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ABSTRACT 
 
Habitats dominated by humans and the concomitant fragmentation and conversion of primate 
habitats are the driving forces behind human-primate conflict interactions, posing one of the 
greatest threats to primate survival. I investigated the behavioral and ecological adaptability of 
Central Himalayan Langurs (CHL) (Semnopithecus schistaceus) living in a high-altitude small-
scale subsistence farming village landscape with fragments of oak patches in the Indian 
Himalayas. Understanding the social organization of CHL and how this may influence by 
interactions with humans and predators is important for understanding langurs’ adaptation to 
their environment. I conducted a long-term field study on a fully habituated, individually 
identified group of langurs to help elucidate four main questions: 1) How do social grooming 
networks help to maximize individual fitness; 2) What is the source of conflict between CHL 
and people in a human-modified landscape; 3) What kinds of interactions occur between CHL 
and their potential predators in an environment not affected by humans 4) What are the 
behavioral strategies of CHL in response to predation by dogs in the agricultural fields.  The 
grooming network of females was elucidated using social network analysis and mtDNA 
genotyping to understand the role rank, age, kinship, group membership status (natal, 
immigrant), mating activity, and the presence/absence of dependent offspring on social 
organization and their potential impact on individual fitness/survival. High-ranking females 
had a greater number of grooming partners and females with infants were groomed longer than 
others. These strong social bonds are known to be beneficial for infant survival. Natal sub-
adult and immigrant adult females actively facilitated stronger overall social connectivity of 
other group members through their broad grooming networks. Immigrant females formed 
strong grooming relationships with females who themselves had strong bonds, a trait linked in 
other species to increased fitness. To systematically identify and quantify areas of conflict 
between humans and CHL, structured interviews of villagers and langur habitat utilization 
study was conducted. It was revealed that farmers with low agricultural production, possessed 
more livestock to compensate for livelihood maintenance. These people were most affected by 
langur crop damage. Villagers with more livestock were also more dependent on oak trees for 
livestock fodder and firewood, resulting in forest fragmentation and degradation. The villagers 
perceived this as the major cause for langurs foraging on their agricultural crops. Quercus 
leucotricohophora was found to be critical for langurs as both sleeping and foraging sites in 
their home range, which overlapped with agricultural fields. In contrast, in a group of CHL 
studied far from the village, a feeding association between langurs and the Himalayan black 
bear, a known predator elsewhere, was documented. Quercus semicarpifolia was the crucial 
resource for both species to survive the winter in this habitat. In particular bears with vulnerable 
young cubs benefited, as they could forage on the ground off the many fruits dislodged by 
langurs above. In contrast, when langurs in the village group frequently had negative 
interactions with humans and dogs. In the agricultural fields, langurs were routinely harassed 
by humans and sometimes fatally attacked and eaten by dogs. In response, longer tenured adult 
male langurs took a leading role in directly counterattacking predatory dogs and rescuing 
females and infants stranded in the fields and treeless surrounding areas. This was the first 
detailed study of the CHL in its high altitude habitat. This study provided behavioral and 
ecological information valuable for an informed conservation management plan for CHL that 
also benefits local human inhabitants. 
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Chapter 1 

 

General introduction 

 

In this thesis, my goal was to investigate the behavioral and ecological adaptability of the 

understudied Central Himalayan langur (CHL) Semnopithecus schistaeus, in its high-altitude 

human-modified environment, and to contribute useful information for their conservation.  

To do this, I took a multi-disciplinary approach, combining behavioral, sociological, 

ecological, and genetic information.  While a long-term study has previously been conducted 

on the species at a low-altitude site, Ramnagar in neighboring Nepal, the current study 

represents some of the first insights based on long-term research of the species in its high-

altitude habitat in the central Himalayas. This study expands on the existing body of 

information about Semnopithecus spp. in the region based on long-term observations of 

identified individuals and DNA information on kinship.  This approach will provide new 

insights about the species that have not previously been possible to address. 

 

In 2014, I habituated and individually identified S group, in the Mandal valley (1500-2500 

masl) and initiated a longitudinal study on it between 2016 and 2018.  The group lives in an 

area surrounding six small subsistence agricultural villages in a remote mountainous region 

of the Garhwal Himalayas. Shorter-term comparative observations were also conducted on 

neighboring groups and on another population at higher elevations (ranging around 3000 and 

above masl) to gain some perspective into differences between langurs in close contact with 

humans and those that experience relative little interference.  One of those studies is included 

as Chapter 4 this thesis.  More of the data from this work remains to be analyzed in the future.   

 

First, the social grooming networks of adult females were investigated to better understand 

how their distinct patterns of social interactions might help them to survive in this harsh 

landscape.  I also studied the groups’ patterns of interaction with predators and humans in 

their natural and human-modified environments. To better understand the human perspective, 

I conducted structured interviews on the inhabitants of the six villages located along the 

valley with varying degrees of interactions with langurs, to understand what they perceived 

as being the sources of conflict between themselves and langurs.  From the langurs’ 

perspective I investigated their use of resources in the habitat and the degree of overlap with 

those of humans.  Another source of conflict in the human dominated habitat are domestic 
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dogs, left to roam the area around agricultural fields. Dogs pose a significant threat to langurs, 

which they attack, kill and sometimes consume.  To better understand this threat, I studied 

the behavioral strategies of male CHL for dealing with predation pressure by dogs.  

 

Together, these studies represent the different parts of my thesis work, in the shape of four 

separate chapters.   Before discussing the aims of the thesis and research questions in more 

detail, some background information is required to inform the reader about the study species, 

their high altitude habitat the live in and the particular circumstances they face in their habitat.  

 

    1.1. Human-modified environments  

 

Habitat change due to anthropogenic activity is a global issue of immense proportions and 

how mammals respond to these changes in their habitat is a key area of research.  One 

common form of a human-modified landscape is a patch of forest surrounded by agricultural 

land and settlements. The primates showing the greatest degree of home range overlap with 

humans are members of genera Macaca, Papio, and Cercopithecus (Hill, 2005). Habitat 

domination by humans and the concomitant compression, fragmentation, and conversion of 

primate habitats are the driving forces behind increasing human-primate interaction and one 

of the greatest threats to primate survival (Laurance et al., 2002; Chapman et al., 2003). To 

better understand behavioral flexibility and species’ adaptive ability, we need to understand 

how individuals interact with their environment, starting with the effect of such changes in 

behavior linked to social and demographic contexts (Else, 1991). Although a great number of 

primate species are currently facing such changes in their habitat, detailed information about 

behavioral consequences and habitat characteristics are still restricted to a relatively small 

number of species.  

 

Continued human population expansion has led to deforestation making agricultural and 

development activities, putting unprecedented pressure on natural habitats around the world. 

In fact, the UN Population Division estimates that the world’s population will rise from 7 

billion in 2011 to 9 billion by 2050 (Estrada, 2013). It is not surprising that the increase in 

human population density corresponds with an increase in the extent of cropland in tropical 

countries, which globally expanded by 48,000 km2 per year between 1999 and 2008, largely 

at the expense of forest cover (Phalan et al., 2013). Like the human population, this pattern 

of land use will also increase, making it necessary to quickly identify what types of species 



4 
 

are most vulnerable to these changes (Onderdonk and Chapman, 2000). In recent decades the 

loss of primate populations is largely to due to habitat fragmentation, making it critical to 

understand how fragments are created so that, suitable conservation action can be taken 

(Marsh, 2013). 

 

Effective conservation action plans can only be made with baseline information on the 

behavior and ecology of those species under threat.  It is important that such studies take place 

at the early stages of habitat change, identifying and quantifying the function of key tree 

species for habitat protection and restoration. But knowledge of habitat quality alone cannot 

provide enough baseline information for conservation action plans. It is equally important to 

study the behavior and roles of animal species in these changing habitats. Such interactions 

can provide information about a species’ behavioral flexibility, which is important for 

understanding its overall fitness.  

 

  1.2. The Central Himalayan Langur: an enigmatic species  

 

In India, Hanuman langurs (Semnopithecus spp.) are found in a variety of habitats ranging 

from the low altitude dry forests of Rajasthan to the high mountain oak forests of the 

Himalayas (Newton, 1988). Langur taxonomy has undergone several revisions, but currently 

two recognized species of Himalayan langur can be found in the high-altitude range, Kashmir 

grey langur (S. ajax) and the CHL (Roos et al., 2014). CHL ecologically adapted to higher 

altitudes of the Himalayas, remain understudied. The taxonomic identity of this species is still 

uncertain and only recently have efforts begun to resolve its taxonomy on the based on 

morphology, DNA and ecology (Arekar et al., 2019). The potential vulnerability of this 

species to climate change has also recently caused alarm, and has led some to suggest that its 

range is shifting outside of protected areas  (Bagaria et al., 2020). One lower altitude 

population of S. schistaceus has been intensely studied for decades at Ramnagar, Nepal 

(Borries et al., 1999; Perlman et al., 2016; Borries et al., 2017). However, very little is known 

about the species’ behavior and ecology in its typical high-altitude habitat. Preliminary 

studies of S. schistaceus at higher altitudes suggested some distinct behavioral characteristics 

(Bishop, 1979; Sugiyama, 1976; Curtin, 1982), but despite contributing needed information 

about the social behavior and ecology of the species, due to the difficulty of locating and 

following groups in the high-altitude environment, most of these preliminary studies were not 
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based on individually identified group members. For a deeper understanding of this species’ 

social behavior and ecology, long-term studies based on identified individuals are needed.  

