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Abstract

Plant–herbivore interactions provide critical insights into the mechanisms that gov-

ern the spatiotemporal distributions of organisms. These interactions are crucial to

understanding the impacts of climate change, which are likely to have an effect on

the population dynamics of alpine herbivores. The Royle's pika (Ochotona roylei,

hereafter pika) is a lagomorph found in the western Himalaya and is dependent on

alpine plants that are at risk from climate change. As the main prey of many carni-

vores in the region, the pika plays a crucial role in trophic interactions. We exam-

ined topographical features, plant genera presence and seasonal dynamics as drivers

of the plant richness in the pika's diet across an elevational gradient (2,600–

4,450 m). We identified 79 plant genera in the faecal pellets of pikas, of which 89%

were forbs, >60% were endemic to the Himalaya, and 97.5% of the diet plant gen-

era identified followed the C3 photosynthetic pathway. We found that, during the

premonsoon season, the number of genera in the pika's diet decreased with increas-

ing elevation. We demonstrate that a large area of talus supports greater plant

diversity and, not surprisingly, results in higher species richness in the pika's diet.

However, in talus habitat with deep crevices, pikas consumed fewer plant genera

suggesting they may be foraging suboptimally due to predation risk. The continued

increase in global temperature is expected to have an effect on the distribution

dynamics of C3 plants and consequently influence pika diet and distribution, result-

ing in a significant negative cascading effect on the Himalayan ecosystem.

K E YWORD S

Alpine mammal, C3 photosynthetic pathway, climate change, diet, herbivore, Himalaya,

metabarcoding

1 | INTRODUCTION

Plant–herbivore interactions provide critical insights into diverse eco-

logical processes shaping community dynamics across an array of

fields linking co‐evolution (Ehrlich & Raven, 1964; Johnson, Camp-

bell, & Barrett, 2015), chemical ecology (Hay & Fenical, 1988; Rasher

et al., 2015), foraging and nutritional ecology (Raubenheimer,

Simpson, & Mayntz, 2009; Wetzel, Kharouba, Robinson, Holyoak, &

Karban, 2016). These interactions are key determinants of the mech-

anisms which govern a species’ spatial distribution, abundance, com-

munity dynamics, primary productivity and function in the food web

(Lurgi, López, & Montoya, 2012; Oerke, 2006) and the impact of

changing climate on landscape‐level patterns in a terrestrial ecosys-

tem (Mulder, Koricheva, Huss‐Danell, Hogberg, & Joshi, 1999).
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Determining the diet of a herbivore is fundamental to understanding

trophic interactions and assessing dietary plasticity to climate

change, and for developing effective monitoring, management and

conservation strategies (Bernstein et al., 2007).

In alpine ecosystems, pikas (Ochotona spp.), small‐bodied lago-

morphs, are good examples of how a changing climate impacts

plant–herbivore interactions. The American pika (Ochotona princeps)

is a generalist herbivore whose diet relies heavily on alpine plants

(Ray, Beever, & Loarie, 2012). However, climate‐induced changes in

vegetation distribution and composition (Erb, Ray, & Guralnick,

2011; Jeffress, Rodhouse, Ray, Wolff, & Epps, 2013; Rodhouse et al.,

2010; Wilkening, Ray, Beever, & Brussard, 2011) led to historic

extinctions of local populations and recent range contraction

(Beever, Brussard, & Berger, 2003; Beever, Ray, Mote, & Wilkening,

2010; Stewart, Wright, & Heckman, 2017). During the late Miocene,

the reduction in the availability of preferred C3 diet plants was

linked to the extinction of many pika genera in various parts of

Africa, Eurasia and North America (Ge et al., 2012, 2013).

The Royle's pika (Ochotona roylei) is a widely distributed alpine

mammal found in rocky areas at elevations ranging from 2,400 to

5,000 m in the Himalayan region. It is found on rock talus and is an

obligate herbivore species with limited dispersal ability due to its small

body size and fairly narrow ecological niches (Bhattacharyya, Adhikari,

& Rawat, 2010; Bhattacharyya, 2013; Bhattacharyya, Adhikari, &

Rawat, 2014a,b; Bhattacharyya, Dutta, Adhikari, & Rawat, 2015; Bhat-

tacharyya & Smith, 2018). The Royle's pika is a diurnal species and

produces distinct piles of faecal droppings (Bhattacharyya et al.,

2014a,b). Similar to other lagomorphs in the Himalayan region, the

Royle's pika does not hibernate but forages throughout the year on

alpine plants along the talus–vegetation interface (Bhattacharyya et al.

2010; Bhattacharyya, 2013; Bhattacharyya et al., 2014a,b, 2015;

Bhattacharyya & Smith, 2018). Hence, unlike other Ochotona species,

the Royle's pika does not store hay for winter survival (Bhattacharyya

& Smith, 2018). Previous dietary analysis using visual observations

indicated that forbs and grasses were the preferred plants in the pikas

diet (Awan, Minhas, Ahmed, & Dar, 2004; Bhattacharyya, Adhikari, &

Rawat, 2013; Shrestha, Khanal, & Karki, 1999), which have a signifi-

cantly higher protein, lipid and moisture content (Bhattacharyya et al.,

2013; Ge et al., 2012). Pikas are able to consume plants with high

toxic components including secondary metabolites (Bhattacharyya et

al., 2013), which are usually avoided by large herbivorous mammals

(Sorensen, McLister, & Dearing, 2005). In addition, the Royle's pika is

the main prey for a range of carnivore species, for example, yellow‐

throated marten (Martes flavigula), Himalayan weasel (Mustela sibirica),

snow leopard (Panthera uncia) and red fox (Vulpes vulpes), in alpine and

subalpine ecosystems in the Himalayan region (Oli, Taylor, & Rogers,

1994; Roberts, 1977). Thus, pikas play a crucial role in plant–herbivore

trophic interactions, and their extinction or range contraction is likely

to have a significant negative cascading effect on the functioning of

the whole ecosystem.

DNA metabarcoding using high‐throughput sequencing enables

the identification of dietary species using DNA extracted from faecal

samples more accurately than traditional visual and microscopic

observation of faecal samples (Kartzinel et al., 2015). This technique

has been used to identify herbivore gut contents, revealing cryptic

functional diversity and niche partitioning (Kress, García‐Robledo, Uri-

arte, & Erickson, 2015). Plastid genes such as rbcL (Group et al., 2009)

and nuclear ribosomal internal transcribed spacer (ITS; Hollingsworth,

2011) are commonly used for plant metabarcoding (Hollingsworth,

2011). We aimed to analyse faecal pellets using metabarcoding to

identify the plants in the diet of the Royle's pika and examine the

effects of talus characteristics, topography and plant richness; abun-

dance; and seasonal dynamics (pre‐ and postmonsoon) on diet, across

five sites in the western Himalaya, India. Food availability (plant spe-

cies’ presence and abundance; Huntly, Smith, & Ivins, 1986; Dearing,

1995, 1996; Wilkening et al., 2011; Bhattacharyya et al., 2013,

2014a; Bhattacharyya & Ray, 2015), habitat topography (elevation,

slope, aspect; Walker, Halfpenny, Walker, & Wessman, 1993; Deems,

Birkeland, & Hansen, 2002; Wilkening et al., 2011; Rodhouse et al.,

2010; Gurung et al., 2017) and predation risk (rock cover, crevice

depth, distance to the nearest area of talus; Calkins, Beever, Boykin,

Frey, & Andersen, 2012; Bhattacharyya et al., 2014a,b; Castillo, Epps,

Davis, & Cushman, 2014; Bhattacharyya et al., 2015) significantly

impact the foraging ecology of the Royle's pika and potentially influ-

ence access to nutritive plants, and thereby affect individual fitness

(Bhattacharyya, 2013). For talus‐dwelling Ochotona spp., talus size

(area) and connectivity between talus are known to influence the habi-

tat occupancy (Franken & Hik, 2004). In Royle's pikas, a high propor-

tion of rock cover in talus habitat provides refuge from predation risk,

which in turn increases their habitat occupancy and abundance (Bhat-

tacharyya et al., 2014a, 2015). Topographical features determine the

distribution and abundance of alpine plants (Bruun et al., 2006). The

prehistoric distribution of small mammals (Ochotonidae), highly

adapted to arctic or alpine environment, was closely associated with

preferred C3 food plant diet which is high in protein and moisture con-

tent (Ge et al., 2012). Whilst the interplay between plants and herbi-

vores is a key determinant of community structure (see Dolezal et al.,

2016; Wisz et al., 2013), climate‐induced expansion of C4 plants is

believed to have resulted in extinction and range contraction in pikas

(Ge et al., 2012). Furthermore, in highly seasonal montane habitats,

dietary constraints in herbivores tend to be strongly linked to quality

of forage available. In the Himalayan region, both plant quality and

available biomass may act as constraints for pikas. Seasonal dynamics

in diet selection can reflect dietary adaptations (plasticity) in a seasonal

alpine habitat. Our Royle's pika diet analysis will provide insights into

the plant genera selected during foraging and test the following

hypotheses:

1. Seasonal difference in diet (premonsoon versus postmonsoon)

will demonstrate dietary flexibility, and the pikas will select plants

with the highest nutrient gain possible from the feeding habitats

available.

2. Larger areas of talus habitat will result in more plant availability

and will increase species richness of the diet.

3. Talus characteristics such as rock cover and depth of crevices

would increase species richness in the diet by providing refuge
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from predators and allowing pikas to access larger foraging

ground.

4. Forbs and grasses constitute the largest proportion of their diet.

5. Pikas prefer diets rich in C3 plants, which signify potential threat

due to climate change as C3 plants are dependent on high rainfall

and low temperature.

2 | MATERIALS AND METHODS

2.1 | Study area, collection of faecal pellets and

habitat data

The Royle's pika inhabits rock crevices in talus fields with a home

range of approximately 50 m2 (Bhattacharyya et al., 2015;

Kawamichi, 1968). During 2014–2015, 104 rock talus habitats

were surveyed and faecal pellets collected from five sites at eleva-

tions ranging between 2,600 and 4,450 m above sea level (a.s.l.):

Chopta‐Tungnath (TUN), Rudranath (RUD), Madmaheshwar (MAD:

Kedarnath Wildlife Sanctuary), Har ki Doon (HAR: Govind Wildlife

Sanctuary) and Bedni‐Roopkund (NAN: Nandadevi Biosphere

Reserve; Figure 1) in Garhwal, Uttarakhand, India. The sampling

was conducted in two seasons: postmonsoon (October to Novem-

ber 2014) in TUN, RUD and HAK and premonsoon (May to June

2015) in TUN, MAD and NAN.

