern 
Himalaya, India. Journal of Threatened Taxa, 
10, 11551–11565.

Colwell, R.K. (2013) EstimateS: statistical estimation 
of species richness and shared species from 
samples. Version 9.1.0 User’s Guide and 
application. Available at: http://purl.oclc.
org/estimates.

Colwell, R.K. & Hurtt, G.C. (1994) Nonbiological 
gradients in species richness and a spurious 
Rapoport effect. The American Naturalist, 
144, 570–595.

Colwell, R.K., Rahbek, C. & Gotelli, N.J. (2004) The 
mid-domain effect and species richness 
patterns: what have we learned so far? The 
American Naturalist, 163, E1–E23.

Critical Ecosystem Partnership Fund (2020) Explore 
the biodiversity hotspots. Conservation 
International. Available at: http://www.
cepf.net/our-work/biodiversity-hotspots 
(accessed 3 January 2020).



Dewan et al. Elevational distribution of butterflies in the Eastern Himalaya

Frontiers of Biogeography 2021, 13.3, e49643 © the authors, CC-BY 4.0 license  15

Currie, D.J., Mittelbach, G.G., Cornell, H.V., Field, R., 
Guégan, J.-F., Hawkins, B.A. & Turner, J.R.G. 
(2004) Predictions and tests of climate-
based hypotheses of broad-scale variation 
in taxonomic richness. Ecology Letters, 7, 
1121–1134.

Currie, D.J., Pétrin, C. & Boucher-Lalonde, V. (2020) 
How perilous are broad-scale correlations 
with environmental variables? Frontiers of 
Biogeography, 12, e44842.

Curtis, R.J., Brereton, T.M., Dennis, R.L., Carbone, 
C. & Isaac, N.J. (2015) Butterfly abundance 
is determined by food availability and is 
mediated by species traits. Journal of Applied 
Ecology, 52, 1676–1684.

Despland, E., Humire, R. & SanMartin, S. (2012) 
Species richness and phenology of butterflies 
along an altitude gradient in the desert of 
Northern Chile. Arctic, Antarctic and Alpine 
Research, 44, 423–431.

Dewan, S., Chettri, I.K., Sharma, K. & Acharya, B.K. 
(2019a) Kitam Bird Sanctuary, the only 
low elevation protected area of Sikkim: a 
conservation hotspot for butterflies in the 
Eastern Himalaya. Journal of Asia-Pacific 
Entomology, 22, 575–583.

Dewan, S., Darnal, N., Acharya, B.K., Subramanian, K.A., 
Chettri, B. & Jins, V.J. (2019b) Effectiveness of 
organic terrace rice cultivation in conservation 
of odonates in Sikkim, Eastern Himalaya, 
India. International Journal of Odonatology, 
22, 207–222.

Elsberry, L.A., Fales, R.J. & Bracken, M.E.S. (2018) 
Changes in biodiversity and species 
associations along a latitudinal gradient. 
Frontiers of Biogeography, 10, e37952.

Fleishman, E., Thomson, J.R., Nally, R.M., Murphy, D.D. 
& Fay, J.P. (2005) Using indicator species to 
predict species richness of multiple taxonomic 
groups. Conservation Biology, 19, 1125–1137.

Fonseca, C.R. (2009) The silent mass extinction 
of herbivores in Biodiversity Hotspots. 
Conservation Biology, 23, 1507–1515.

Forest Survey of India (2017) State of Forest 
Report 2017, Sikkim. Forest Survey of India, 
Dehradun, India.

Forest, Environment and Wildlife Management 
Department (2019) Protected Areas. 
Government of Sikkim. Available at: http://
www.sikkimforest.gov.in/Wildlife.html 
(accessed 12 October 2019).

Foristera, M.L., McCall, A.C., Sanders, N.J., Fordycec, 
J.A., Thorne, J.H., O’Brien, D.J., Waetjen, D.P. & 

Shapiro, A.M. (2010) Compounded effects of 
climate change and habitat alteration shift 
patterns of butterfly diversity. Proceedings 
of the National Academy of Sciences USA, 
107, 2088–2092.

Fu, C., Hua, X., Li, J., Chang, Z., Pu., Z. & Chen, J. (2006) 
Elevational patterns of frog species richness 
and endemic richness in the Hengduan 
Mountains, China: geometric constraints, area 
and climate effects. Ecography, 29, 919–927.