 

In the early 1970s, studies on Hanuman langur (S. entellus) focused on male mating strategies 

and how they related to infanticide. Hrdy (1977) proposed that infanticide is an adaptive 

behavior, having evolved as a result of intense, post-fertilization, inter-male competition for 

reproductive access. Infant killing by langur males was explained by the sexual selection 

hypothesis, which has three main criteria; 1) the male is not related to the infant he kills, 2) 

the death of an unweaned infant shortens the subsequent inter-birth interval of the mother, 

and 3) the killer increases his chances of mating with the mother and siring her next infant 

(Hrdy 1974; 1979; Sugiyama, 1984). However, it is noteworthy that neither aggressive group 

takeover nor infanticide has been observed in Himalayan langur populations (S. schistaceus).  

Early studies by Boggess (1976; 1980; 1982) on (S. schistaceus) social behavior and male 

membership changes described a typical pattern of social organization, with mainly multi-

male multi-female groups and a lack of infanticide. These observations were used to 

challenge the sexual selection hypothesis for infanticide, although why infant killing appears 

absent in Himalayan langur remains unknown.  

 

Apart from male reproductive strategies, major differences in the behavior and ecology of 

Himalayan and lowland Hanuman langurs are reported for their social organization, 

vocalizations, home range use, and feeding ecologies in cold weather (Bishop, 1979; Sayers 

and Norconk, 2008). Himalayan langur habitats are markedly different from lowland habitats 

with respect to forest composition and climatic conditions, and these factors play critical roles 

in the overall ecology of the species. The many studies done on lower-elevation populations 

have revealed the overall behavior and ecology of the Semnopithecus genus, but this 

information might be of limited value for development of conservation plans of CHL given 

these primates distinct ecology and behavior, as well as some different kinds of threats.  

 

   1.3. Habitat of the Central Himalayan langur: High altitude oak forest  

 

    1.3.1. Oak forest: source of livelihood for people  

  

Worldwide, oak forests are found primarily in sub-tropical, temperate, and sub-arctic regions.  

In the Himalayas different species of oak form an important element of the moist temperate 
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forest elevation range between 1000- 3500 m above sea level (masl) (Singh et al., 2016). Banj 

oak (Quercus leucotrichophora), an evergreen broadleaf tree, covers extensive areas of the 

central Himalayas within the 500-2300 masl altitudinal zone (Champion and Seth, 1968; 

Singh and Singh, 1992; Gairola et al., 2010; Singh et al., 2016). Banj oak is the principal 

source of fuel to villagers as well as the main fodder tree for their livestock in this zone 

(Troup, 1921). Banj and other oak species not only provide valuable resources to the local 

community, but also serve  as a major component of the natural habitat, being a key food 

resource for wildlife (Singh, 1981; Nautiyal and Huffman, 2018; Chapter 3). Oak in the 

Himalays are well known for their numerous ecosystem services, including protecting soil 

from erosion and landslide, regulating water flow in watersheds and maintainence of water 

quality in streams and rivers, and supporting a high native floral and faunal diversity (Singh 

et al., 2012). These vast oak dominated forests have experienced drastic changes due to 

anthropogenic activities over the past few decades (Khera et al., 2001; Arya et al., 2011). 

Excessive dependence of local communities on oak forests for use as grazing lands, removal 

of branches for fodder and fuelwood, litter removal for cattle bedding and as an agricultural 

fertilizer, has severely affected regeneration, ultimately causing a major degradation of the 

region (Rao and Pant, 2001; Rathore et al., 2018). Several studies have concluded that the 

major factor of Banj oak degredation is excessive dependency and exploitation by local 

communities (Gupta and Singh, 1962; Thandani and Ashton, 1995). 

 

   1.3.2. Oak forest: Key species in the Central Himalayan langur habitat  

 

Quercus species are an important food sources for CHL residing in marginal habitats across 

the Himalayan range. Sugiyama (1976) reported that Q. incana fruits and cambium were the 

most important food resource for langurs in all six months of his study (post monsoon to 

winter seasons). For langurs inhabiting the alpine meadows of the Indian Himalayas where 

food resources are scarce throughout the year and negligible in winter, the main food in their 

diet before the onset of harsh winter is Q. semecarpifolia (Nautiyal and Huffman, 2018; 

Chapter 3). Research on S. ajax by Minhas et al., (2010) suggested that Q. incana in the Hindu 

Kush Himalayas is an essential species used as sleeping trees and as an important food 

resource in both summer and winter.  Similarly, Bishop (1975) notes that in the Nepal 

Himalayas, Q. semicarpifolia are also often used for sleeping trees and is an important food 

source for S. schistaceus. Another study on the same species in the Nepal Himalayas by 
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Boggess (1980) reported that Q. semicarpifolia dominated forest were highly utilized by 

Himalayan langurs.  

 

While oak is a very important species for maintaining the Himalayan habitat, it also has 

become a key species for the survival of native fauna. Oaks also have become key resource 

for local people and has led to drastic changes in the oak forest structure. Oak forests is crucial 

for the survival of Himalayan langurs, but exactly what role they play is not clearly 

understood. Although, while all the studies described above on Himalayan langurs have noted 

the importance of oaks, no studies focusing on the details of how oak are exploited by these 

primates have been conducted.  

 

    1.4. Challenges for primate species in the human dominated landscape  

 

  1.4.1. Interaction with people  

 

Human encroachment into forest areas causes habitat fragmentation and brings humans into 

increasingly contact with other primates and other wildlife, leading to economic loss and an 

increased potential for zoonotic transmission (McLennan and Huffman, 2012; Nahallage et 

al., 2008; Huffman and Nahallage, 2013). The loss of habitat and food resources also results 

in animals encroaching on human settlements, creating socioeconomic issues such as crop 

foraging by wildlife, and fear of personal harm by local residents, which can lead to retaliatory 

action against the local wildlife.  Although many species forage on cultivated crops, given 

their high cognitive abilities primates, pose a significant threat, often thwarting attempts to 

effectively deter them (Naughton-Treves, 1998; Warren et al., 2007) 

 

In addition to alteration to the landscape, people’s religious beliefs, hunting, and pet keeping 

also affect the behaviour and ecology of non-human primates (Fuentes and Hockings, 2010). 

The human-nonhuman primate interaction is a core component of conservation and an 

emerging “hot topic” among scientist (Fuentes, 2006). Intensifying human-animal conflicts 

can complicate efforts to protect and conserve threatened primate species and their habitats. 

For such efforts to be effective, the attitudes of local communities towards conservation must 

be understood and their needs and aspirations taken into account (Infield, 1988; Fiallo and 

Jacobson, 1995). 
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The effectiveness of wildlife conservation and management programs are affected by a wide 

array of factors, such as local peoples’ perception of the value of wildlife, how they want 

wildlife to be managed, and how they affect or are affected by wildlife (Decker et al., 2001). 

An understanding of the ecological and human dimensions of wildlife conflict is important 

this general context, how crop damage caused by wildlife can affect local peoples’ attitudes 

toward them being especially worthy of more attention (Mir et al., 2015). 

 

1.4.2 Interaction with dogs  

 

When wildlife are in proximity with human it often also encounter human-introduced 

species. Introduced mammalian predators pose much greater threat to native wildlife 

compared to any other introduced taxa  (Doherty et al., 2017). Furthermore, when 

introduced species are domesticated animals, such as dogs and cats, they particularly serious 

conservation challenge due to their close associations with humans, and consequently 

frequent encounter with wildlife. While the impact of cats on native species has been well 

documented, the conservation impacts of domestic dogs have only recently received 

attention (Doherty et al., 2017). The impact of dog on wildlife primarily depends on whether 

they are free roaming or depend on human provided resources, and proximity to protected 

areas (Home et al., 2017).  

 

Many primate species are known to interact with dogs (Anderson, 1986), the strategies used 

to deal with them as serious predators is largely undocumented. CHL interact with dogs 

(Nautiyal et al., 2020; Chapter 4) when they move to feed in agricultural fields. Langurs 

living in close proximity to humans may have developed strategies to cope with dogs, but 

langurs living in protected areas likely to have less detailed knowledge about dogs and thus 

about their predatory threat. Langurs living in high altitude meadows (far from human 

settlement) typically do not see dogs, except for during a short period in summer when 

shepherds bring their livestock to graze the meadows, along with dogs to protect the 

livestock from predators such as leopard and Himalayan black bear. These dogs have been 

seen to kill up to 15 CHL in the same day, in an alpine meadow devoid of adequate tree 

cover for the langurs escape into (Nautiyal, personal communication with sheepherders). 

Conceivably, CHL sharing habitats with people all year-round have developed strategies to 

evade dog predation.  Understanding such strategies is very important for comprehending 

the behavioral flexibility of primates in human modified landscapes and seem likely to 
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influence the primates survival and overall fitness.  