Following Bhattacharyya et al. (2015), we selected 50 m2 survey

plots in each talus habitat, and these were searched for fresh piles

of faecal pellets (moist, dark brown/black). One site (HAK) had only

old (>2 months) faecal piles (light brown and dry). Faecal pellets

Code site name Altitude (above sea level a.s.l) Long / Lat

TUN Chopta-Tungnath    2,600−3,680 m, 30°28ʹ to 31°32ʹ N, 79°13ʹ to 79°14ʹ E

RUD    Rudranath                 2,900−3,500 m, 30°28ʹ to 31°31ʹ N, 78°18ʹ to 79°19ʹ E

MAD   Madmaheshwar        3,000−3,300 m, 30°37ʹto 31°38ʹ N, 78°12ʹ to 79°13ʹ E,

HAR    Har ki Doon 2,700−3,800 m, 31°06ʹ to 31°09ʹ N, 78°19ʹ to 78°26ʹ E, 

NAN   Bedni-Roopkund 2,700−4,450 m, 30°11ʹ to 30°15ʹ N, 79°31ʹ to 79°44ʹ E.

F IGURE 1 Faecal pellet sampling sites in Garhwal region of Uttarakhand, India [Colour figure can be viewed at wileyonlinelibrary.com]
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(TUN premonsoon = 42, postmonsoon = 40; NAN = 43; MAD = 19;

HAK = 20; RUD = 8) were collected in airtight 2‐ml plastic tubes

containing silica gel (Merck, India) and were labelled with date, sam-

pling location and geographic coordinates (latitude and longitude). In

addition, the total talus area (in m2) around each survey plot, dis-

tance from nearest talus (intertalus distance, in m), depth of deepest

crevices in the talus (<0.5 m, 0.5–1 m, 1–1.5 m and >1.5 m) and

topographical features such as elevation, slope and aspect were

recorded. For each 50 m2 plot, we visually estimated the proportion

of rock cover, forbs (e.g., Geum elatum and Potentilla atrosanguinea),

grasses (e.g., Danthonia sp. and Poa sp.), shrubs (e.g., Rhododendron

campanulatum and/or Vivernum sp.) and trees (e.g., Abies pindrow, A.

spectabilis, Quercus semecarpifolia and Rhododendron arboretum; Van

Hees & Mead, 2000; Bhattacharyya et al., 2015).

2.2 | DNA metabarcoding of faecal pellets

The Royle's pika's diet is rich in secondary metabolites (Bhat-

tacharyya et al., 2013), which often inhibit downstream enzymatic

reactions in polymerase chain reaction (PCR; Weishing, Nybom,

Wolff, & Meyer, 1995). Therefore, we homogenized 20–30 mg of

the faecal samples and extracted DNA using QiAamp DNA Stool Kit

(Qiagen, Manchester, UK) following minor modifications in the man-

ufacturer's protocol (e.g., overnight incubation at 56°C with ASL

stool lysis buffer; Qiagen Inc., Germany). As Royle's pika were the

only lagomorph species present in the study area (Bhattacharyya,

2013; Green, 1985) with very distinct faecal pellets, the chances of

misidentification of the faecal samples were ruled out.

We amplified the ITS2 region of plant nuclear DNA using primer

pair UniPlantF (5′‐TGTGAATTGCARRATYCMG‐3′) and UniPlantR (5′‐

CCCGHYTGAYYTGRGGTCDC‐3′; 187–380 bp; Moorhouse‐Gann et

al., 2018) and the rbcL region of chloroplast DNA using primer pair

rbcLa‐F (5′ ATGTCACCACAAACAGAGACTAAAGC‐3′ and rbcLa‐R

(5′‐GTAAAATCAAGTCCACCRCG‐3′; 553 bp; Levin et al., 2003;

Kress et al., 2009; Yoccoz et al., 2012). Primers had overhang adap-

ter sequences added to the 5′ end for the initial PCR amplification,

following Campbell, Harmon, and Narum (2015). This allows unique

6 bp dual index sequences to be added along with Illumina capture

sequences to each sample in a subsequent PCR step prior to pooling

samples for sequencing. Initial PCR amplifications were performed in

10 μL reaction volumes including 5 μL of Qiagen Multiplex PCR

Master Mix (Qiagen, Manchester, UK), 1 μL of each primer (1 μM),

2 μL of nuclease‐free water (Thermo Fisher Scientific, Inc.) and 1 μL

of DNA template. Reaction conditions were as follows: initial denat-

uration at 95°C for 15 min; 44 cycles of 94°C for 90 s, 55°C for

30 s and 72°C for 60 s; and final extension of 72°C for 10 min. We

used DNA from Quaking grass (Briza media) as positive control and

included a negative control for each PCR run (Zarzoso‐Lacoste,

Corse, & Vidal, 2013). The PCR products amplified by each primer

pair were separated on a 1% agarose gel stained with SYBR® Safe,

amplicon size was compared to a 100 bp ladder (Thermo Fisher Sci-

entific, Paisley, UK), and amplification success was assessed. In addi-

tion, each PCR product was quantified using a BioAnalyzer (Agilent

Technologies, Santa Clara, CA) to accurately estimate the amplicon

size and DNA concentration. Only amplicons with clear visible band

following electrophoresis were processed further. The ITS2 and rbcL

PCR products were pooled in equal amounts and quantified using a

Qubit (Thermo Fisher Scientific, Waltham, MA) to ensure approxi-

mately equal amounts of amplicon DNA were used in the second

amplification step to attach the Illumina tags. This PCR amplification

was performed in a 10 μL reaction volume including 5 μL of Qiagen

Multiplex PCR Master Mix (Qiagen, Manchester, UK), 0.5 μL of for-

ward and reverse Illumina Multiplex Identifier (MID) tagged or

indexed primers (1 μM), 2 μL DNase and nuclease‐free water

(Thermo Fisher Scientific, Inc.) and 4 μL of DNA template (pika fae-

cal sample or pooled PCR product from previous ITS2 and rbcL

amplification). Reaction conditions were as follows: initial denatura-

tion at 95°C for 15 min; 10 cycles of 98°C for 10 s, 65°C for 30 s

and 72°C for 30 s; and final extension of 72°C for 5 min. The con-

centrations of these PCR products (2 μL) were measured using a flu-

orimeter (Thermo Fisher Scientific, Paisley, UK) and pooled together

in batches of eight samples with similar concentrations. Each batch

of pooled samples was then purified following the Agencourt

AMPure XP PCR Purification Kit protocol (Beckman Coulter Geno-

mics, Aus.) to remove nontarget DNA fragments and primer dimer

and eluted in 40 μL of ultrapure water (Murray, Coghlan, & Bunce,

2015). Each cleaned pool was then analysed on a Tape Station (Agi-

lent Technologies, USA) to check for successful removal of primer

dimer. Each pool was then serially diluted and quantified using

quantitative PCR (Applied Biosystems, CA, USA) where a diluted

custom synthetic oligonucleotide of known molarity was used as

standard to determine the final volume of library to use for

sequencing. The qPCR amplification was performed in a 25 μL vol-

ume containing KAPPA library quantification kit (Kappa Biosystem,

Inc.), 0.4 μM of specific forward and reverse primer and 2 μL of

pooled amplicon library and using these reaction conditions: 95°C

for 5 min, followed by 35 cycles of 95°C for 30 s and 60°C for

45 s. Based on the cycle threshold (CT) values observed, each pool

of eight samples were combined in equimolar proportions (4 nM) to

make a single library with unique Illumina tagged PCR product for

all 124 samples to run using the 500 cycle v2 (2 × 250 bp paired‐

end reads) sequencing kit on the MiSeq Desktop Sequencer (Illu-

mina, San Diego, CA, USA).

2.3 | Identification of plant diet from sequencing

data

The bioinformatic analyses were performed using Iceberg, the High Per-

formance Computing Cluster at the University of Sheffield, UK. The

paired‐end reads were filtered for quality (minimumquality score 20 over

a 4 bp sliding window) and any Illumina adapter sequences removed

using Trimmomatic v 0.32 (Bolger, Lohse, & Usadel, 2014), retaining only

reads of at least 90 bp in length. For ITS2, filtered sequences were then

aligned using FLASH (Magoč & Salzberg, 2011), aligned sequences with

matches to the ITS2 primer sequences only were extracted, and primer

sequences were removed using the “trim_seqs” command in Mothur
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(Schloss et al., 2009). The ITS2 region was extracted from the whole

amplicon sequence (which includes ~73 bp of 5.8S rDNA sequence,

Moorhouse‐Gann et al., 2018) using ITSx (Bengtsson‐Palme et al., 2013).

The “derep_fulllength” and “uchime2_denovo” commands were used in

USEARCH software v 9.2.64 (Edgar, 2010) to eliminate all sequences which

had less than 10 copies per sample and any chimeric sequences. Each

unique ITS2 sequence found in the data set was then compared against

the NCBI GenBank nucleotide database using the BLAST algorithm

(Altschul et al., 1997) to assign a taxonomic unit for each plant sequenced

identified. Only matches with at least a 97% identity to the reference

sequence were retained for downstream analysis. The software METAGEN-

OME ANALYZER v 4 (MEGAN, Huson et al., 2016) was used against NCBI

taxonomic framework for mapping and visualization of the BLAST

results, keeping all default parameters for the LCA assignment algorithm

except the bit score minimum support threshold, which was set at 1%.