Gaston, K.J. & Blackburn, T.M. (2003) Dispersal 
and the interspecific abundance occupancy 
relationship in British birds. Global Ecology 
and Biogeography, 12, 373–79.

González-Megías, A., Menéndez, R., Roy, D., Brereton, 
T. & Thomas, C.D. (2008) Changes in the 
composition of British butterfly assemblages 
over two decades. Global Change Biology, 14, 
1464–1474.

Grytnes, J.A. & Vetaas, O.R. (2002) Species richness 
and altitude: a comparison between null 
models and interpolated plant species 
richness along the Himalayan altitudinal 
gradient, Nepal. The American Naturalist, 
159, 294–304.

Haribal, M. (1992) The butterflies of Sikkim 
Himalaya and their Natural History. Natraj 
Publishers, Dehradun, India.

Hawkins, B.A. & Porter, E. (2003) Water-energy 
balance and the geographic pattern of species 
richness of western Palearctic butterflies. 
Ecological Entomology, 28, 678–686.

Hodkinson, I.D. (2005) Terrestrial insects along 
elevation gradients: species and community 
responses to altitude. Biological Reviews, 
80, 489–513.

Holdridge, L.R., Grenke, W.C., Hatheway, W.H., Liang, 
T. & Toshi Jr, J.A. (1971) Forest environment 
in tropical life zones- a pilot study. Pergamon 
Press, New York.

Holloway, J.D. (1969) A numerical investigation of 
the biogeography of the butterfly fauna of 
India, and its relation to continental drift. 
Biological Journal of the Linnean Society, 1, 
373–385.

Holloway, J.D. (1974) The biogeography of Indian 
butterflies. In: Ecology and Biogeography 
in India (ed. By M.S. Mani), pp. 473–499. 
Springer, Dordrecht.

Holt, B.G., Lessard, J.-P., Borregaard, M.K.,  et  al., 
(2013) An update of Wallace’s zoogeographic 
regions of the world. Science, 339, 74–78.



Dewan et al. Elevational distribution of butterflies in the Eastern Himalaya

Frontiers of Biogeography 2021, 13.3, e49643 © the authors, CC-BY 4.0 license  16

Hortal, J., Borges, P.A.V. & Gaspar, S. (2006) 
Evaluating the performance of species 
richness estimators: sensitivity to sample 
grain size. Journal of Animal Ecology, 75, 
274–287.

Hu, Y., Kin, K., Huang, Z., Ding, Z., Liang, J., Pan, X., Hu, 
H. & Jiang, Z. (2017) Elevational patterns of 
non-volant small mammal species richness in 
Gyirong Valley, Central Himalaya: evaluating 
multiple spatial and environmental drivers. 
Journal of Biogeography, 44, 2764–2777.

Hunter, M.L. & Yonzon, P. (1993) Altitudinal 
distributions of birds, mammals, people, 
forests, and parks in Nepal. Conservation 
Biology, 7, 420–423.

Isaac, N.J.B., Cruickshanks, K.L., Weddle, A.M., 
Rowclie, M., Brereton, T.M., Dennis, R.L.H., 
Shuker, D.M. & Thomas, C.D. (2011) Distance 
sampling and the challenge of monitoring 
butterfly populations. Methods in Ecology 
and Evolution, 2, 585–594.

Jetz, W. & Rahbek, C. (2002) Geographic range size 
and determinants of avian species richness. 
Science, 297, 1548–1551.

Johnson, J.B. & Omland, K.S. (2004) Model selection 
in ecology and evolution. Trends in Ecology 
and Evolution, 19, 101–8.

Karger, D.N., Conrad, O., Böhner, J., Kawohl, T., 
Kreft, H., Soria-Auza, R.W., Zimmermann, 
N.E., Linder, H.P. & Kessler, M. (2017a) 
Climatologies at high resolution for the earth’s 
land surface areas. Scientific Data, 4, 170122, 
https://doi.org/10.1038/sdata.2017.122.

Karger, D.N., Conrad, O., Böhner, J., Kawohl, T., Kreft, 
H., Soria-Auza, R.W., Zimmermann, N.E., 
Linder, H.P. & Kessler, M. (2017b) Data from: 
climatologies at high resolution for the earth’s 
land surface areas. Dryad Digital Repository, 
http://dx.doi.org/doi:10.5061/dryad.kd1d4.

Kehimkar, I. (2008) The Book of Indian Butterflies. 
Bombay Natural History Society & Oxford 
University Press, India.