 

Predator avoidance strategies in the forest, habitats far from humans, are similarly important 

to understand. Leopards are the main predator for the Himalayan langurs, although in Nepal 

Himalayan black bear also predate on the S. schistaceus (Bishop, 1979). While predation is 

thought to be high in the forest by bear and leopard, due to the dangers and difficulty 

involved in studying them, studying domestic dogs living in human habitats may provide a 

unique opportunity to look in detail at the anti-predator behavior of fully habituated and 

individually identified langurs. In summary: dogs are known to be significant threat to 

wildlife (Home et al., 2018), but behavioral adaptations to intensive dog predation pressure 

have never been studied in detail for any wildlife species.  

 

1.4. Aims of the doctoral thesis 

 

The main goals of this thesis are to understand the behavioral and ecological adaptability of 

the Central Himalayan langur (CHL) in its high altitude human-modified environment, and 

to contribute baseline information for their conservation. As their interaction with people 

and predator is key for understanding the adaptation to such an environment, I focused on 

adaptation by addressing the following questions:  

 

1- What are the behavioral strategies used to maximize fitness in a human modified 

environment, and do individuals show distinct patterns of social interaction to survive 

in such landscapes (Chapter 2-5)? I show that in social networks, more centrally 

positioned individuals will have lower risk of predation (Cheney et at, 2016) and 

individual with the strongest social ties have greater offspring survival (Silk et al. 

2010). Consequently, I predict that immigrant females who have fewer relatives in the 

group will attempt to make strong connections with natal females to acquire a central 

position and females with newborn infants will have stronger tie to enhance their 

infant’s survival.  

 

2- What are the important tree species in the CHL habitat and what is the dependency of 

langur on this species in a human modified environment and undisturbed protected 

habitats (Chapter 3-4)?  Oaks are critical for the conservation of Himalayan forest, 

therefore, I predict that CHL will depend on oaks for sleeping and feeding.  
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3- What is there a difference in the pattern of interactions of CHL with people and 

predators in human modified environments versus protected areas (Chapter 3-5)? I 

predict that CHL will have negative interactions with people “competition for 

resources” and dogs “high predation pressure” in human modified environment, 

although in areas not influenced by humans there may be high levels of neutral or 

mutualistic patterns of interactions with Himalayan black bear, where predation by 

them is thought to be low.  

 

4- What are the behavioral strategies adopted by CHL to avoid predation by domestic dogs 

(Chapter 5). Dogs are frequently interacting with CHL only in the human modified 

environment, thus I predict that knowledge of dogs will play an important role and that 

adult males living in the group for longer periods, based on their acquired knowledge, 

will be the principal protectors of the group.   

 

 

Finally, I discuss the major adaptation of CHL in such landscapes and what is needed to protect 

them throughout the Himalayas (Chapter 6). I outline the critical activities urgently needed to 

bring about coexistence between these langurs and humans and the key element that should be 

in a Central Himalayan Langur conservation/management plan.  
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Photo plate: Central Himalayan Langur habitats: a, b: natural; c, d: human modified   
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Chapter 2 

 

Female social networks in Central Himalayan langur (Semnopithecus 

schistaceus) society: cultivating bonds for survival in a precarious world     

 

2.1. Abstract   

 

Enhanced survival and reproduction is associated with individuals who have more or stronger 

direct and indirect social connections with others in a group. Central Himalayan langurs (CHL) 

(Semnopithecus schistaceus) living in a human modified high-altitude environment were 

studied to investigate the link between adult female individual traits (rank, age, genetic 

relationship, fertility, and infant status) and their direct and indirect social relationships with 

others. Social network analysis was used for the quantification of social structure based on 

individual level grooming interactions. Rank, and the presence of dependent offspring, age, 

and mtDNA haplotype predicted the key traits of an individual within social networks.  High-

ranking females form relationships with many females, whereas females with infants form 

stronger bonds in their relationships. Sub-adult females are the important age group that holds 

the social network together, while the immigrant female strategy is to integrate herself into the 

group by forming strong bonds with those females who themselves have strong bonds with 

others.  

 

2.2. Introduction  

 

Social structure is defined as dyadic relationships among individuals which reflect behavioral 

strategies that are selected to maximize inclusive fitness (Kappeler and van Schaik, 2002). Such 

relationships are an important element of an individual’s behavioral flexibility (adaptability) to 

cope with its environment (Dunbar, 1988).  Furthermore, individual choices for partner 

associations impact their life history, such as the type of information they access, use of 

resources and reproduction (Farine and Sheldon, 2019). Such patterns of individual choice for 

partner associations are often represented using social network analysis (SNA) (Kurvers et al., 

2014). SNA is a powerful tool for the quantification of social structure (Kurvers et al., 2014; 

Wey et al., 2008; Sih et al., 2009).  

 

In a social network, the relationship between two individuals includes the content, quality, and 
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pattern of their interactions, including affiliative, agonistic, cooperative, hierarchical etc. 

combined, make up a social network, and the basis of a true social system (Hinde, 1976; Barrat 

et al., 2004; Farine and Whitehead, 2015). Analysis of the social networks of primate societies 

provides a means of measuring both direct and indirect connections (social relationships) in a 

group (Brent, 2015). Direct connections (individuals directly interacted with) are the social 

partners of an individual, and this measure illustrates the strength of connections (nodes) with 

others, while indirect connections (an indirect association through the interactions of their 

social partners) demonstrate how individuals are positioned within the wider social network of 

the group they live in (Silk et al., 2009; Mann et al., 2012; Gilby et al., 2013; Cheney et al., 

2016). Identifying the underlying mechanism and functions of social structure of a population 

is central to many areas of behavioral ecology, evolutionary biology, and conservation (Croft 

et al., 2011).  

 

Understanding the fitness consequences of direct social connections is a key goal of primate 

behavioral studies. Therefore, identifying to what degree an individual’s strength of social 

bonds directly linked to the enhancement of its overall fitness and reproductive success is 

important to fulfilling this goal (Cheney et al., 2016). A long-term study on adult female free-

ranging chacma baboons (Papio ursinus) showed that those who form stronger and more stable 

social bonds with other females experienced grater longevity (Silk et al., 2010).  Similarly, in 

adult female yellow baboons (P. cynocephalus), those with the strongest ties to other adult 

females and males lived longer than socially isolated females (Archie et al., 2014). 

Furthermore, in a group of Drakensberg Mountain baboons (P. cynocephalus ursinus), 

offspring survival was higher for females who formed strong social bonds (Silk et al., 2009), 

and in a group of Assamese macaques (Macaca assamensis), males who had strong bonds with 

females sired more infants (Croft et al., 2008).   

 

While these direct connections provide valuable insight into benefits of pairwise relationships, 

it is equally essential to understand the value of an individual’s indirect connections (Sih et al., 

2009; Wey and Blumstein, 2010; Sueur et al., 2011). Although indirect connections have been 

linked to an individual’s fitness, how such connections work is still not clearly understood 

(Brent, 2015).  Male chimpanzees (Pan troglodytes) who interact more with individuals who 

do not interact with one another (high indirect connections) are expected to increase in rank 

and also to sire more infants (Gilby et al., 2013).  Likewise rhesus macaque (Macaca mulatta) 

males and females who spend a lot of time grooming in proximity to group members who 
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themselves spend a lot time near others, are more likely to increase their reproductive success 

(Brent et al., 2013). In short, individual connections beyond dyadic ones can provide a greater 

understanding of an individual’s influence not only on immediate social partners, but also on 

the rest of the population.  

 

Colobines, also known as leaf eating monkeys, are found throughout Asia and Africa.  This 

group of primates has a broad dietary range and a diversity of social systems (Kirkpatrick, 

2007). The specialized colobine digestive physiology allows them to utilize mature leaves 

during times of food scarcity (Yeager and Kirkpatrick, 1998). This dietary flexibility is one of 

the reasons they are adapted so well to such a broad range of habitat types, which in turn 

influences their social system (Hardy, 1977). An understanding of the variability of Asian 

colobine social systems can be obtained through investigation of the inter-individual 

relationships among members of identified groups (Matsuda et al., 2012). Thus, detailed 

information about grooming networks within a group can enhance our understanding of 

colobine social systems (Matsuda et al., 2015).  Central Himalayan langurs (CHL) 

(Semnopithecus schistaceus) an Asian colobine are ecologically adapted to the higher altitudes 

of the Himalayas.  To elucidate the social structure of female CHL this study examined the 

direct and indirect connections of their relationships within the group's social network. 

Considering the critical role of grooming in the establishment and maintenance of affiliative 

relationships in primate societies (Dunbar, 1991; Schino, 2001), female-female grooming 

networks were analyzed.  

 

Thus far, a detailed account of female Hanuman langur (Semnopithecus spp.) social 

relationships is available from three long-term field sites, the Northern Plains Sacred Langur 

(S. entellus) of Jodhpur and Mount Abu and CHL in Ramnagar, Nepal. All three sites are 

located in the lower elevation range of the Semnopithecus genus’ distribution. Jodhpur and 

Mount Abu langurs typically form one-male multi-female groups (Hardy, 1977; Borries, 1993), 

while the Ramnagar langurs have a seasonal multi-male multi-female social organization 

(Koenig and Borries, 2001). Mount Abu females form a linear dominance hierarchy in which 

young reproductively active females with infants are higher ranking than others, while old 

females tend to hold the lowest ranks (Hardy and Hardy, 1976).  The infants of young high-

ranking females are more likely to survive to adulthood than those of lower-ranking females.  