For rbcL, the analysis pipeline differed slightly as we did not expect a

region of overlap between the paired sequencing reads with these

~550 bp long amplicons. Instead, we used a custom script to reverse

complement read 2 and combine with read 1 to form an rbcL sequence

starting and ending with the primer sequences but having at least a

50 bp gap in the middle. Prior to performing the BLAST search, we also

clustered the dereplicated and nonchimeric at 97% sequence similarity

using the “cluster_fast” commands in usearch. Owing to limited refer-

ence plant database from the Himalayan region, we were able to identify

plants only at genus level. The reliability of each molecular operational

taxonomic unit (mOTU) corresponding to a specific plant genus was fur-

ther evaluated against a published list of plants reported from the study

area (Bhattacharya, Sathyakumar, & Rawat, 2007; Rai, Adhikari, & Rawat,

2012), and online plant [e.g., flora Himalaya database (http://www.leca.

univ-savoie.fr/db/florhy/infos.html), Dobremez et al., 2009] and biodi-

versity databases [e.g., The Global Biodiversity Information Facility

(https://www.gbif.org/)], which provided information on elevation and

geographic range of the plant genus. Plant genera not reported from the

Himalayan regionwere not considered for further analysis.

2.4 | Information of ecological and evolutionary

linkages of plants in Royle's pika diet

The adaptation ability, ecological requirements, physiology and nutri-

tional quality of plants often depend on their photosynthetic path-

ways (C3, C4 or Crassulacean acid metabolism [CAM]; Ehleringer &

Monson, 1993). The photosynthetic pathway of plants belonging to

the same genus is often considered the same (Osborne et al., 2014;

Sage, 2016). Therefore, we obtained information on photosynthetic

pathways of pika food plants from published sources (Ge et al.,

2012; Osborne et al., 2014; Bhattacharyya & Ray, 2015; Sage,

2016), and information on evolutionary origin (e.g., endemic to

Himalaya, Tropical and Holarctic) average upper and lower elevation

distribution range of each diet plant genus was obtained from flora

of Himalaya database (http://www.leca.univ-savoie.fr/db/florhy/inf

os.html; Dobremez et al. 2009), Global Biodiversity Information

Facility (https://www.gbif.org/search) and IUCN red list of threat-

ened species online portal (http://www.iucnredlist.org/).

2.5 | Statistical analysis

2.5.1 | Plant composition and seasonal dynamics in

diet

We compared the plant diet composition at family and genera level. We

used multiple response permutation procedure (MRPP; Mielke, Berry, &

Johnson, 1976; Zimmerman, Goetz, & Mielke, 1985) to understand seasonal

variation in diet composition at plant genera level across multiple sites. We

used contingency table analysis to test for heterogeneity in plant family in

diet across sites, which was assessed by G tests followed by partitioned anal-

yses (Sokal & Rohlf, 1995). In addition, we have used generalized linear mod-

els (GLMs) to understand the effect of elevation on plant diet richness

(number of genera) across seasons and comparison of plant families across

sites sampled in the same season. The significance of fixed effects was eval-

uated with Wald's chi‐square tests (Bolker et al., 2009). To understand

whether relative contribution of vegetation type (forbs, grass, shrub and tree)

in pika diet is proportional to their availability in the environment, we con-

ducted compositional analysis (Aebischer, Robertson, & Kenward,1993)

using Adehabitat v 1.8.20 package in R (Calenge, 2006). We restricted our

analysis to the vegetation types which qualified within the criteria of a mini-

mum of two data points greater than zero per vegetation category in the

environment data set (Calenge, 2006). In addition, the contribution of each

plant genus to overall pika diet with their corresponding evolutionary origin

and distribution range was visually explored using box plots.

2.5.2 | Modelling effect of talus habitat on diet

richness

We investigated the effect of food availability (tree, shrub, grass and

forbs cover), predation risk (talus area, distance between talus, and

depth of crevices) and talus topography (elevation, aspect and slope) on

plant diet richness. We fitted 32 GLMmodels and used AIC‐based mul-

timodel inference to identify well‐supported statistical models that

describe the relationships between plant diet richness and biological

parameters relevant to foraging ecology of Royle's pika (Table S1). Sea-

son was not incorporated as an explanatory variable in the model as not

all sites were surveyed in both seasons. Model averaging was con-

ducted using the MuMin v package in R (Barton & Barton, 2018) on the

model set generated from the global model, applying a threshold‐cor-

rected Akaike's information criterion (ΔAICc; Burnham & Anderson,

2002) to select the best candidate model based on the lowest (AIC) val-

ues corrected for sample size bias or AICc values (ΔAICc) > 2 units than

the quality of other competing models. Alternatively, when two or more

models had difference in AICc < 2, we used multimodel‐averaged esti-

mates to check the validity of the top ranking model in each case, only

including models withΔAICc < 2 (Burnham & Anderson, 2002). The rel-

ative importance (RI) of each parameter after model averaging was cal-

culated by summing Akaike's weight (wi) across all models in which the

parameter was present. All data were checked for normality and cor-

rected for overdispersion if required.We tested for possible collinearity

of the explanatory variables using Pearson's correlation analysis in the

global model; the mean correlation was 0.14, and the strongest was
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0.64. Correlated variables were used only in interactive models but not

in additive models (Graham, 2003). All analyses were conducted in R v

3.3.3 (The R Foundation for Statistical Computing, http://www.r-projec

t.org/).

3 | RESULTS

The Illumina run produced a total of 3,685,142 paired‐end reads

(2 × 250 bp), with an average of 29,719 reads per sample (range

172–113,816 reads, n = 124).

3.1 | Plant composition and seasonal dynamics in

pika diet

We successfully obtained information from 110 faecal pellets (after

controlling for data quality) representing 66 out of 104 sampled

rocky talus plots. A total of 79 plant genera (ITS2 = 54, rbcL =13, 12

were common to both) were identified. We retrieved 62 genera and

28 families of forbs, ten genera and one family of grass, three genera

and three families of shrubs, and three genera and three families of

trees (Table S2).

Of the 32 plant families recorded in the pikas’ diet, Asteraceae,

Poaceae, Primulaceae, Ranunculaceae, Rosaceae and Scrophulari-

aceae showed significant differences across sites in the mean pro-

portion of occurrence within diet (Table 1). We found no significant

difference in proportion of plant families in the premonsoon (GLM:

F12 = 111.42, p < 0.25) and postmonsoon season (GLM: F6 = 49.74,

p < 0.08).

In the premonsoon season, we found significant differences

between sites in the proportion of plant family per faecal sample

(GLM: F2 = 126.92, p < 0.0001; proportions listed in Table 1) with

NAN having significantly low number of plant families (t = −4.18,

p < 0.001), whereas TUN showed no difference (t = −1.5,

p < 0.110). In the postmonsoon season, the proportion of plants in

the diet varied significantly across sites (GLM: F2 = 37.61, p < 0.011)

with RUD showing more plant families (t = 2.84, p < 0.001) than

TUN (t = 2.18, p < 0.03). However, high proportion of certain family

(e.g., Asteraceae in RUD) in a site is possibly driven by low sample

size.

Forbs constituted 89% of richness, which was significantly higher

than both shrubs (7%) and grasses (3%) (GLM: F2 = 48.91, p < 0.03).

We found premonsoon composition of plant genera in diet varied

significantly (delta obs. = 2.54, delta exp. = 2.56, A = 0.006,

p < 0.05, Figure S1) across sites, whereas there was no variation in

plant genera composition in the postmonsoon season. Across sea-

sons within site, Tungnath (TUN) showed significant variation in pro-

portion of plant richness in diet (GLM: F1 = 18.68, p < 0.0001) with

the premonsoon season having lower plant richness (t = −4.38,

p < 0.0001) than postmonsoon. Plant genus richness during premon-

soon varied across elevation, where it increased with a decrease in

elevation (Wald's χ2 = 9.51, df = 1, p < 0.001; Figure 2). Comparing

food availability in the environment with dietary results revealed that

the Royle's pika prefers forbs (e.g., Potentila) over shrubs (e.g.,

Viburnum) in talus habitat during the premonsoon season in TUN

(lambda = 0.019, p < 0.01) and NAN (lambda = 0.46, p < 0.01 Fig-

ure S2) and during the postmonsoon season in TUN (lambda = 0.11,

p < 0.01) and HAK (lambda = 0.007, p < 0.05, Figure S2). No promi-

nent preference for forbs or grasses was observed in MAD

(lambda = 0.20, p > 0.05). Overall, composition analysis of vegeta-

tion types in the environment and faecal samples across sites during

pre‐ and postmonsoon indicated high preference towards forbs (pre-

monsoon: lambda = 0.008, p > 0.01; postmonsoon: lambda = 0.10,

p > 0.001). Due to low sample size in RUD, no sitewise vegetation

comparison was conducted.

A high proportion (>50%) of the plant genera (e.g., Anaphalis and

Berberis) detected in both the premonsoon (TUN = 52.02%, MAD =

56.25% and NAN = 56.67%) and postmonsoon (TUN = 53.48%,

RUD = 64.28% and HAK = 56.66%) seasons were endemic to the

Himalayan region, followed by plants of Holarctic origin (e.g.,

Deschampsia, Festuca; premonsoon: TUN = 22.97%, MAD = 28.12%

and NAN = 25.0%; postmonsoon: TUN = 26.35%, RUD = 21.42%

and HAK = 26.66%) (Figure 3A,B; Table S2). The upper distribution

limit of more than 90% of all pre‐ and postmonsoon dietary plants

was 3,500 m and above (Figure 4). A significant proportions of pre-

monsoon (TUN = 77.70%, MAD = 75.32% and NAN = 72.8%) and

postmonsoon (TUN = 74.49%, RUD = 80.00% and HAK = 97.14%)

dietary plants were found to have a lower altitudinal range of

2,000 m to 1,000 m (Figure 5). C3 plants constituted 97.5% of the

pikas’ diet with much smaller proportions being C4 (1.25%) and

CAM (1.25%; Table S2).

3.2 | Effect of talus habitat on plant diet richness

Model‐averaged estimates derived from the 90% model set agreed

with the best approximating model with two variables: talus area

cover and crevice depth, which were detected as significant predic-

tors for diet richness; each having RI values of 1.0. Talus area has

significant positive influence on plant diet richness. However, crevice

depth showed a negative influence on plant richness (Table 2).

4 | DISCUSSION

This is the first study of the diet for any Himalayan pika species that

uses noninvasive sampling and metabarcoding. It allowed us to quan-

tify genus richness and revealed cryptic aspects of functional diver-

sity and useful insights into niche partitioning across an elevational

gradient. Our study provides an excellent example of how DNA

metabarcoding can be used in understanding diet and feeding prefer-

ences of an elusive herbivore species found in fragmented alpine ter-

rain and is applicable for other herbivores dependent on C3 and C4

plants. We found DNA metabarcoding outperformed traditional

methods by revealing the huge diversity of plant genera consumed

by pikas and their reliance on species endemic to the Himalayas.