Kehimkar, I. (2016) Butterflies of India. Bombay 
Natural History Society, Mumbai, India.

Kerr, J.T. (2001) Butterfly species richness patterns 
in Canada: energy, heterogeneity, and the 
potential consequences of climate change. 
Conservation Ecology, 5, 10.

Kluge, J., Kessler, M. & Dunn, R.R. (2006) What 
drives elevational patterns of diversity? A 
test of geometric constraints, climate, and 
species pool effects for pteridophytes on an 

elevational gradient in Costa Rica. Global 
Ecology and Biogeography, 15, 358–371.

Kral, K., Harmon, J., Limb, R. & Hovick, T. (2018) 
Improving our science: the evolution of 
butterfly sampling and surveying methods 
over time. Journal of Insect Conservation, 
22, 1–14.

Kumar, S., Simonson, S.E. & Stohlgren, T.J. (2009) 
Effects of spatial heterogeneity on butterfly 
species richness in Rocky Mountain National 
Park, CO, USA. Biodiversity and Conservation, 
18, 739–763.

Kunte, K., Sondhi, S. & Roy, P. (2019) Butterflies of 
India, v. 2.35. Indian Foundation for Butterflies. 
Available at: http://www.ifoundbutterflies.

Kunte, K. (2011) Biogeographic origins and habitat 
use of the butterflies of the Western Ghats, 
south-western India. In: Invertebrates in the 
Western Ghats-diversity and conservation (ed. 
by A.R. Priyadarshanan, D.M. Soubadra, K.A. 
Subramanian,N.A. Aravind and N.K. Sena). 
Ashoka Trust for Research in Ecology and 
the Environment (ATREE), Bengaluru, India.

Leingärtner, A., Krauss, J. & Dew–Steffan, I. (2014) 
Species richness and trait composition of 
butterfly assemblages change along an 
altitudinal gradient. Oecologia 175, 613–623.

Levanoni, O., Levin, N., Pe’er, G., Turbé, A. & Kark, 
S. (2011). Can we predict butterfly diversity 
along an elevation gradient from space? 
Ecography 34, 372–383.

Li, J., He, O., Hua, X., Zhou, J., Xu, H., Chen, J. & Fu, 
C. (2009) Climate and history explain the 
species richness peak at mid-elevation 
for Schizothorax fishes (Cypriniformes: 
Cyprinidae) distributed in the Tibetan Plateau 
and its adjacent regions. Global Ecology and 
Biogeography, 18, 264–272.

Li, M. & Feng, J. (2015) Biogeographical interpretation 
of elevational patterns of genus diversity of 
seed plants in Nepal. PloS One, 10, e0140992.

Maicher, V., Sáfián, S., Murkwe, M., et  al., (2020) 
Seasonal shifts of biodiversity patterns and 
species’ elevation ranges of butterflies and 
moths along a complete rainforest elevational 
gradient on Mount Cameroon. Journal of 
Biogeography, 47, 342–354.

Mani, M.S. (1974) Biogeography of the Himalayas. 
In: Ecology and Biogeography in India (ed. By 
M.S. Mani), pp. 664–681. Springer, Dordrecht.

McCain, C.M. (2004) The mid-domain effect applied 
to elevational gradients: species richness 



Dewan et al. Elevational distribution of butterflies in the Eastern Himalaya

Frontiers of Biogeography 2021, 13.3, e49643 © the authors, CC-BY 4.0 license  17

of small mammals in Costa Rica. Journal of 
Biogeography, 31, 19–31.

McCain, C.M. (2005) Elevational gradients in 
diversity of small mammals. Ecology, 86, 
366-372.

McCain, C.M. (2007) Area and mammalian 
elevational diversity. Ecology, 88, 76–86.

McCain, C.M. & Grytnes, J.A. (2010) Elevational 
gradients  in  species  r ichness .  In : 
Encyclopedia of life sciences (ELS), DOI: 
10.1002/9780470015902.a0022548. Wiley, 
Chichester.

Miehe, G., Pendry, C. & Chaudhary, R. (2015) Nepal: 
an introduction to the natural history, ecology 
and human environment of the Himalayas: a 
companion volume to the flora of Nepal. Royal 
Botanic Garden, Edinburgh, UK.

Nieto, S., Flombaum, P. & Garbulsky, M.F. (2015) Can 
temporal and spatial NDVI predict regional 
bird-species richness. Global Ecology and 
Conservation, 3,729–735.