The females of the Jodhpur and Ramnagar populations also exhibit a similar age-based 

hierarchical structure, in which high-ranking females attain high reproductive success (Borries 
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et al., 1991; Koenig et al., 1998). In general, Northern Plains Sacred Langur and CHL females 

tend to stay in their natal group, while males disperse at around six years of age (Hardy, 1977; 

Borries, 2000). In these populations, group composition changes during takeovers, in which a 

new immigrant male enters the group and replaces the alpha male. Although female dispersal 

has been reported in both of these species, its occurrence is rare, and human disturbance has 

been described as being a key factor in all documented cases of female dispersal to date (Sterck, 

1998).   

 

Due to the loss of important resources in the natural habitat of CHL, several populations 

inhabiting this zone share proximity with human settlements and frequently forage on 

agricultural crops, leading to a high frequency of interactions with local people and their 

predatory dogs (Nautiyal et al., 2020; Chapter 5). A clear understanding of an individual’s 

social interactions will provide a richer understanding of how fitness is achieved and how 

animals survive in this challenging environment. Thus, the aim of this study is to investigate 

the link between individual traits (rank, age, genetic relationship, fertility and infant status) and 

the nature of an individual’s direct and indirect relationships, in order to highlight behavioral 

strategies of female CHL living in a precarious high-altitude environment.  

 
2.3. Method 

 

2.3.1. Study site and population  

 

Research was conducted in Mandal valley, Chamoli, Uttarakhand, Garhwal Himalayas, India 

(1500 - 1800 meters above sea level) from May 2017 to November 2018. HN established the 

research site in 2014, and fully habituated a group (S group) to humans. All group members, 

and each newcomer, were individually identified and monitored throughout the study.  In 2017 

the group contained 71 individuals, including 12 infants, 10 juveniles, 15 sub-adults, 28 adult 

females and 6 adult males. In 2018 the group contained 78 individuals, including 10 infants, 

11 juveniles, 16 sub-adults, 32 adult females and 9 adult males  (see Nautiyal (2015); Hasegawa 

et al., (2018); Nautiyal et al. (2020) for further details of the study site). Two observers 

collected behavioral data. Inter-observer reliability was verified before the data was combined 

for analysis. The level of agreement between the two observers was statistically significant at 

0.72 (Cohen's kappa, HN-HM: k=0.72, p<0.001) (Cohen, 1960). Values between 0.60 and 0.74 

are considered good agreement (Watkins and Pacheco, 2000).   
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 2.3.2. Behavioral Data collection  

 

Data were collected on 34 adult females during the period between May 2017-November 2017 

and June 2018-November 2018. The group was followed from 06:00 to 18:00. We performed 

15 minute focal samples (average 25 days/month; total of 996 hours: 493 hours in 2017 and 

503 hours in 2018). One individual physically displacing another is considered as a dyadic 

displacement interaction (Hardy and Hardy, 1976). Female-female dyadic displacement 

interactions for rank analysis were collected from ad-libitum data (Altmann, 1974).  

 

The study was conducted during the mating season, which starts in early June and ends around 

late November (Sugiyama, 1976). Reproductive status of a female was recorded according to 

descriptions given by Sommer et al. (1992). We categorized this status from the occurence of 

the following sexual behaviors: 1- receptive behavior: copulation, sexual solicitatations 

resulting in a male mounting a female followed by pelvic thrusting, 2- female attractivity: male 

visual, tactile or olfactory inspection of a female's anogenital area, 3- proceptive behavior: 

female sexual solicitation towards a male by head-shuddering, lowering of the tail, and 

presentation of the anogenital area without subsequent copulation.  

 

2.3.3. Noninvasive sample collection, DNA extraction, PCR and DNA sequencing   

 

To assess whether each adult male and female had been born in the group or if it had immigrated 

to it, as well as the genetic structure of the group, mitochondrial DNA (mtDNA) sequences 

were examined for 54 individuals (69 % of all the members of the group and 82% adult and 

subadults of the group) (Table 1.1 and Appendix Table 1.1). All mother-infant and juvenile 

relationships are known for the group since 2014, therefore we did not analyze this specific age 

group thoroughly.  In total, 34 females were used to verify the social interactions of females. 

Among them, 29 females were examined by DNA sequencing.  As for the remaining 5 

individuals, three were born after 2014 (KA is the 4 year old daughter of GE and SA is the 3 

years old daughter of S. For three of the adult females (NA1-NA2 , PR-S2 and SH1-AB) they 

were assigned as mother-daughter pairs, and haplotypes of the presumed mother, based on their 

strong social interactions (Appendix Table 2.1).  Fecal samples were collected fresh, and only 

when identity of the individual could be associated with the sample. Using a cotton swab, 

intestinal epithelial cells were scoured off from the surface of feces by rubbing the swab 
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multiple times across the surface.  The swabs were periodically dipped and twirled in tubes 

containing lysis buffer [0.5% SDS, 100 mM EDTA (pH 8.0), 100 mM Tris-HCl (pH 8.0), and 

10 mM NaCl] (White and Densmore, 1992). Since the amount of DNA obtained from feces 

was small, each individual was sampled multiple times. 

 

DNA extraction was carried out from the lysate (fecal sample in lysis buffer) using the DNA 

cleanup system (Wizard SV Gel and PCR Clean-Up System, Promega, Madison, WI, USA), 

following the method of Kawamoto et al. (2013) with the following minor modification. Before 

the first step of their procedures, 1 mL lysate was incubated with 40 µL Proteinase K solution 

(20 mg/ mL) at 65 ˚C overnight. The three mitochondrial regions were examined to detect 

intraspecific variation in the CHL: the control region (CR, so-called D-loop), cytochrome b 

gene (CYTB), and the 1.8 kb region that spans the full length of CTYB, tRNA-Thr, tRNA-Pro, 

and the 1st hypervariable segment (HVS1) of CR. Of the 54, 32 individuals which consisted of 

11 adult females, nine adult males and three subadult males were selected for analysis of all 

the three regions of mtDNA since it was expected that all the haplotypes of the study group 

would be detected from those individuals, considering langur life history. Then, remaining 22 

individuals were examined for CR. Polymerase chain reaction (PCR) was performed to amplify 

each of the 3 mtDNA regions with a 40 µL reaction mixture [1.5 µL fecal DNA solution, 20.0 

µL 2x PCR buffer, 8.0 µL 2mM dNTPs, 1.2 µL forward and reverse primers (10 µM), KOD 

FX (TOYOBO, Osaka, Japan) and 7.3 µL distilled water]. The thermal cycling condition for 

all the three regions consisted of the initial denaturation at 94˚C for 2 min, 35 cycles of 

denaturation at 98 ˚C for 10 sec, annealing at 58 ˚C for 30 sec and extension at 68 ˚C for 1min, 

and a final extension at 68 ˚C for 5 min. The primers described by Khanal et al. (2018) in PCR 

of CR and CYTB were used. The primers for PCR of the 1.8 region were designed for this 

study: forward, 5’-TAATTCAACTACAAAAACAC-3', and reverse, 5’-

TTTAAGGGGAACGTGTGGGCG-3’. After PCR, the PCR product was purified using the 

DNA cleanup system (Wizard SV Gel and PCR Clean-Up System, Promega, Madison, WI, 

USA). The purified DNA was used in a sequencing reaction with a BigDye Terminator Cycle 

Sequencing Kit (AppliedBiosystems, Foster City, CA, USA). DNA sequencing was performed 

with the 3130 Genetic Analyzer (AppliedBiosystems). Sequence data for both directions were 

confirmed using the Sequence Navigator software (Applied Biosystems). 

 

NUMT (nuclear copies of mitochondria sequences) is one of the problems in PCR and 

phylogenetic analyses using mtDNA sequence data (cf. Karanth et al., 2008). In the former, 
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true mtDNA and pseudo mtDNA (from nuclear genome) sequences could be simultaneously 

amplified, and thus, results of DNA sequencing would not be successful due to overlapping of 

different DNA sequences. In the latter, results of phylogenetic analysis would produce unusual 

phylogenetic relationships. In most cases, the NUMT sequence is placed at a deviated position 

in the phylogenetic tree (Zhang and Hewitt, 1996). One of the reasons for this is that NUMT 

sequences are evolving slower than true mtDNA sequences. In order to confirm that our 

sequence data is from true mtDNA, we confirmed that CYTB sequences obtained here could 

be translated to amino acid, and that frameshifts and/or nonsense mutation did not occur 

(Collura et al., 1996; Zhang and Hewitt, 1996).  

 

If the CYTB sequence in the 1.8 region is true CYTB gene, the HVS1 region linked to the 

CYTB is also a true mtDNA sequence. Then, the HVS1 in the 1.8 region was compared to that 

of CR sequences. Because the HVS1 is a part of CR, if the HVS1 is not a NUMT, a full 

sequence of CR is also not a NUMT. After this procedure, the sequence data were confirmed 

as true mtDNA sequences. Translation of CYTB sequences to amino acids was carried out 

using GENETYX MAC ver. 16.00 (GENETYX, Tokyo Japan). 