Earlier studies based on traditional visual and microscopic
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observation reported only 22 food plant genera for Royle's pika

(Bhattacharyya et al., 2013), whereas our DNA metabarcoding

results indicated more than 70 plant genera in the diet, which

includes all of the 22 plant genera reported earlier. Forbs constituted

the highest proportion of the diet. We demonstrate quantitative esti-

mates of relative consumption of plant genera and capture fine‐scale

distribution across an elevational gradient, which has been difficult

to detect using traditional methods of diet analysis. In addition, diet

plant richness in the premonsoon season varied significantly across

sites and decreased in higher elevation sites. We also demonstrate

the effects of habitat characteristics, such as talus area and depth of

crevices between rocks, on the genus richness in the Royle's pika's

diet.

4.1 | Plant composition and seasonal variation in

Royle's pika diet

Our study revealed that pikas exhibit dietary flexibility with high genus

richness in their premonsoon diet at lower elevation, possibly due to a

longer growing period in this habitat. Thick snow cover delays the

TABLE 1 Presence of plant families in the Royle's pika's diet across each sampled site (TUN: Tungnath; MAD: Madmaheshwar; NAN: Bedni‐

Roopkund; RUD: Rudranath; and HAK: Har ki Doon), with results from G test (G statistics and p values), to estimate differences in the mean

proportion of plant families within diet. Proportion of plant family is presented for each site; those highlighted in bold differ across sites at

p < 0.05

Family Total genus

Premonsoon Postmonsoon

G pTUN (n = 27) MAD (n = 13) NAN (n = 32) TUN (n = 26) RUD (n = 4) HAK (n = 8)

Apiaceae 5 3.70 0.00 6.25 11.54 25.00 0.00 1.74 0.41

Asteraceae 7 55.50 23.07 15.60 61.50 100.00 12.50 76.41 <0.0001

Balsaminaceaea 1 0.00 7.69 0.00 0.00 0.00 0.00 a

Berberidaceaea 1 0.00 0.00 6.25 0.00 25.00 0.00 a

Betulaceaea 1 3.70 0.00 0.00 0.00 0.00 0.00 a

Boraginaceaea 2 0.00 7.69 0.00 0.00 0.00 0.00 a

Brassicaceaea 2 0.00 0.00 3.13 0.00 0.00 0.00 a

Campanulaceaea 1 0.00 7.69 0.00 3.85 0.00 0.00 a

Caprifoliaceae 2 11.11 0.00 3.13 7.69 25.00 0.00 2.69 0.26

Caryophyllaceae 4 14.81 15.38 15.63 18.52 15.38 0.00 4.54 0.47

Crassulaceaea 2 0.00 7.69 0.00 0.00 0.00 0.00 a

Cyperaceae 1 11.11 23.08 9.38 14.81 50.00 0.00 6.9 0.22

Ericaceae 4 18.52 7.69 0.00 26.92 25.00 0.00 2.94 0.7

Fagaceaea 1 3.70 0.00 0.00 0.00 0.00 0.00 a

Gentianaceaea 2 3.70 0.00 0.00 0.00 0.00 0.00 a

Geraniaceaea 1 3.70 0.00 0.00 3.85 0.00 0.00 a

Hypericaceaea 1 0.00 0.00 0.00 50.00 0.00 0.00 a

Lamiaceaea 1 0.00 0.00 0.00 3.85 0.00 0.00 a

Onagraceae 3 18.52 23.08 6.25 46.15 0.00 0.00 3.14 0.2

Papilionaceaea 2 11.11 0.00 0.00 0.00 0.00 0.00 a

Poaceae 10 96.26 100.00 25.00 100.00 100.00 25.00 179.23 <0.0001

Polygonaceae 4 0.00 30.77 6.25 3.85 0.00 0.00 2.32 0.31

Primulaceae 2 51.85 98.27 34.38 22.22 7.69 3.13 13.93 <0.001

Ranunculaceae 4 59.26 92.31 9.38 30.77 25.00 12.50 41.89 <0.0001

Rosaceae 6 96.30 92.31 56.25 92.31 100.00 25.00 210.07 <0.0001

Rubiaceae 1 3.70 0.00 6.25 0.00 0.00 0.00 1.4 0.49

Salicaceaea 1 0.00 0.00 0.00 3.85 0.00 0.00 a

Saxifragaceae 2 7.41 7.69 3.13 11.54 0.00 0.00 1.78 0.41

Scrophulariaceae 2 25.93 30.77 9.38 23.08 50.00 0.00 18.7 <0.002

Orobanchaceae 1 18.52 15.38 3.13 3.85 0.00 0.00 4.2 0.11

Urticaceaea 1 0.00 0.00 3.13 3.85 0.00 0.00 a

Violaceaea 1 0.00 0.00 3.13 3.00 0.00 0.00 a

Note. aPlant family not considered for comparison across sites as they were found only in one study site (in grey shade).
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beginning of the growing period of alpine plants in higher elevation

areas (Inouye, 2008). Therefore, plants experience comparatively longer

growing periods at lower elevations (Körner, 2003). However, the lack

of precipitation and low temperature during the postmonsoon period

leads to the end of the growing period for alpine plants. This may

explain why no variation in diet plant richness with elevation was

F IGURE 2 Plant diet richness across an

elevation gradient in pre‐monsoon

(Premon) and post‐ monsoon season

(Postmon) (HAK: Har ki doon; MAD:

Madmaheshwar; NAN: Bedni‐roopkund;

RUD: Rudranath; TUN: Tungnath; full

details of the study sites are provided in

Figure 1) [Colour figure can be viewed at

wileyonlinelibrary.com]

F IGURE 3 Evolutionary origin of plants

per pellet sampled in pre‐monsoon (a) and

post‐monsoon (b) diet of Royle's pika in

the western Himalaya (CA: Centrasiatic;

EH: Himalayan Endemic; HO: Holarctic;

MA: South East Asiatic Malaysian; SJ: Sino

Japanese or Eastern Asiatic; TR: Tropical;

YU: South East Chinese; details of the

study sites are provided in Figure 1)
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F IGURE 4 Upper distribution limit of

plants detected per sample in pre‐monsoon

(a) and post monsoon (b) diet of Royles's

pika across elevation (Low = 2,500–

3,500 m; Medium = 3,500–4,500 m;

High = 4,500–6,000 m; details of the study

sites are provided in Figure 1)
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F IGURE 5 Lower distribution limit of

plants detected in pre‐monsoon (a) and

post monsoon (b) diet of Royle's pika

across elevation (Low = 500–1000 m;

Medium = 1,000–2,000 m; High ≥ 2,000

m; details of the study sites are provided

in Figure 1)
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observed during the postmonsoon season. Compared to other Asian

pika species such as Northern pika (Ochotona hyperborean; Khlebnikova,

1976; Revin & Boeskorov, 1990), Royle's pikas show a preference for

plants such as forbs (e.g., Potentila spp., Primula spp. and Anaphalis spp.).

The contribution of forbs in the pika's diet was found to be proportion-

ately higher than its availability in the environment possibly due to the

high nutrient value of forbs compared to other vegetation types, such

as grasses, shrubs and trees (Bhattacharyya et al., 2013).

Talus‐dwelling Ochotona species usually exhibit prominent hay

building activity in the summer to cache food for survival during the

winter (Bhattacharyya & Ray, 2015; Hudson, Morrison, & Hik, 2008).

This food caching helps in lowering the quantity of secondary

metabolites during winter consumption (Dearing, 1997). However,

Royle's pikas do not collect or store plants as haypiles, but instead

feed on dry leaves of shrub and tree species which have low plant

secondary metabolites only during the resource‐limited postmonsoon

season. Himalaya experiences a relatively short snow covered period

compared to other mountain regions, and food plants (mosses,

lichens, dry leaves from trees and shrubs) are available during the

postmonsoon and winter, which probably led to the weak hoarding

behaviour observed in the Royle's pika. Its premonsoon diet is rich in

nitrogen, moisture, low in secondary metabolites and probably more

suitable for spring litter. Although, one of the caveats in this study

was the inconsistent seasonal sampling across sites, which would

have allowed us to explore seasonal differences within the sites

more effectively.

4.2 | Effect of habitat structure on plant diet

richness

In western Himalayan Royle's pika populations, plant diet richness

increased with large talus area, whereas depth of crevices between

rocks had a negative effect on plant diet richness. Plant richness in

pika diet increased with talus area as larger areas have higher plant

diversity (area–richness relationship). Large talus areas provide good

cover and habitat both in terms of food availability and refuge from

predators. Large talus provides pikas with many escape routes from

predators, allowing pikas to forage on surrounding meadows and

reduce the dependence on the availability of local vegetation. This

may explain the higher plant diet richness that was observed, as pre-

dation risk plays an important role in determining the food selection

in Royle's pika (Bhattacharyya et al., 2013).

Predation risk has significant impacts on prey populations, either by

direct predation‐mediated mortality or indirectly by altering their physi-

ology and behaviour (Lima, 1998; Lima & Dill, 1990; Schmitz, Becker-

man, & O'Brien, 1997; Sinclair & Arcese, 1995). Large talus areas with

high rock cover and vegetation help in forage selection by reducing

other constraints such as energy demands (Stephens & Krebs, 1986).

Pikas balance predation risk associated with foraging activity against

nutritional quality and availability of diet plants, a typical strategy found

in central place foragers by exploiting nearby talus habitats (Bhat-

tacharyya et al., 2013; Huntly et al., 1986; Morrison, Barton, Caputa, &

Hik, 2004; Smith, Formozov, Hoffmann, Changlin, & Erbajeva, 1990).