Novotny, V., Miller, S.E., Basset, Y., Cizek, L., Darrow, 
K., Kaupa, B., Kua, J. & Weiblen, G.D. (2005) 
An altitudinal comparison of caterpillar 
(Lepidoptera) assemblages on trees in Papua 
New Guinea. Journal of Biogeography, 32, 
1303–1314.

O’Brien, E. (2006). Biological relativity to water-
energy dynamics. Journal of Biogeography, 
33, 1868–1888.

Oommen, M.A. & Shanker, K. (2005) Elevational 
species richness patterns emerge from 
multiple local mechanisms in Himalayan 
woody plants. Ecology, 86, 3039–3047.

Pellissier, L., Fiedler, K., Ndribe, C., Dubuis, A., 
Pradervand, J.N., Guisan, A. & Rasmann, S. 
(2012) Shifts in species richness, herbivore 
specialization, and plant resistance along 
elevation gradients. Ecology and Evolution, 
2, 1818–1825.

Pianka, E.R. (1966) Latitudinal gradients in species 
diversity: a review of concepts. The American 
Naturalist, 100, 65–75.

Pollard, E. (1977) A method for assessing changes 
in the abundance of butterflies. Biological 
Conservation, 12,116–134.

Rahbek, C. (1995) The elevational gradient of species 
richness – a uniform pattern? Ecography, 18, 
200–205.

Rahbek, C. (2005) The role of spatial scale and the 
perception of large-scale species-richness 
patterns. Ecology Letters, 8, 224–239.

Rana, S.K., Gross, K. & Price, T. (2019) Drivers of 
elevation richness peaks, evaluated for trees 
in the east Himalayas. Ecology, 100, e02548.

Rasmann, S., Alvarez, N. & Pellissier, L. (2014) The 
altitudinal niche‐breadth hypothesis in insect‐
plant interactions. Annual Plant Reviews, 47, 
339–359.

Reynolds, R.T., Scott, J.M. & Nussbaum, R.A. (1980) A 
variable circular-plot method for estimating 
bird numbers. Condor, 82, 309–313.

Ribas, C.R., Schoereder, J.H., Pic, M. & Soares, 
S.M. (2003) Tree heterogeneity, resource 
availability, and large scale processes 
regulating arboreal ant species richness. 
Austral Ecology, 28, 303–314.

Rodríguez-Castañeda, G., Dyer, L.A., Brehm, G., 
Connahs, H., Forkner, R.E. & Walla, T.R. (2010) 
Tropical forests are not flat: how mountains 
affect herbivore diversity. Ecology Letters, 
13, 1348–1357.

Rosenzweig, M.L. (1992) Species diversity gradients: 
we know more and less than we thought. 
Journal of Mammalogy, 73,715–730.

Rosenzweig, M.L. (1995) Species diversity in 
space and time. Cambridge University Press, 
Cambridge, UK.

Sánchez-Rodríguez, J.F. & Baz, A. (1995) The effects 
of elevation on the butterfly communities of a 
Mediteranean mountain, Sierra de Javalambre, 
Central Spain. Journal of the Lepidopterists’ 
Society, 49, 192–207.

Sanders, N.J. & Rahbek, C. (2012) The patterns and 
causes of elevational gradients. Ecography, 
35, 1–3.

Schulze, C.H., Steffan-Dewenter, I. & Tscharntke, 
T. (2004) Effects of land use on butterfly 
communities at the rain forest margin: a 
case study from Central Sulawesi. In: Land 
use, nature conservation and the stability of 
rainforest margins in southeast Asia (ed. by 
G. Gerold, M. Fremerey, and E. Guhardja), pp. 
281–297. Springer, Berlin, Heidelberg.

Sharma, K., Acharya, B.K., Sharma, G., Valente, D., 
Pasimeni, M., Petrosillo, I. & Selvan, T. (2020) 
Land use effect on butterfly alpha and beta 
diversity in the Eastern Himalaya, India. 
Ecological Indicators, 110, 105605.

Sharma, N., Behera, M.D., Das, A.P. & Panda, R.M. 
(2019) Plant richness pattern in an elevation 
gradient in the Eastern Himalaya. Biodiversity 
and Conservation, 28, 2085–2014.