 

2.3.4. Individual and social traits  

 

We categorized individuals by age, rank, genetic relatedness, presence/absence of an infant, 

and reproductive status. The exact age was not known for all females, therefore they were 

classified in three age categories: young, adult, and old. Young females were those that did not 

yet have offspring but were sexually mature, while adult females had lactating infants or 

dependent infants (less than two years old). Young and adult females were observed mating 

during the study. Old females, however, had no dependent infant (less than 2 years old) or 

juveniles (less than 3 years old) and did not mate in 2017 and 2018. Furthermore, female coat 

color (which become darker with age) and skin wrinkling were also considered in the 

classification of age (Hardy, 1977). Dominance rank was determined by calculation of David’s 

score (Cheney et al., 2016) based on 763 dyadic interactions. All dyadic interactions were 

converted into actor-receiver matrices for each year separately. The final rank is calculated 

using the mean David score over two years for each female. I used R package steepness for 

David score analysis (Vries, 2014).    

 

Female genetic relatedness is categorized based on mtDNA analysis. Since mtDNA haplotype 
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1 was the largest in this group, it is considered that all natal females should have this haplotype. 

Females of the group’s minority mtDNA haplotypes 2 and 3 are assumed to be relatively recent 

immigrants. Details of these attributes are described in Table 2.1. A proxy for female 

reproductive status is based only on sexual behavior. I used a binary value in the model 

(whether the female was mating or not). Similarly, infant status is assigned based on whether 

a female is carrying an infant, less than 1 year or not.  

 

 

2.3.5. Social network analysis 

 

We used data from grooming interactions of 34 adult females to build undirected and weighted 

networks. We then estimated individual level metrics, called “centrality coefficients”, to 

understand the role of individual traits on individual’s direct and indirect relationships. We 

decide to combine the matrices of interaction from 2017 and 2018 as a first step to understand 

the relationship between individual status and individual centrality.  I used R package sna 

(Butts, 2008) for analyzing centrality coefficients.  

 

2.3.6. Network position  

 

In social network analysis degree and strength are common direct measures of centrality 

whereas betweenness and eigenvector are common indirect measures of centrality.  Degree 

centrality is defined as the total number of connections an individual has in the network. 

Strength is the sum of the link weights connected to each node. Individuals who spend a greater 

amount of time associating with others will have the highest strength value (Sueur et al., 2011) 

(Kurvers et al., 2014). Betweenness is the number of shortest paths that pass through the 

considered individual. Individuals with high betweenness tend to interact with individuals who 

do not interact with one another (Freeman, 1977; Brent, 2015). Individuals with high 

betweenness tend to connect what would otherwise be an unconnected part of the social 

network. Eigenvector is the connectivity of a node within its network, while taking into 

considering the connectivity of its neighbors. Individuals with high eigenvector centrality have 

connections with partners who themselves have a larger number of partners (Cheney et al., 

2016; Romano et al., 2016).  

 

2.3.7. Genetic relatedness and genetic structure of the group 
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Classification of mtDNA haplotypes (CR, CYTB and 1.8 kb for each individual) was 

performed using Sequence Navigator (Applied Biosystems) and GENETYX MAC software. 

All three data were successfully obtained from most of the adult females and adult males (Table 

2.1 and Appendix Figure 2.1).  All mtDNA haplotypes detected in the study group were 

included in the dataset of adult females and adult males.  

 

Genetic structure of S group was reconstructed using the CR data of 54 individuals (Table 2.1). 

Using GENETYX MAC, the CR sequences were aligned and the NEXUS data file was 

generated (1086 bp data set). After manually editing the NEXUS data file, cladistic analysis 

based on Templeton et al.’s (1992) algorithm was performed to estimate genealogical 

relationships among the individual CR sequences using TCS 1.21 software (Clement et al., 

2000; 2002). Frequencies of mtDNA haplotypes were totalled in each age/sex class. 

 

 

2.3.8. Statistical analysis  

 

Generalized linear mixed-effect models (GLMM) were built to analyze the impact of individual 

and social factors on individual network position. I tested for significant relationships between 

centrality coefficients (degree, strength, betweenness, and eigenvector) and the following 

predictor variables; rank, age, mtDNA haplotype, infant, and mating status. I specified each 

model with a binomial error structure and logit-link function using maximum-likelihood 

estimation with the package lme4 (Bates et al., 2015) in R, version 3.5.3 (R Core Team, 2019). 

Adult female identity and year was included as random factor to control for pseudo-replication 

in all models. I ran tests for homogeneity of residuals and variance inflation factors (VIF) which 

suggested no violations of the model assumptions (Field et al., 2012). To evaluate the most 

parsimonious set of parameters that can help to explain the centrality coefficient I used the 

glmulti package (Calcagno, 2013). To compare all models simultaneously we used an 

information theory approach based on Akaike’s information criterion (IT-AIC) (Burnham and 

Anderson, 2002). The principle of this approach relies on ranking of the model from the 

candidate set of models using ΔAICc values (Δi = AICc(i) - AICc(min)) (Burnham and Anderson, 

2002). Using the “aictab" function from the package AICcmodavg, I measured the model 

Akaike’s weight, or relative likelihood, and accumulative weight of each model that indicates 

the extent to which one model is more likely than another in explaining the variance in the data 
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(Mazerolle, 2016). The model characteristics are presented in Appendix Table 2.2, 2.3, 2.4, 

2.5.  I used R package sna (Butts, 2008) for analyzing centrality measures.  

 

2.4. Results  
 
2.4.1. Social traits of adult females 
 
Of the total 34 females analyzed here, 9 were classified as young, 18 as adult and 7 as old.  In 

2017, seven females had infants less than one year old, and in 2018, there were 10 such females.  

Moreover, in 2017, 16 females were actively mating and in 2018, 18 females were doing so.  

Females with young infants were not observed mating during the study. Three mtDNA 

haplotypes were found for study group females (Figure 2.1).  Of them, 27 have Type 1 

haplotype, and are considered to be natal females. The smaller mtDNA haplotype groups Type 

2 and 3 consisted of 6 and 1 individuals respectively, and are considered to be immigrant 

females (see Table 2.1).  
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Figure 2.1. Genetic structure of the study group of the Central Himalayan langur 
(Semnopithecus schistaceus). MtDNA genealogy network was constructed by cladistic 
analysis based on the algorithm of Templeton et al. (1992) using the control region (1086 bp) 
data of 54 individuals (see Appendix Table 5.1 and 5.2). A gap was handled as the 5th state. A 
blank circle and a black square indicate missing haplotypes in the study group. Each step 
corresponds to a base substitution (�) or insertion/ deletion (■). Abbreviation of age/sex class, 
AF: adult female, AM: adult male, Sub F: subadult female, Sub M: subadult male, Jv/Inf: 
Juvenile and Infant of both sexes. 
 
 

2.4.2 Network position and social traits 

Direct connections  

 

I used grooming interactions to investigate the link between network position and social traits. 

From the set of models created, the model with female dominance rank best explained degree 

centrality (i.e., weight=0.83, Appendix Table 2.2). High-ranking females are the most social 

because they have the greatest number of grooming partners (high degree) compared to low 

ranking females (z = 3.772, p = <0.001; Table 2.2; Figure 2.2). Results for strength centrality 

indicated that the model combining fertility and infant status have the lowest AICc value and 

the highest model probability (i.e., weight= 0.17, Appendix Table 2.3). Females carrying 

infants less than one year old spent a greater amount of time in grooming association with other 

females, compared to the females without infants, and had (high strength) connections 

(GLMM; z = 2.702, p = <0.01; Table 2.2; Figure 2.3). However, reproductive status did not 

Age/sex

Type 1

Type 2

Type 3

Type 5

Type 4

Type 7

Type 6

AF

AM

Sub F

Sub M

Jv/Inf
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play a role on predicting individual direct relationships (Table 2.2)  

 

Indirect connections  

 

From the set of models created, the model combining mtDNA haplotype (genetic relatedness) 

and age were the best approximating model for betweenness centrality.  This model has the 

lowest AICc value and heights model probability (i.e., weight=0.32, Appendix Table 2.4). 