Large rock talus fields with crevices possibly act as escape cover from

predators and allow pikas to access extended foraging grounds and

diverse array of food plants, and hence have a positive influence on

diet richness. Furthermore, Royle's pikas are sensitive to high tempera-

ture, and stable microclimate talus habitat serves as a refuge from

harsh climate as well as predators (Bhattacharyya et al., 2014b). Royle's

pika utilizes crevices in their talus habitat to build their nests (Bhat-

tacharyya et al., 2015). The structure of rock talus and availability of

small crevices (< 15 cm) appear to govern occupancy of Royle's pika

habitat as it reduces predation risk; wide crevices probably make it

easier for predators such as weasels and red foxes to catch pikas (Bhat-

tacharyya et al., 2015). We found deep crevices had a negative effect

on plant diet richness. The negative effect of deep crevices probably

indicates foraging under fear response. The deep crevices often also

have wider openings that increase predation risk from small size preda-

tors such as weasels and red foxes (Bhattacharyya et al., 2015). Hence,

pikas inhabiting talus with deep crevices probably utilize the foraging

ground less extensively and have a narrow choice of plants. This could

be a mechanism behind the avoidance of such taluses as restricted diet

can further reduce individual fitness. These findings are in line with pre-

vious studies on the Royle's pika and other talus‐dwelling pikas, which

tend to forage close to the talus habitat where predation risk is the

least, and venture out to open meadows to forage only when talus

patches are well connected (Bhattacharyya et al., 2013; Holmes, 1991;

Morrison et al., 2004; Roach, Huntly, & Inouye, 2001).

4.3 | Ecological and evolutionary linkages in the

Royle's pika diet

The majority (97.5%) of diet plants in this study were C3 food plants,

followed by C4 (1.25%) and CAM (1.25%) plants. Previous research

Parameter Estimate (β) ± SE

Confidence interval

Z value p value RILower (2.5%) Upper (97.5%)

Intercept 1.65 ± 0.04 1.56 1.73 37.87 0.001

Talus area cover 0.17 ± 0.04 0.07 0.27 3.50 0.001 1.00

Depth of crevices −0.13 ± 0.04 −0.22 −0.03 2.78 0.01 1.00

Talus area cover X

Depth of crevices −0.009 ± 0.0 3 −0.03 0.16 0.27 0.78 0.29

The bold value indicates statistically significant p value which is less than 0.05.

TABLE 2 Model‐averaged predictive

models for effect of each parameter on

plant diet richness with AIC < 2 and

relative importance (RI) of each parameter
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has shown that expansion of C4 plants with low nutrient availability

might have led to the extinction and contraction of distributional

range of herbivorous mammals which were dependent on C3 plants

during late Miocene (Cerling, Ehleringer, & Harris, 1998; Ehleringer,

Cerling, & Dearing, 2002; Ge et al., 2012; MacFadden & Ceding,

1994; Osborne, 2008; Osborne & Beerling, 2006). The prehistoric

distribution of pikas was closely associated with distribution of their

preferred C3 food plants, such as those with high protein and mois-

ture content (Ge et al., 2012). Climate change has also been found

to alter the distribution and abundance of alpine plants based on

their temperature sensitivity (Scherrer & Körner, 2011). Replacement

of C3 plants by C4 plants across large landscapes during the late

Miocene resulted in the extinction of a high number of pika species

(Ge et al., 2012). Gottfried et al. (2012) suggested that the thermo-

phylization process could lead to the replacement of cold and moist

environment plant species (e.g., C3 plants) with an abundance of

warm and dry environment plant species, (e.g., C4 and CAM plants).

Given that the Royle's pika diet consists of C3 plant species (e.g.,

Potentila, Anaphalis), the increase in temperature and rainfall patterns

is bound to influence the distribution range of plant species as well

as pikas. In the past 25 years (1982–2006), the Himalayan arc has

experienced significant decreases in winter precipitation (17 mm),

which has resulted in an increase in mean annual (0.04–0.08°C per

year), spring (0.02–0.08°C per year) and winter temperatures (0.03–

0.04°C per year; Shrestha, Gautam, & Bawa, 2012). This continued

increase in temperature could have a significant effect on the distri-

bution dynamics of C3 species and potentially influence plant–herbi-

vore interactions at a microhabitat level.

Alpine species adapted to cold climatic conditions are more vul-

nerable to global warming (Hughes, 2000). Moritz et al. (2008) indi-

cated significant changes in distributions and range contraction in

mountain‐dwelling small mammals. Walther et al. (2002) predicted

upslope range shifts in animals to cope with changing (warming)

environmental conditions. However, habitat fragmentation might not

allow small mammals such as pikas to move their ranges fast enough

to track shifts in suitable microclimates (Ray et al., 2012; Schloss,

Nuñez, & Lawler, 2012). Given that the Royle's pika can cope with

physiological stress (e.g., hypoxia) in high‐elevation environments,

the upper limit of the distribution of diet plants (> 4,500 m) could

still pose a threat to their survival and fitness. Isolated high altitude

mountain habitats, also known as “Sky‐islands,” differ significantly in

environmental conditions from intervening valleys (Shepard & Bur-

brink, 2008). These intervening valleys were found to have signifi-

cant impacts on the dispersal of cold‐adapted mountain‐dwelling

species, such as pikas, across sky‐islands (Galbreath, Hafner, Zamu-

dio, & Agnew, 2010). Hence, the Royle's pika would potentially need

to travel across the lowland valleys to find favourable habitat to

cope with the changing environment. Apart from high sensitivity to

warm environments (Bhattacharyya et al., 2014b) and predation risk

(Bhattacharyya et al., 2015), absence of diet plants below 1,500 m

elevation might hamper such contemporary migration through low-

land valleys. Furthermore, loss of distribution range and connectivity

between habitat patches along with nutritional stress might also

make small pika populations more vulnerable to both climatic

changes as well as other threats, such as the susceptibility to infec-

tious diseases (Biebach & Keller, 2009; Epstein, 2001; Hanski & Gil-

pin, 1991; Harvell et al., 2002).

India holds 28% of the flora which is endemic to the Himalayan

region (Chitale, Behera, & Roy, 2014). We found a high dependency

of the Royle's pika on endemic plants, and 53%–64% of dietary plant

genera (e.g., Geum and Fragaria) are endemic to the Himalayan

region. Increases in summer temperature and precipitation and the

frequency of freeze–thaw cycles are predicted to have detrimental,

multidimensional and spatially variable impact on these endemic

alpine plants (Dolezal et al., 2016). Recent research has suggested

around 23.9% to 41.34% reduction in the distribution of endemic

plants in various biodiversity hotspots in Himalaya by 2080 (Chitale

et al., 2014). Therefore, changes in the distribution and abundance

of Himalayan endemic plants might have significant negative impacts

on the overall nutritional ecology of the Royle's pika. Lack of a plant

genetic reference library from the Himalayan region, especially from

our study site, did not allow us to achieve species‐level identification

of pika diet. Future research is needed to build a plant genetic

resource reference library for insights to be gained at the plant spe-

cies level.

5 | CONCLUSIONS

This is the first study of the Royle's pika diet using DNA metabar-

coding and successfully revealed feeding preferences in this climate‐

sensitive herbivore. We were able to quantify the genus richness in

the pika's diet in various habitats and at different elevations. We

revealed the high dependency of the pika on C3 plants and plants

endemic to the Himalayan region. We showed that seasonal differ-

ences in the diet are associated with elevation and that diet varies

at different sites due to differences in topography and climate. A sig-

nificant amount (> 89%) of the pika's diet consisted of forbs. The

genus richness in the diet is strongly predicted by the size of the

talus available to the pika for foraging, with large areas resulting in

the highest levels of diversity observed in the diet. Crevice depth

negatively influences plant diet richness due to increased predation

risk. The continued increase in temperature could have a significant

effect on the distribution of C3 plants and reduce the amount of

plant species available on which the pika can feed, which would be

likely to impact both pika numbers and their distribution, especially

in lower elevation habitats.

ACKNOWLEDGEMENTS

This study was partially funded by the Department of Biotechnol-

ogy Research Associateship Programme, the Pro‐Natura Founda-

tion, Japan, and the Commonwealth Professional Fellowship

Programme, UK, to SB and Wellcome Trust/DBT India Alliance

Fellowship (IA/I (S)/12/2/500629) to FI. We thank the National

Biodiversity Authority, Government of India, and the Department

BHATTACHARYYA ET AL. | 261



of Environment, Food and Rural Affairs (DEFRA) in the United

Kingdom for providing permission to transport samples between

India and the UK. We thank Mr Gabbar Singh Bisth for assistance

during fieldwork. Dr. Gavin Horsburgh (University of Sheffield)

kindly provided advice and assistance during the metabarcoding

laboratory work. Prof. Terry Burke and the members of the

Molecular Ecology Laboratory at the University of Sheffield pro-

vided helpful discussion. We thank Prof. Colin Osbourne (Univer-

sity of Sheffield) for kindly providing information on plant

photosynthetic pathways. We would like to thank three reviewers

for constructive comments that improved the manuscript and Ms.

Gayatri Anand for proofreading.

DATA ACCESSIBILITY

GPS locations of all sample collection points, R code and data for

generalized linear modelling, DNA sequences generated during the

study can be accessed in the Dryad database (https://doi.org/10.

5061/dryad.nt40m53).

AUTHORS ’ CONTRIBUTION

S.B. collected the samples and performed the laboratory work.

D.A.D. and F.I. supervised the project. S.B., H.H. and F.I. analysed

the data. S.B. and F.I. wrote the manuscript. D.A.D. and H.H. com-

mented on the manuscript. All authors approved the final version of

the manuscript.

ORCID

Sabuj Bhattacharyya http://orcid.org/0000-0002-4335-0751

REFERENCES

Aebischer, N. J., Robertson, P. A., & Kenward, R. E. (1993). Compositional

analysis of habitat use from animal radio‐tracking data. Ecology, 74(5),

1313–1325. https://doi.org/10.2307/1940062

Altschul, S. F., Madden, T. L., Schäffer, A. A., Zhang, J., Zhang, Z., Miller, W.,

& Lipman, D. J. (1997). Gapped BLAST and PSI‐BLAST: a new genera-

tion of protein database search programs. Nucleic Acids Research, 25

(17), 3389–3402. https://doi.org/10.1093/nar/25.17.3389

Awan, M. S., Minhas, R. A., Ahmed, K. B., & Dar, N. I. (2004). Distribu-

tion, food and habitat preferences of small mammals in Machiara

National Park, district Muzaffarabad, Azad Kashmir, Pakistan. Punjab

University of Journal Zoology, 19, 17–31.