Singh, S.P., Bassignana-Khadka, I., Karky, B.S. & 
Sharma, E. (2011) Climate change in the 



Dewan et al. Elevational distribution of butterflies in the Eastern Himalaya

Frontiers of Biogeography 2021, 13.3, e49643 © the authors, CC-BY 4.0 license  18

Hindu Kush-Himalayas: the state of current 
knowledge. ICIMOD, Kathmandu, Nepal.

Stevens, G.C. (1992) The elevational gradient in 
altitudinal range: an extension of Rapoport’s 
latitudinal rule to altitude. The American 
Naturalist, 140, 893–911.

Subedi, S.C., Bhattarai, K.R., Perez, T.M. & Sah, 
J.P. (2020) Gymnosperm species richness 
patterns along the elevational gradient and 
its comparison with other plant taxonomic 
groups in the Himalayas. Frontiers of 
Biogeography, 12, e44232.

Supriya, K., Moreau, C.S., Sam, K. & Price, T.D. (2019) 
Analysis of tropical and temperate elevational 
gradients in arthropod abundance. Frontiers 
of Biogeography, 11, e43104.

Trabucco, A. & Zomer, R.J. (2010) Global soil 
water balance geospatial database. CGIAR 
Consortium for spatial information. Available 
at: http://cgiarcsi.community/data/global-
high-resolutionsoil-water-balance/.

Turc, L. (1954) Le bilan d’eau des sols: relation 
entre les precipitation, l’evaporation et 
l’ecoulement. Annales Agronomiques, 5, 
491–596.

Vanbergen, A. (2013) Threats to an ecosystem 
service: pressure on pollinators. Frontiers 
in Ecology, 11, 251–259.

Vetaas, O.R., Paudel, K.P. & Christensen, M. (2019) 
Principal factors controlling biodiversity 
along an elevation gradient: water, energy 
and their interaction. Journal of Biogeography, 
46, 1652–1663.

Vu, L.V. (2009) Diversity and similarity of butterfly 
communities in five different habitat types at 
Tam Dao National Park, Vietnam. Journal of 
Zoology, 277, 15–22.

Waide, R.B., Willig, M.R., Steiner, C.F., Mittelbach, 
G., Gough, L., Dodson, S.I., Juday, G.P. & 
Parmenter, R. (1999) The relationship 
between productivity and species richness. 
Annual Review of Ecology and Systematics 
30, 257–300.

Wickham. H. (2016) ggplot 2: elegant graphics 
for data analysis, 2nd edn. Springer-Verlag, 
New-York.

Whittaker, R.J. & Heegaard, E. (2003) What is 
observed relationship between species 
richness and productivity? Ecology, 84, 
3384–3390.

Whittaker, R.J., Araújo, M.B., Jepson, P., Ladle, R.J., 
Watson, J.E., & Willis, K.J. (2005). Conservation 
biogeography: assessment and prospect. 
Diversity and Distribution, 11, 3–23.

Wiens, J.J., Parra-Olea, G. & Wake, D.B. (2007) 
Phylogenetic history underlies elevational 
biodiversity patterns in tropical salamanders. 
Proceedings of the Royal Society of London 
B, 274, 919–928.

Wright, D.H. (1983). Species-energy theory, and 
extension of species area theory. Oikos, 41, 
496–506.

Wu, Y., Colwell, R.K., Rahbek, C., Zhang, C., Quan, 
Q., Wang, C. & Lei, F. (2013a) Explaining the 
species richness of birds along the subtropical 
elevation gradient in the Hengduan Mountain. 
Journal of Biogeography, 40, 2310–2323.

Wu, Y., Yang, Q., Zhixin, W., Xia, L., Zhang, Q. & Zhou, 
H. (2013b) What drives the species richness 
patterns of non-volant small mammals along 
a subtropical elevational gradient? Ecography, 
36, 185–196.

Zhang, C., Settele, J., Sun, W., Wiemers, M., 
Zhang, Y. & Schweiger, O. (2019) Resource 
availability drives trait composition of 
butterfly assemblages. Oecologia, 190, 
913–926.

Zhou, Y., Ochola, A.C., Njogu, A.W., Boru, B.H., 
Mwachala, G., Hu, G., Xin, G. & Wang, Q. 
(2019) The species richness pattern of 
vascular plants along a tropical elevational 
gradient and the test of elevational Rapoport’s 
rule depend on different life‐forms and 
phytogeographic affinities. Ecology and 
Evolution, 9, 4495–4503.

Submitted: 30 August 2020 
First decision: 31 August 2020 
Accepted: 8 February 2021

Edited by Robert J. Whittaker