Young females have more grooming interaction with females who are not grooming each other 

(high betweenness) compared to adult and old females (GLMM; z = 2.304, p = <0.05; Table 

2.2; Figure 2.4). Thus adult and old females form grooming association with females who are 

part of their subgroup (low betweenness), while young females form association with females 

who are members of other subgroups (high betweenness). Results for eigenvector centrality 

indicate that the model combining rank, genetic relatedness and infant status variables have the 

lowest AIC value high model probability among the set of 12 candidate models (1.e, weight= 

0.39, Appendix Table 2.5). Females with mtDNA haplotype 2 (immigrant females) engaged in 

high rates of grooming with females who themselves engage in high rates of grooming (high 

eigenvector) (GLMM; z = -4.579, p = <0.001; Table 2.2; Figure 2.5). Although female rank 

also shows significant effect on eigenvector centrality, though not stronger than mtDNA 

haplotype (Table 2.2).  
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Figure 2.2. Weighted grooming network of Central Himalayan langur female.  Networks were 
built using Gephi 0.9.2 beta [Cherven, 2013].  A node (circle) size represents the individual’s 
degree centrality (higher centrality, larger the size of the node). A node (circle) color represent 
the rank of the individual (higher the rank, stronger is the color of the node).  Node label 
represent the adult females (n=34).  
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Figure 2.3. Strength centrality of Central Himalayan langur female in relation to infant status.  
The box bounds the IQR (equal distance between first and third quartiles) divided by the 
median while the whiskers extend to a maximum of 1.5 × IQR beyond the box.  
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Figure 2.4. Weighted grooming network of Central Himalayan langur female.  Networks were 
built using Gephi 0.9.2 beta [Cherven, 2013].  A node (circle) size represents the individual’s 
betweenness centrality (higher centrality, larger the size of the node). A node (circle) color 
represent the age classification, A: adult female, SA: subadult female, O: old female.  
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Figure 2.5. Weighted grooming network of Central Himalayan langur female.  Networks were 
built using Gephi 0.9.2 beta [Cherven, 2013].  A node (circle) size represents the individual’s 
eigenvector centrality (higher centrality, larger the size of the node). A node (circle) color 
represent the rank of the individual (higher the rank, stronger is the color of the node).  Node 
symbol represent the mtDNA haplotypes, 1: type 1 haplotype, 2: type 2 haplotype, 3: type 3 
haplotype.  
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2.5. Discussion  

 

This study found that females with the strongest direct connections were high-ranking females 

who had a greater number of grooming partners and females with infants had the strongest 

bond. However, sub-adult and immigrant females have strong indirect connections. Sub-adult 

females connected more with females who do not interact with one another and immigrant 

females formed strong grooming relationships with females who themselves had strong bonds. 

 

There is growing evidence from a variety of primate species that dominance provides fitness 

benefit (Majolo et al., 2012). In the Northern Plains Sacred Langur, high ranking females have 

high reproductive success (Borries et al., 1991; Borries, 1993) and strong grooming bonds 

(Borries et al., 1994). However, my study shows that high ranking CHL females have a greater 

number of social partners (high degree), but do not form stronger bonds. Under some ecological 

circumstances, female reproductive success may be affected by the total number of individuals 

in their network (McFarland et al., 2017). For barbary macaques (Macaca sylvanus), the 

number of social bonds, but not their strength, predicted survival through a particularly harsh 

winter (McFarland and Majolo, 2013). Many social animals living in cold environments form 

groupings of individuals to keep warm by minimizing their heat loss (Gilbert et al., 2010). 

Therefore, primate species inhabiting extreme cold climates could gain fitness benefit from 

forming more social bonds.  For example, barbary macaques with more grooming partners 

form larger huddles and experience grater probability of winter survival (Campbell et al., 

2018). Japanese macaque (Macaca fuscata) high ranking males also form larger huddling 

groups with other kin during cold winter nights (Takahashi, 1997). I did not collect data during 

the peak of winter (December to March), but my previous study on the same group showed a 

high rate of huddling in winter (Nautiyal, 2015). It might be possible, that CHL high-ranking 

females invest to form social relationships with many females rather then forming strong social 

bonds with a few females, to help survive cold winters, giving high ranking females more 

opportunity to join huddling groups.  

 

Compared to females without a dependent infant, females with infants formed strong bonds, 

but did not have a greater number of social partners. For females who are carrying a young 

infant, forming strong social bonds could provide a higher chance of infant survival (Silk et 

al., 2003). Several factors can explain the connection between female sociality and 

reproductive success, such as protection from predation. Females with stronger and more 
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secure social bonds may be less spatially peripheral, particularly when they are feeding during 

the day and when sitting in sleeping trees at night (Silk et al., 2009). Dog predation is high in 

this site and the primary case of infant and juvenile mortality (Nautiyal et al, in prep; Chapter 

5).  Also the group often feeds inside the agricultural land (Nautiyal et al., 2020; Chapter 4), 

where they are most vulnerable to attack by dogs. Dogs killed three adult females during the 

study. Females living in such habitats can gain advantages from strong social bonds with other 

females and that may enhance infant survival. Alternatively, females may be getting more 

grooming in exchange for passing their infants to females intensely interested in holding them 

(Muroyama, 1994).  Interactions between newborn infants and other group members are quite 

common in hanuman langur species (Hardy, 1977). Maintaining such strong relationships with 

allomothers could also contribute to an infant’s survival if the biological mother dies.  

Orphaned infants sometimes are adopted by allomothers (Kohda, 1985) 

 

Primates are known to demonstrate an understanding of third party relationships (Brent et al., 

2014; Cheney, 2011). CHL sub-adult females occupied network positions with a high level of 

influence (high betweenness) and groomed with females who do not interact with each other. 

As such, individuals with high betweenness may obtain fitness benefits with these indirect 

connections. In male chimpanzees, high betweenness predicted a rise in rank and offspring 

siring (Gilby et al., 2013). CHL sub-adult females had comparatively lower rank than adult and 

old females (Table 1). Sub-adult females made more indirect connections with other group 

members, such as grooming with females from other subgroups that do not interact with each 

other, thereby forming a social bridge between otherwise isolated subgroups within the main 

group.  Because sub-adult females are not high ranking and do not have infants, they have 

fewer opportunities to obtain within-group grooming partners or to form strong bonds. 

Therefore it is possible that subadult females’ indirect connections may help to facilitate their 

rise in rank in the future, which in turn could be directly linked to future reproductive success.  

 

Knowing the genetic relationships among group members is essential for understanding the 

evolution of social behavior (Alexander, 1974). In some species, such as yellow-bellied 

marmots (Marmota flaviventris), direct connections are genetically determined, but not indirect 

connections (Lea et al., 2010). However in rhesus macaques, indirect connections 

(betweenness and eigenvector) have been shown to display significant heritability (Brent et al., 

2013). In this study, I found that females who have mtDNA haplotype 2 had high indirect 

connections (high eigenvector centrality), and thus have a larger number of grooming partners 
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who themselves have a larger number of partners. This is interesting because these females 

have few kin in the group and were considered to be immigrants. This highlights the possibility 

that indirect connections are not heritable in CHL. This suggest a behavioral strategy whereby 

immigrant females having strong social bonds with their limited number of close kin, may also 

have strong bonds with many natal females who have the most central positions in the network. 

One could imagine that immigrant females either attain peripheral positions in the group or 

reach high-ranking positions after displacing dominant females.  

 

There is growing evidence of a relationship between eigenvector centrality and fitness. For 

example, female rhesus macaques with high eigenvector centrality experience high infant 

survival (Brent et al., 2013). Female chacma baboons with high eigenvector centrality have 

greater offspring longevity (Cheney et al., 2016). Therefore, forming a strong bond with 

females who also form strong bonds could provide increased fitness benefits to immigrant 

females in a new group.   

 

Female CHL exhibit a high degree of behavioral flexibility, influencing their position in the 

group’s social network, with potentially important consequences for their survival in a high-

altitude human dominated landscape.  In particular, future research is needed to follow the 

long-term consequences of the behavioral strategies of young females on the survival and 

fitness of their offspring. 
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Table 2.1. Sample information of Central Himalayan langur (Semnopithecus schistaceus) 
females used in mtDNA sequencing (n= 29). Three mtDNA regions, the control region (CR), 
cytochrome b (CYTB) gene and the 1.8 kb region, were examined (✓ : DNA sequence data 
available).  
 

 
Abbreviation of Age/Sex, A: adult female, SA: sub-adult female, O: old female. n.e: not examined. n.a.: not 
amplified in PCR, *MtDNA haplotype assigned based on mother-daughter relationship through behavior 
observation.   

Adult 
females ID code Age/sex 

Rank 
(normalized 
David score) 