Barton, K., & Barton, M. K. (2018). Package ‘MuMIn’. http://cran.rprojec

t.org/web/packages/MuMIn/index.html

Beever, E. A., Brussard, P. F., & Berger, J. (2003). Patterns of apparent

extirpation among isolated populations of pikas (Ochotona princeps) in

the Great Basin. Journal of Mammalogy, 84(1), 37–54. https://doi.org/

10.1644/1545-1542(2003)084&lt;0037:POAEAI&gt;2.0.CO;2

Beever, E. A., Ray, C., Mote, P. W., & Wilkening, J. L. (2010). Testing

alternative models of climate mediated extirpations. Ecological Appli-

cations, 20(1), 164–178. https://doi.org/10.1890/08-1011.1

Bengtsson-Palme, J., Ryberg, M., Hartmann, M., Branco, S., Wang, Z.,

Godhe, A., … Amend, A. (2013). Improved software detection and

extraction of ITS1 and ITS2 from ribosomal ITS sequences of fungi

and other eukaryotes for analysis of environmental sequencing data.

Methods in Ecology and Evolution, 4(10), 914–919.

Bernstein, L., Bosch, P., Canziani, O., Chen, Z., Christ, R., Davidson, O., …

Kundzewicz, Z. (2007) IPCC, 2007: climate change 2007: synthesis

report. Contribution of working groups I. II and III to the Fourth

Assessment Report of the Intergovernmental Panel on Climate Change.

Intergovernmental Panel on Climate Change, Geneva. http://www.

ipcc.ch/ipccreports/ar4-syr. htm

Bhattacharya, T., Sathyakumar, S., & Rawat, G. S. (2007). Studies on

animal habitat interactions in the buffer zone of Nanda Devi Bio-

sphere Reserve. Final Report. Dehradun, India: Wildlife Institute of

India.

Bhattacharyya, S. (2013). Habitat ecology of Royle's pika (Ochotona roylei)

along an altitudinal gradient with special reference to foraging beha-

viour in western Himalaya. PhD Thesis, Saurashtra University,

Gujarat, India. pp. 120.

Bhattacharyya, S., Adhikari, B., & Rawat, G. (2010). Abundance of Royle's

pika (Ochotona roylei) along an altitudinal gradient in Uttarakhand,

Western Himalaya. Hystrix, the Italian Journal of Mammalogy, 20(2),

111–119.

Bhattacharyya, S., Adhikari, B. S., & Rawat, G. S. (2013). Forage selection

by Royle's pika (Ochotona roylei) in the western Himalaya, India. Zool-

ogy, 116(5), 300–306. https://doi.org/10.1016/j.zool.2013.05.003

Bhattacharyya, S., Adhikari, B. S., & Rawat, G. S. (2014a). Influence of

snow, food, and rock cover on Royle's pika abundance in western

Himalaya. Arctic, Antarctic, and Alpine Research, 46(3), 558–567.

https://doi.org/10.1657/1938-4246-46.3.558

Bhattacharyya, S., Adhikari, B. S., & Rawat, G. S. (2014b). Influence of

microclimate on the activity of Royle's pika in the western Himalaya,

India. Zoological Studies, 53(1), 73. https://doi.org/10.1186/s40555-

014-0073-8

Bhattacharyya, S., Dutta, S., Adhikari, B. S., & Rawat, G. S. (2015). Pres-

ence of a small mammalian prey species in open habitat is dependent

on refuge availability. Mammal Research, 60(4), 293–300. https://doi.

org/10.1007/s13364-015-0234-0

Bhattacharyya, S., & Ray, C. (2015). Of plants and pikas: evidence for a

climate‐mediated decline in forage and cache quality. Plant Ecology &

Diversity, 8(5–6), 781–794. https://doi.org/10.1080/17550874.2015.

1121520

Bhattacharyya, S., & Smith, A. T. (2018). Ochotona roylei. In A. T. Smith,

C. H. Johnston, P. C. Alves & K. Hackländer (Eds.), Lagomoprhs: Pikas,

rabbits, and Hares of the World of The World (pp. 75–76). Bultimore,

MD: John Hopkins University press.

Biebach, I., & Keller, L. F. (2009). A strong genetic footprint of the re‐

introduction history of Alpine ibex (Capra ibex ibex). Molecular Ecol-

ogy, 18(24), 5046–5058. https://doi.org/10.1111/j.1365-294X.2009.

04420.x

Bolger, A., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible read

trimming tool for Illumina NGS data. Bioinformatics, btu170. URL

http://www. usadellab. org/cms/index. php.

Bolker, B. M., Brooks, M. E., Clark, C. J., Geange, S. W., Poulsen, J. R., Ste-

vens, M. H. H., & White, J. S. S. (2009). Generalized linear mixed mod-

els: a practical guide for ecology and evolution. Trends in Ecology &

Evolution, 24(3), 127–135. https://doi.org/10.1016/j.tree.2008.10.008

Bruun, H. H., Moen, J., Virtanen, R., Grytnes, J. A., Oksanen, L., & Anger-

björn, A. (2006). Effects of altitude and topography on species rich-

ness of vascular plants, bryophytes and lichens in alpine

communities. Journal of Vegetation Science, 17(1), 37–46. https://doi.

org/10.1111/j.1654-1103.2006.tb02421.x

Burnham, K. P., & Anderson, D. R. (2002). Model Selection and Multimodal

Inference: a practical information-theoretic approach. New York:

Springer-Verlag.

Calenge, C. (2006). The package “adehabitat” for the R software: a tool

for the analysis of space and habitat use by animals. Ecological

262 | BHATTACHARYYA ET AL.



Modelling, 197(3–4), 516–519. https://doi.org/10.1016/j.ecolmodel.

2006.03.017

Calkins, M. T., Beever, E. A., Boykin, K. G., Frey, J. K., & Andersen, M. C.

(2012). Not‐so‐splendid isolation: modeling climate‐mediated range

collapse of a montane mammal Ochotona princeps across numerous

eco regions. Ecography, 35(9), 780–791. https://doi.org/10.1111/j.

1600-0587.2011.07227.x

Campbell, N. R., Harmon, S. A., & Narum, S. R. (2015). Genotyping in Thou-

sands by sequencing (GT‐seq): A cost effective SNP genotyping

method based on custom amplicon sequencing. Molecular Ecology

Resources, 15(4), 855–867. https://doi.org/10.1111/1755-0998.12357

Castillo, J. A., Epps, C. W., Davis, A. R., & Cushman, S. A. (2014). Land-

scape effects on gene flow for a climate‐sensitive montane species,

the American pika. Molecular Ecology, 23(4), 843–856. https://doi.

org/10.1111/mec.12650

Cerling, T. E., Ehleringer, J. R., & Harris, J. M. (1998). Carbon dioxide star-

vation, the development of C4 ecosystems, and mammalian evolu-

tion. Philosophical Transactions of the Royal Society of London B:

Biological Sciences, 353(1365), 159–171. https://doi.org/10.1098/rstb.

1998.0198

Chitale, V. S., Behera, M. D., & Roy, P. S. (2014). Future of endemic flora

of biodiversity hotspots in India. PLoS ONE, 9(12), e115264. https://d

oi.org/10.1371/journal.pone.0115264

Dearing, M. D. (1995). Factors governing diet selection in a herbivorous

mammal, the North American pika (Ochotona princeps). PhD Thesis,

Department of Biology, University of Utah, USA.

Dearing, M. D. (1996). Disparate determinants of summer and winter diet

selection of a generalist herbivore, Ochotona princeps. Oecologia, 108

(3), 467–478. https://doi.org/10.1007/BF00333723

Dearing, M. D. (1997). The manipulation of plant toxins by a food‐hoard-

ing herbivore, Ochotona princeps. Ecology, 78(3), 774–781. https://

doi.org/10.1890/0012-9658(1997)078[0774:TMOPTB]2.0.CO;2

Deems, J. S., Birkeland, K. W., & Hansen, K. J. (2002). Topographic influ-

ence on the spatial patterns of snow temperature gradients in a

mountain snowpack. In: Proceedings of the International Snow Science

Workshop, Penticton, BC, Canada, 29 September–4 October 2002.

Dobremez, J. F., Shakya, P. R., Camaret, S., Vigny, F., & Eynard-Machet,

R., 1967–2009 - Flora Himalaya Database, Laboratoire d'Ecologie

Alpine, http://www.leca.univ-savoie.fr/db/florhy/

Dolezal, J., Dvorsky, M., Kopecky, M., Liancourt, P., Hiiesalu, I., Macek,

M., … Borovec, J. (2016). Vegetation dynamics at the upper eleva-

tional limit of vascular plants in Himalaya. Scientific Reports, 6, 24881.

https://doi.org/10.1038/srep24881

Edgar, R. (2010). Search and clustering orders of magnitude faster than

BLAST. Bioinformatics, 26(19), 2460–2461. https://doi.org/10.1093/

bioinformatics/btq461

Ehleringer, J. R., Cerling, T. E., & Dearing, M. D. (2002). Atmospheric CO2

as a global change driver influencing plant‐animal interactions. Inte-

grative and Comparative Biology, 42(3), 424–430. https://doi.org/10.

1093/icb/42.3.424

Ehleringer, J. R., & Monson, R. K. (1993). Evolutionary and ecological

aspects of photosynthetic pathway variation. Annual Review of Ecol-

ogy and Systematics, 24(1), 411–439. https://doi.org/10.1146/annure

v.es.24.110193.002211

Ehrlich, P. R., & Raven, P. H. (1964). Butterflies and plants: a study in

coevolution. Evolution, 18(4), 586–608. https://doi.org/10.1111/j.

1558-5646.1964.tb01674.x

Epstein, P. R. (2001). Climate change and emerging infectious diseases.

Microbes and Infection, 3(9), 747–754. https://doi.org/10.1016/

S1286-4579(01)01429-0

Erb, L. P., Ray, C., & Guralnick, R. (2011). On the generality of a climate‐

mediated shift in the distribution of the American pika (Ochotona prin-

ceps). Ecology, 92(9), 1730–1735. https://doi.org/10.1890/11-0175.1

Franken, R. J., & Hik, D. S. (2004). Influence of habitat quality, patch size

and connectivity on colonization and extinction dynamics of collared

pikas Ochotona collaris. Journal of Animal Ecology, 73(5), 889–896.

https://doi.org/10.1111/j.0021-8790.2004.00865.x

Galbreath, K. E., Hafner, D. J., Zamudio, K. R., & Agnew, K. (2010). Isola-

tion and introgression in the Intermountain West: contrasting gene

genealogies reveal the complex biogeographic history of the Ameri-

can pika (Ochotona princeps). Journal of Biogeography, 37(2), 344–362.

https://doi.org/10.1111/j.1365-2699.2009.02201.x

Ge, D., Wen, Z., Xia, L., Zhang, Z., Erbajeva, M., Huang, C., & Yang, Q.

(2013). Evolutionary history of lagomorphs in response to global

environmental change. PLoS ONE, 8(4), e59668. https://doi.org/10.

1371/journal.pone.0059668

Ge, D., Zhang, Z., Xia, L., Zhang, Q., Ma, Y., & Yang, Q. (2012). Did the

expansion of C4 plants drive extinction and massive range contrac-

tion of micromammals? Inferences from food preference and histori-

cal biogeography of pikas. Palaeogeography, Palaeoclimatology,

Palaeoecology, 326, 160–171. https://doi.org/10.1016/j.palaeo.2012.

02.016

Gottfried, M., Pauli, H., Futschik, A., Akhalkatsi, M., Barančok, P., Alonso,

J. L. B., … Krajči, J. (2012). Continent‐wide response of mountain

vegetation to climate change. Nature Climate Change, 2(2), 111.

https://doi.org/10.1038/nclimate1329

Graham, M. H. (2003). Confronting multicollinearity in ecological multiple

regression. Ecology, 84(11), 2809–2815. https://doi.org/10.1890/02-

3114

Green, M. J. B. (1985). Aspects of the ecology of the Himalayan musk

deer. Doctoral dissertation, University of Cambridge, UK.

Group, C. P. W., Hollingsworth, P. M., Forrest, L. L., Spouge, J. L., Hajiba-

baei, M., Ratnasingham, S., … Fazekas, A. J. (2009). A DNA barcode

for land plants. Proceedings of the National Academy of Sciences, 106

(31), 12794–12797. https://doi.org/10.1073/pnas.0905845106

Gurung, D. R., Maharjan, S. B., Shrestha, A. B., Shrestha, M. S., Bajra-

charya, S. R., & Murthy, M. S. R. (2017). Climate and topographic

controls on snow cover dynamics in the Hindu Kush Himalaya. Inter-

national Journal of Climatology, 37(10), 3873–3882. https://doi.org/

10.1002/joc.4961

Hanski, I., & Gilpin, M. (1991). Metapopulation dynamics: brief history

and conceptual domain. Biological Journal of the Linnean Society, 42

(1–2), 3–16. https://doi.org/10.1111/j.1095-8312.1991.tb00548.x

Harvell, C. D., Mitchell, C. E., Ward, J. R., Altizer, S., Dobson, A. P., Ost-

feld, R. S., & Samuel, M. D. (2002). Climate warming and disease risks

for terrestrial and marine biota. Science, 296(5576), 2158–2162.

https://doi.org/10.1126/science.1063699

Hay, M. E., & Fenical, W. (1988). Marine plant‐herbivore interactions: the

ecology of chemical defense. Annual Review of Ecology and Systemat-

ics, 19(1), 111–145. https://doi.org/10.1146/annurev.es.19.110188.

000551

Hollingsworth, P. M. (2011). Refining the DNA barcode for land plants.

Proceedings of the National Academy of Sciences, 108(49), 19451–

19452. https://doi.org/10.1073/pnas.1116812108

Holmes, W. G. (1991). Predator risk affects foraging behaviour of pikas:

observational and experimental evidence. Animal Behaviour, 42(1),

111–119. https://doi.org/10.1016/S0003-3472(05)80611-6

Hudson, J. M., Morrison, S. F., & Hik, D. S. (2008). Effects of leaf size on

forage selection by collared pikas, Ochotona collaris. Arctic, Antarctic,

and Alpine Research, 40(3), 481–486. https://doi.org/10.1657/1523-

0430(07-069)[HUDSON]2.0.CO;2

Hughes, L. (2000). Biological consequences of global warming: is the sig-

nal already apparent? Trends in Ecology & Evolution, 15(2), 56–61.

https://doi.org/10.1016/S0169-5347(99)01764-4

Huntly, N. J., Smith, A. T., & Ivins, B. L. (1986). Foraging behavior of the

pika (Ochotona princeps), with comparisons of grazing versus haying.

Journal of Mammalogy, 67(1), 139–148. https://doi.org/10.2307/

1381010

Huson, D. H., Beier, S., Flade, I., Górska, A., El-Hadidi, M., Mitra, S., …

Tappu, R. (2016). MEGAN community edition‐interactive exploration

BHATTACHARYYA ET AL. | 263



and analysis of large‐scale microbiome sequencing data. PLoS Compu-

tational Biology, 12(6), e1004957. https://doi.org/10.1371/journal.pcb

i.1004957

Inouye, D. W. (2008). Effects of climate change on phenology, frost dam-

age, and floral abundance of montane wildflowers. Ecology, 89(2),

353–362. https://doi.org/10.1890/06-2128.1

Jeffress, M. R., Rodhouse, T. J., Ray, C., Wolff, S., & Epps, C. W. (2013).

The idiosyncrasies of place: geographic variation in the climate–distri-

bution relationships of the American pika. Ecological Applications, 23

(4), 864–878. https://doi.org/10.1890/12-0979.1

Johnson, M. T., Campbell, S. A., & Barrett, S. C. (2015). Evolutionary

interactions between plant reproduction and defense against herbi-

vores. Annual Review of Ecology, Evolution, and Systematics, 46, 191–

213. https://doi.org/10.1146/annurev-ecolsys-112414-054215

Kartzinel, T. R., Chen, P. A., Coverdale, T. C., Erickson, D. L., Kress, W. J.,

Kuzmina, M. L., … Pringle, R. M. (2015). DNA metabarcoding illumi-

nates dietary niche partitioning by African large herbivores. Proceedings

of the National Academy of Sciences of the United States of America, 112

(26), 8019–8024. https://doi.org/10.1073/pnas.1503283112

Kawamichi, T. (1968). Winter behaviour of the Himalayan Pika, Ochotona

roylei. Journal of faculty of Science Hokkaido, series VI Zoology, 16(4),

582–594.

Khlebnikova, I. P. (1976). Plant biomass used and stored by the northern

pika in burned Siberian pine forests of the Western Sayan Moun-

tains. Ekologia, 2, 99–102. (in Russian).

Körner, C. (2003). Alpine plant life: functional plant ecology of high mountain

ecosystems (p. 298). Berlin‐Heidelberg, Germany: Springer Science &

Business Media. https://doi.org/10.1007/978-3-642-18970-8

Kress, W. J., Erickson, D. L., Jones, F. A., Swenson, N. G., Perez, R., San-

jur, O., & Bermingham, E. (2009). Plant DNA barcodes and a commu-

nity phylogeny of a tropical forest dynamics plot in Panama.

Proceedings of the National Academy of Sciences of the United States

of America, 106(44), 18621–18626. https://doi.org/10.1073/pnas.

0909820106

Kress, W. J., García-Robledo, C., Uriarte, M., & Erickson, D. L. (2015).

DNA barcodes for ecology, evolution, and conservation. Trends in

Ecology & Evolution, 30(1), 25–35. https://doi.org/10.1016/j.tree.

2014.10.008

Levin, R. A., Wagner, W. L., Hoch, P. C., Nepokroeff, M., Pires, J. C., Zim-

mer, E. A., & Sytsma, K. J. (2003). Family‐level relationships of Ona-

graceae based on chloroplast rbcL and ndhF data. American Journal of

Botany, 90(1), 107–115. https://doi.org/10.3732/ajb.90.1.107

Lima, S. L. (1998). Nonlethal effects in the ecology of predator–prey

interactions: what are the ecological effects of anti‐predator decision‐

making? BioScience, 48(1), 25–34. https://doi.org/10.2307/1313225

Lima, S. L., & Dill, L. M. (1990). Behavioral decisions made under the risk

of predation: a review and prospectus. Canadian Journal of Zoology,

68(4), 619–640. https://doi.org/10.1139/z90-092

Lurgi, M., López, B. C., & Montoya, J. M. (2012). Climate change impacts

on body size and food web structure on mountain ecosystems. Philo-

sophical Transactions of the Royal Society of London B: Biological

Sciences, 367(1605), 3050–3057. https://doi.org/10.1098/rstb.2012.

0239

MacFadden, B. J., & Ceding, T. E. (1994). Fossil horses, carbon isotopes

and global change. Trends in Ecology & Evolution, 9(12), 481–486.

https://doi.org/10.1016/0169-5347(94)90313-1

Magoč, T., & Salzberg, S. L. (2011). FLASH: fast length adjustment of

short reads to improve genome assemblies. Bioinformatics, 27(21),

2957–2963.

Mielke, P. W. Jr, Berry, K. J., & Johnson, E. S. (1976). Multi‐response per-

mutation procedures for a priori classifications. Communications in

Statistics‐Theory and Methods, 5(14), 1409–1424. https://doi.org/10.

1080/03610927608827451

Moorhouse-Gann, R. J., Dunn, J. C., de Vere, N., Goder, M., Cole, N., Hip-

person, H., & Symondson, W. O. C. (2018). New universal ITS2

primers for high‐resolution herbivory analyses using DNA metabar-

coding in both tropical and temperate zones. Scientific Reports, 8(1),

8542. https://doi.org/10.1038/s41598-018-26648-2

Moritz, C., Patton, J. L., Conroy, C. J., Parra, J. L., White, G. C., & Beis-

singer, S. R. (2008). Impact of a century of climate change on small‐

mammal communities in Yosemite National Park, USA. Science, 322

(5899), 261–264. https://doi.org/10.1126/science.1163428

Morrison, S., Barton, L., Caputa, P., & Hik, D. S. (2004). Forage selection

by collared pikas, Ochotona collaris, under varying degrees of preda-

tion risk. Canadian Journal of Zoology, 82(4), 533–540. https://doi.

org/10.1139/z04-024

Mulder, C. P. H., Koricheva, J., Huss-Danell, K., Hogberg, P., & Joshi, J.