Observation 
hours  

MtDNA MtDNA 
haplotype CR CYTB 1.8 

kb 
Abhi A A 18.3 36 ✓  n.e. n.e. Type 1 
Abhi2 AB A 16.74 28 ✓  n.e. n.e. Type 1 
Badi BA A 15.43 30 ✓  n.a. ✓  Type 1 
Beauty BE O  18.15 30 ✓  ✓  ✓  Type 1 
Geeta GE A 16.02 29 ✓  ✓  ✓  Type 1 
Goli GO  A 15.5 34 ✓  n.a. ✓  Type 1 
Gulabo GU  SA 14.28 31 ✓  n.e. n.e. Type 1 
*Katori KA SA 14.89 29    *Type 1 
Manu MA  O  20.79 31 ✓  n.a. ✓  Type 1 
Meenu ME  O  17.85 28 ✓  n.a. ✓  Type 1 
Naina N1 A 15.24 28 ✓  n.e. n.e. Type 1 
Nalini1 N2 O  17.78 15 ✓  n.a. ✓  Type 1 
Nalini2 N3 O  19.2 38 ✓  n.a. ✓  Type 1 
*Nani1 NA1  O  15.52 26    *Type 2 
Nani2 NA2  A 16.9 34 ✓  ✓  ✓  Type 2 
Neelu NE A 16.2 28 ✓  n.e. n.e. Type 1 
Peeli PE A 16.97 33 ✓  ✓  ✓  Type 3 
*Pretty  PR O  17.53 32       *Type 1 
Rohit R SA 14.97 25 ✓  n.e. n.e. Type 1 
Sahas S A 18.95 36 ✓  n.a. ✓  Type 1 
*Santa SA SA 15.23 26       *Type 1 
Sanu1 S1 A 15.97 28 ✓  n.e. n.e. Type 2 
Sanu2 S2 A 18.01 31 ✓  n.e. n.e. Type 1 
Sanu3 S3 A 15.47 27 ✓  n.e. n.e. Type 1 
Shakti SH A 15.57 39 ✓  n.e. n.e. Type 2 
*Sheeta SH1 A 16.86 32    *Type 1 
Soli SO A 16.6 28 ✓  n.e. n.e. Type 1 
Sukhveer  SU A 18.1 31 ✓  n.e. n.e. Type 2 
Taklu TA SA 15.47 12 ✓  n.e. n.e. Type 2 
Tandi T1 A 14.57 25 ✓  n.e. n.e. Type 1 
Tandi jr T2 SA 17.2 36 ✓  n.e. n.e. Type 1 
Tanisha T3 SA 14.84 28 ✓  n.e. n.e. Type 1 
Tashi T4 SA 14.72 28 ✓  n.e. n.e. Type 1 
Teenu TE SA 15.01 28  ✓  n.e. n.e. Type 1 
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Table 2.2. Parameter estimated from generalized linear models explaining variation in network 
centrality among Central Himalayan langur females 
 
 

 
Significant codes are marked as follows: “***” P< 0.001, “**” P< 0.01, “*” P<0.05.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Centrality 
coefficients  

Predictors Estimate SE z value p value 

Degree (Intercept) 1.57 6.14 0.256 0.798 
  Rank 1.59 0.43 3.772 0.0002*** 
Strength (Intercept) 563.42 38.80 14.486 <2e-16*** 
  Reproductive status  82.84 40.87 2.028 0.143 

 Infant status 129.03 47.76 2.702 0.007** 
Betweenness (Intercept) 16.78 3.52 4.772 1.82e-06*** 

 Genetic relatedness (Type 2) 2.21 6.19 0.357 0.722 
  Genetic relatedness (Type 3) -16.93 9.56 -1.772 0.077 

 Age (Old) 6.97 5.99 1.163 0.245 
  Age (Young) 12.32 5.35 2.304 0.022* 
Eigenvector  (Intercept) 4.40 0.89 5.058 4.24e-07*** 

  Rank -0.13 0.07 -1.987 0.048* 

 Genetic relatedness (Type 2) -0.96 0.22 -4.579 4.66e-06*** 

  Genetic relatedness (Type 3) 0.47 0.42 1.119 0.264 

  Infant status -0.20 0.14 -2.285 0.225 
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Appendix Figure 2.1. Alignment of 7 mtDNA haplotypes detected in the study group of the 
Central Himalayan langur (Semnopithecus schistaceus). Comparing to Type 1, dot (.) indicates 
the same nucleotide at each site. Approx. 2.4 kb determined in this study contains cytochrome 
b (CYTB) gene, tRNA-Thr, tRNA-Pro, the control region (CR = D-loop) and tRNA-Phe, based 
on the alignment with Semnopitecus entellus mtDNA (Genbank accession No.: EU0004478, 
Osterholz et al., 2008). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Type1.seq       1 TAATGACAGCTACACGTAAAGCCAATTTAATTATAAAAATAGTCAACCATTCCCTTACTG      60
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq      61 ACTTACCCACTCCATCAAATATCTCCGCGTGGTGAAACTTCGGTTCTCTACTAGCAACCT     120
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq     121 GCTTGATACTGCAAATCATTACAGGCTTATTTCTAGCAATACATTACTCACCAGACACCT     180
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq     181 CCTCCGCCTTTTCCTCTATTGCACACATTACCCGAGACGTAAATTATGGTTGAATTATCC     240
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq     241 GCTACCTCCACGCCAATGGTGCCTCTATATTCTTTATCTGCCTATTTCTACACGTAGGCC     300
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq     301 GAGGTTTATATTACGGTTCATTTCTCCTCCTTGAAACCTGAAATATCGGTATTATTCTAC     360
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq     361 TACTTATAACCATAGCAACAGCCTTCATGGGTTATGTACTCCCATGAGGACAAATATCAT     420
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq     421 TCTGAGGCGCCACAGTAATCACAAATCTATTATCCGCAATTCCATATATTGGGACCGACC     480
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq     481 TTGTCCAATGACTTTGAGGGGGATATTCCATCGATAATCCAACCCTTACACGATTTTTTA     540
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq     541 CCCTTCACTTTATTCTACCCTTTATTATCGCAACCTTCACAATCTTACACCTACTTTTCC     600
Type2.seq .............C..............................................
Type3.seq ............................................................
Type5.seq .............C..............................................
Type6.seq .............C..............................................
Type4.seq .............C..............................................
Type7.seq .............C..............................................

Type1.seq     601 TACATGAAACAGGGTCAAATAATCCCTGCGGGATTCCCTCCGATTCCGACAAAATCCCCT     660
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq     661 TCCACCCCTATTATACAACTAAAGATATCCTAGGCATAGCCCTTCTCCTCCTTATCCTAA     720
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq     721 TAACATTAGTGTTATTTTCACCCGATCTTTTAAGCGACCCAGATAACTACATACCAGCCA     780
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq     781 ACCCGCTGAGCACCCCACCACATATTAAACCAGAATGATATTTCCTGTTCGCATACGCAA     840
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq     841 TCCTACGGTCCGTCCCCAATAAATTAGGGGGGGTCTTGGCACTTCTACTATCCATCCTCA     900
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq     901 TTCTGACAATTGTACCCATACTCCACAAGTCCAAACAACAGAGCATAATATTCCGCCCAC     960
Type2.seq ................T...........................................
Type3.seq ............................................................
Type5.seq ................T...........................................
Type6.seq ................T...........................................
Type4.seq ................T...........................................
Type7.seq ................T...........................................
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Appendix Figure 2.1 (continued).�
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Type1.seq     961 TAAGTCAATTCCTATTATGATTCCTAATCATAATTCTATTAATTCTTACCTGAATTGGAA    1020
Type2.seq ............................................................
Type3.seq ............................T...............................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq    1021 GTCAGCCAGTAAACCAACCCTTCATTGCAATTGGACAAGCAGCATCCATAATATATTTCA    1080
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq    1081 TTACAATCTTAATCTTAATACCTCTCGCTTCCCTAATCGAAAACAACCTCCTCAAATGAA    1140
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq    1141 CCTGTCCTCGTAGTATAAACTTAGTACACCGGTCTTGTAAACCGGAAATGGACAATTCTC    1200
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq    1201 CCTAGGACAACTCAGAAAGAAAGCACCTAGCTTCGCCACCAATACCCAAAATTGGCGTTC    1260
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq    1261 TATCTAAACTACTTTCTGTATTCTAAGGAGACACAACTCTTAGACAACAACTTAGTACAA    1320
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq    1321 TTTAATTTTATATGCCCTTATGTAATTCGTGCATAACTGCTAGTCACCATGGATATTATA    1380
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq    1381 TAGTACTATAAGTGCTTAACCGTACATAGTACATGCATTTACATATTTGCTATAAATTCT    1440
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ................................................A...........
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

tRNA-Thr

tRNA-Pro

CR

Type1.seq    1441 CAAACACATGCTTACAAGCAAGAACTCTACCTTAACGAATCAACTGTAACACATAACTTC    1500
Type2.seq .........................C....T.........................TC..
Type3.seq ............................................................
Type5.seq ..............................T.........................TC..
Type6.seq .........................CT...T.........................TC..
Type4.seq ..........................T...T.........................TC..
Type7.seq ..........................T...T.........................TC..

Type1.seq    1501 CAAGTATCCAAAGCCCACGGCATGCTCCATTAGGATATCAACCAAGCCAGATATTCCATA    1560
Type2.seq ........................T...................................
Type3.seq ............................................................
Type5.seq ....................................................G.......
Type6.seq ........................T...................................
Type4.seq ........................T...................................
Type7.seq ........................T...................................

Type1.seq    1561 ACCGTACATAGTACATTACATCCTTTACCGGACATAGCACATTTTAACTAAGCCCTTATT    1620
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq    1621 AACATTCCTCTACAACACGGATGACCCCTGTCAGTTGGGCGTCCCTTGTTCACCATCCTC    1680
Type2.seq ...........................T..C.....A..T....................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ...........................T..C.....A..T....................
Type4.seq ...........................T........A..T....................
Type7.seq ...........................T........A..T....................

Type1.seq    1681 CGTGAAATCAATATCCCGCACAAGAGTGCTACTCTCCTCGCCCCGGGCCCATAACTCGTG    1740
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq    1741 GGGGTAGCTATACACGACATCATGGACATCTGGTTCTTACCTCAGGGCCATGTTGTCAAG    1800
Type2.seq ..........C.........................................CC......
Type3.seq ............................................................
Type5.seq ..........C.........................................CC......
Type6.seq ..........C.........................................CC......
Type4.seq ..........C.........................................CC......
Type7.seq ..........C.........................................CC......