(1999). Insects affect relationships between plant species richness

and ecosystem processes. Ecology Letters, 2(4), 237–246. https://doi.

org/10.1046/j.1461-0248.1999.00070.x

Murray, D. C., Coghlan, M. L., & Bunce, M. (2015). From benchtop to

desktop: important considerations when designing amplicon sequenc-

ing workflows. PLoS ONE, 10(4), e0124671. https://doi.org/10.1371/

journal.pone.0124671

Oerke, E. C. (2006). Crop losses to pests. The Journal of Agricultural Science,

144(1), 31–43. https://doi.org/10.1017/S0021859605005708

Oli, M. K., Taylor, I. R., & Rogers, M. E. (1994). Snow leopard Panthera

uncia predation of livestock: an assessment of local perceptions in

the Annapurna Conservation Area, Nepal. Biological Conservation, 68

(1), 63–68. https://doi.org/10.1016/0006-3207(94)90547-9

Osborne, C. P. (2008). Atmosphere, ecology and evolution: what drove

the Miocene expansion of C4 grasslands? Journal of Ecology, 96(1),

35–45.

Osborne, C. P., & Beerling, D. J. (2006). Nature's green revolution: the

remarkable evolutionary rise of C4 plants. Philosophical Transactions

of the Royal Society B: Biological Sciences, 361(1465), 173–194.

https://doi.org/10.1098/rstb.2005.1737

Osborne, C. P., Salomaa, A., Kluyver, T. A., Visser, V., Kellogg, E. A., Mor-

rone, O., … Simpson, D. A. (2014). A global database of C4 photosyn-

thesis in grasses. New Phytologist, 204(3), 441–446. https://doi.org/

10.1111/nph.12942

Rai, I. D., Adhikari, B. S., & Rawat, G. S. (2012). Floral diversity along sub‐

alpine and alpine ecosystems in Tungnath area of Kedarnath wildlife

sanctuary, Uttarakhand. Indian Forester, 138(10), 927.

Rasher, D. B., Stout, E. P., Engel, S., Shearer, T. L., Kubanek, J., & Hay, M. E.

(2015). Marine and terrestrial herbivores display convergent chemical

ecology despite 400 million years of independent evolution. Proceedings

of the National Academy of Sciences of the United States of America, 112

(39), 12110–12115. https://doi.org/10.1073/pnas.1508133112

Raubenheimer, D., Simpson, S. J., & Mayntz, D. (2009). Nutrition, ecology and

nutritional ecology: toward an integrated framework. Functional Ecology,

23(1), 4–16. https://doi.org/10.1111/j.1365-2435.2009.01522.x

Ray, C., Beever, E., & Loarie, S. (2012). Retreat of the American pika: up

the mountain or into the void. In J. F. Brodie, E. Post, & D. F. Doak

(Eds.), Wildlife populations in a changing climate (pp. 245–270). Chi-

cago, IL: University of Chicago Press.

Revin, Y., & Boeskorov, G. G. (1990). Distribution and ecology of the north-

ern pika (Ochotona hyperborea Pall.) in southern Yakutia. Byulletin Mos-

kovskogo Obshchestva Ispytatelej Prirody, Otdiel Biologii, 95, 48–60.

Roach, W. J., Huntly, N., & Inouye, R. (2001). Talus fragmentation miti-

gates the effects of pikas, Ochotona princeps, on high alpine mead-

ows. Oikos, 92(2), 315–324. https://doi.org/10.1034/j.1600-0706.

2001.920214.x

Roberts, T. J. (1977). The mammals of Pakistan (p. 561). London: Ernest

Benn Ltd.

Rodhouse, T. J., Beever, E. A., Garrett, L. K., Irvine, K. M., Jeffress, M. R.,

Munts, M., & Ray, C. (2010). Distribution of American pikas in a low‐

elevation lava landscape: conservation implications from the range

periphery. Journal of Mammalogy, 91(5), 1287–1299. https://doi.org/

10.1644/09-MAMM-A-334.1

264 | BHATTACHARYYA ET AL.



Sage, R. F. (2016). Photosynthesis: Mining grasses for a better Rubisco. Nat-

ure Plants, 2(12), 16192. https://doi.org/10.1038/nplants.2016.192

Scherrer, D., & Körner, C. (2011). Topographically controlled thermal

habitat differentiation buffers alpine plant diversity against climate

warming. Journal of Biogeography, 38(2), 406–416. https://doi.org/10.

1111/j.1365-2699.2010.02407.x

Schloss, C. A., Nuñez, T. A., & Lawler, J. J. (2012). Dispersal will limit abil-

ity of mammals to track climate change in the Western Hemisphere.

Proceedings of the National Academy of Sciences of the United States

of America, 109(22), 8606–8611. https://doi.org/10.1073/pnas.

1116791109

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister,

E. B., … Sahl, J. W. (2009). Introducing mothur: open‐source, platform‐

independent, community‐supported software for describing and com-

paring microbial communities. Applied and Environmental Microbiology,

75(23), 7537–7541. https://doi.org/10.1128/AEM.01541-09

Schmitz, O. J., Beckerman, A. P., & O'Brien, K. M. (1997). Behaviorally

mediated trophic cascades: effects of predation risk on food web

interactions. Ecology, 78(5), 1388–1399. https://doi.org/10.1890/

0012-9658(1997)078[1388:BMTCEO]2.0.CO;2

Shepard, D. B., & Burbrink, F. T. (2008). Lineage diversification and his-

torical demography of a sky island salamander, Plethodon ouachitae,

from the Interior Highlands. Molecular Ecology, 17(24), 5315–5335.

https://doi.org/10.1111/j.1365-294X.2008.03998.x

Shrestha, U. B., Gautam, S., & Bawa, K. S. (2012). Widespread climate

change in the Himalayas and associated changes in local ecosystems.

Plos One, 7(5), e36741. https://doi.org/10.1371/journal.pone.0036741

Shrestha, K., Khanal, B., & Karki, J. B. (1999). Foraging and haying plants

of Royles Pika (Ochotona roylei: Lagomorpha) in far‐west Nepal. Jour-

nal of Natural History Museum, 18, 3–13.

Sinclair, A. R. E., & Arcese, P. (1995). Population consequences of preda-

tion sensitive foraging: The Serengeti wildebeest. Ecology, 76(3), 882–

891. https://doi.org/10.2307/1939353

Smith, A. T., Formozov, N. A., Hoffmann, R. S., Changlin, Z., & Erbajeva,

M. A. (1990). The pikas. In J. A. Chapman, & J. C. Flux (Eds.), Rabbits,

Hares and Pikas: Status survey and conservation action plan (pp. 14–

60). Gland, Switzerland: The World Conservation Union.

Sokal, R. R., & Rohlf, F. J. (1995). The principles and practice of statistics in

biological research, 3rd edn. (p. 887). New York: W. H. Freeman.

Sorensen, J. S., McLister, J. D., & Dearing, M. D. (2005). Plant secondary

metabolites compromise the energy budgets of specialist and gener-

alist mammalian herbivores. Ecology, 86(1), 125–139. https://doi.org/

10.1890/03-0627

Stephens, D. W., & Krebs, J. R. (1986). Foraging theory. Princeton, NJ:

Princeton University Press. p. 239.

Stewart, J. A., Wright, D. H., & Heckman, K. A. (2017). Apparent climate‐

mediated loss and fragmentation of core habitat of the American pika

in the Northern Sierra Nevada, California, USA. PloS One, 12(8),

e0181834. https://doi.org/10.1371/journal.pone.0181834

Van Hees, W. W. S., & Mead, B. R. (2000). Ocular estimates of under-

story vegetation structure in a closed Picea glauca/Betula papyrifera

forest. Journal of Vegetation Science, 11(2), 195–200. https://doi.org/

10.2307/3236799

Walker, D. A., Halfpenny, J. C., Walker, M. D., & Wessman, C. A. (1993).

Long‐term studies of snow‐vegetation interactions. BioScience, 43(5),

287–301. https://doi.org/10.2307/1312061

Walther, G. R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee, T.

J., … Bairlein, F. (2002). Ecological responses to recent climate

change. Nature, 416(6879), 389. https://doi.org/10.1038/416389a

Weishing, K., Nybom, H., Wolff, K., & Meyer, W. (1995). DNA isolation

and purification. DNA fingerprinting in plants and fungi (pp. 44–59).

Boca Raton: Florida CRC Press.

Wetzel, W. C., Kharouba, H. M., Robinson, M., Holyoak, M., & Karban, R.

(2016). Variability in plant nutrients reduces insect herbivore perfor-

mance. Nature, 539(7629), 425. https://doi.org/10.1038/nature20140

Wilkening, J. L., Ray, C., Beever, E. A., & Brussard, P. F. (2011). Modeling

contemporary range retraction in Great Basin pikas (Ochotona princeps)

using data on microclimate and microhabitat. Quaternary International,

235(1–2), 77–88. https://doi.org/10.1016/j.quaint.2010.05.004

Wisz, M. S., Pottier, J., Kissling, W. D., Pellissier, L., Lenoir, J., Damgaard,

C. F., … Heikkinen, R. K. (2013). The role of biotic interactions in

shaping distributions and realised assemblages of species: implica-

tions for species distribution modelling. Biological Reviews, 88(1), 15–

30. https://doi.org/10.1111/j.1469-185X.2012.00235.x

Yoccoz, N. G., Bråthen, K. A., Gielly, L., Haile, J., Edwards, M. E., Goslar,

T., … Sønstebø, J. H. (2012). DNA from soil mirrors plant taxonomic

and growth form diversity. Molecular Ecology, 21(15), 3647–3655.

https://doi.org/10.1111/j.1365-294X.2012.05545.x

Zarzoso-Lacoste, D., Corse, E., & Vidal, E. (2013). Improving PCR detec-

tion of prey in molecular diet studies: importance of group‐specific

primer set selection and extraction protocol performances. Molecular

Ecology Resources, 13(1), 117–127. https://doi.org/10.1111/1755-

0998.12029

Zimmerman, G. M., Goetz, H., & Mielke, P. W. (1985). Use of an improved

statistical method for group comparisons to study effects of prairie fire.

Ecology, 66(2), 606–611. https://doi.org/10.2307/1940409

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Bhattacharyya S, Dawson DA,

Hipperson H, Ishtiaq F. A diet rich in C3 plants reveals the

sensitivity of an alpine mammal to climate change. Mol Ecol.

2019;28:250–265. https://doi.org/10.1111/mec.14842

BHATTACHARYYA ET AL. | 265