Type1.seq    1801 ATCGCCCACACGTTCCCCTTAAATAAGACATCTCGATGGATCACGGGTCTATCACCCTAT    1860
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq    1861 TAACCAGTCACGGGAGCTCTCCATGCATTTGGTATCTTTTATCTCTGGTCTGCACGCGAC    1920
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................
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Appendix Figure 2.1 (continued).�
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Type1.seq    2395 AAAATGCCTAGACGGGTTCATAAACCCCATAAACACACAGGTTTGGTCCCGGCCTT        2450
Type2.seq ........................................................    
Type3.seq ........................................................    
Type5.seq ........................................................    
Type6.seq ........................................................    
Type4.seq ........................................................    
Type7.seq    2401 ........................................................        2456

Type1.seq    1921 CCCATTGCAGTATGCTGGTCTCGCCACAATTAGTCCCGCAGCGCCTGTCTTTGATTCCTA    1980
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq    1981 GTCCATAGCCTTATTTACCGCACCTACGTTCCATATTTTAATCCCCCATGAACCTATACA    2040
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq .............................................T..............
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq    2041 AGGTGTTATTTAATTCATGCTTGTAGGACATATAAATATTTAATCACACGCACACGCACA    2100
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq    2101 C------TCTCACGCACCTAACCCCAGACATGACAAACTAACTCATCTCAAACCCCCCCT    2154    2154
Type2.seq .------.....................................................
Type3.seq .------.....................................................
Type5.seq .------.....................................................
Type6.seq .------.....................................................
Type4.seq .------.....................................................
Type7.seq .GCACAC.....................................................

Type1.seq    2155 CCCCCCATCTCCGACCACTCCCATATAATTTGCCTTTGCCAAACCCCAAAAACAAAAGCC    2214
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq    2215 TGACTACCTAGCCGAAGATTGCATTTTCATCTTTAGGGTGTACACAACCTCACCTCTCAC    2274
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq    2275 CCTCTCAACTAATAAATTTTTTATTTACCAGCCTTAGCATCTCCACCAAACCCCAAAGAT    2334
Type2.seq ............................................................
Type3.seq ............................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................

Type1.seq    2335 AGCATTCACAATTCTCACTATCGTGTTTATGTAGCTTAATAAATCCAAAGCAAGACACTG    2394
Type2.seq ............................................................
Type3.seq ..T.........................................................
Type5.seq ............................................................
Type6.seq ............................................................
Type4.seq ............................................................
Type7.seq ............................................................    2400

    2160

    2220

    2280

    2340

    2161 

    2221

    2281

    2341
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Appendix Table 2.1. Distribution of 7 mtDNA haplotypes in the study group of the Central 
Himalayan Langur (Semnopithecus schistaceus) in age/ sex classes. 
 

Age/sex    MtDNA    Total 
Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7 

AF 20 4 1 0 0 0 0 25 
AM 2 1 1 2 1 1 2 10 

SubF 4 1 0 0 0 0 0 5 
SubM 6 1 0 0 0 0 0 7 
Jv/Inf 6 1 0 0 0 0 0 7 
Total 38 8 2 2 1 1 2 54 

Abbreviation of age/sex class, AF: adult female, AM: adult male, Sub F: sub-adult female, Sub M: sub-adult male, 
Jv/Inf: Juvenile and Infant of both sexes 
�

�
 
 
 
 
 
Appendix Table 2.2. Degree centrality model characteristics  
�

Models K AICc ΔAICc Weight Cum.weight Log-
likelihoo
d 

normDS 5 340.15 0.00 0.83 0.83 -164.58 
mtDNA-normDS 7 344.61 4.46 0.09 0.92 -164.34 
normDS-mtDNA-Infant 8 346.84 6.69 0.03 0.95 -164.16 
mtDNA-normDS-Age 8 347.18 7.02 0.02 0.97 -164.32 
mtDNA-normDS-Mating 9 348.96 8.80 0.01 0.98 -163.87 
Infant-Mating 6 349.70 9.55 0.01 0.99 -168.14 
Null 4 350.11 9.95 0.00 0.99 -170.72 
normDS-mtDNA-Age-Infant 10 351.53 11.38 0.00 1.00 -163.77 
Infant 5 352.44 12.29 0.00 1.00 -170.72 
Integrated 11 353.34 13.19 0.00 1.00 -163.23 
mtDNA 6 354.33 14.18 0.00 1.00 -170.45 
mtDNA-Infant 7 356.82 16.67 0.00 1.00 -170.45 
Note. ΔAICc: difference in the AICc between the model with the lowest AICc and the following one; AICc: 
Aikaike's information criterion corrected for small sample size; Cum. weight: Cumulative weight; K: number 
of variables included; Mating- mating status; mtDNA: mitochondrial haplotypes; normDS: normalized David 
score ‘rank’; Infant: infant status; Weight: model probabilities 
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Appendix Table 2.3. Strength centrality model characteristics  
�

Models K AICc ΔAICc Weight Cum.weight Log-
likelihood 

Mating-Infant 6 835.60 0.00 0.17 0.17 -411.09 
mtDNA-Infant- normDS 8 835.76 0.16 0.16 0.33 -408.61 
normDS-mtDNA 7 836.38 0.78 0.12 0.45 -410.22 
mtDNA-infant 7 836.65 1.05 0.10 0.55 -410.36 
mtDNA 6 836.72 1.12 0.10 0.65 -411.65 
Infant 5 837.07 1.47 0.08 0.73 -413.04 
Null 4 837.56 1.97 0.06 0.80 -414.45 
normDS-mtDNA-Age 9 837.86 2.26 0.06 0.85 -408.32 
normDS 5 838.10 2.50 0.05 0.90 -413.55 
Integrated 11 838.88 3.28 0.03 0.93 -405.99 
normDS-mtDNA-Infant-Age 10 838.91 3.31 0.03 0.97 -407.46 
normDS-mtDNA-Mating 8 838.95 3.35 0.03 1.00 -410.21 

�
Note. ΔAICc: difference in the AICc between the model with the lowest AICc and the following one; AICc: 
Aikaike's information criterion corrected for small sample size; Cum. weight: Cumulative weight; K: number of 
variables included; Mating- mating status; mtDNA: mitochondrial haplotypes; normDS: normalized David score 
‘rank’; Infant: infant status; Weight: model probabilities�
�

�

�
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�
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Appendix Table 2.4. Betweenness centrality model characteristics 

Note. ΔAICc: difference in the AICc between the model with the lowest AICc and the following one; AICc: 
Aikaike's information criterion corrected for small sample size; Cum. weight: Cumulative weight; K: number of 
variables included; Mating- mating status; mtDNA: mitochondrial haplotypes; normDS: normalized David score 
‘rank’; Infant: infant status; Weight: model probabilities. �
�

�

 
 
  

Models K AICc ΔAICc Weight Cum.weight Log-
likelihood 

mtDNA-Age 4 586.92 0.00 0.32 0.32 -289.13 
Null 8 588.88 1.95 0.12 0.44 -285.18 
Mating-mtDNA-Age 9 588.91 1.98 0.12 0.55 -283.85 
mtDNA-normDS-Age 6 589.07 2.15 0.11 0.66 -287.83 
Infant 5 589.25 2.32 0.10 0.76 -289.12 
normDS-Age 7 589.63 2.70 0.08 0.84 -286.85 
normDS-mt DNA-Mating 8 590.21 3.28 0.06 0.90 -285.84 
normDS-mtDNA-Age 7 591.46 4.53 0.03 0.94 -287.76 
normDS-mtDNA-Age 9 591.56 4.64 0.03 0.97 -285.17 
mtDNA-normDS-Age-Infant 10 593.47 6.54 0.01 0.98 -284.73 
Integrated  11 593.66 6.74 0.01 0.99 -283.39 
mtDNA-Infant-normDS 8 594.03 7.11 0.01 1.00 -287.75 



45 
 

 
 
Appendix Table 2.5. Eigenvector centrality model characteristics 
�

Models K AICc ΔAICc Weight Cum.weight Log-
likelihood 

normDS-mtDNA-Infant 8 -106.84 0.00 0.39 0.39 62.68 

mtDNA-Infant 7 -105.59 1.25 0.21 0.60 60.76 

normDS-mtDNA 7 -104.49 2.35 0.12 0.72 60.21 
mtDNA 6 -104.45 2.39 0.12 0.84 58.94 

normDS-mtDNA-Mating 8 -102.88 3.96 0.12 0.89 60.70 

normDS-mtDNA-Infant-Age 10 -102.51 4.33 0.05 0.94 63.25 

normDS-mtDNA-Age 9 -101.79 5.05 0.04 0.97 61.50 
Integrated 11 -101.52 5.32 0.03 1.00 64.21 

Mating-Infant 6 -95.59 11.25 0.00 1.00 54.51 

Infant 5 -95.33 11.51 0.00 1.00 53.16 

Null 4 -93.8 13.04 0.00 1.00 51.23 
normDS 5 -92.92 13.92 0.00 1.00 51.96 

Note. ΔAICc: difference in the AICc between the model with the lowest AICc and the following one; AICc: 
Aikaike's information criterion corrected for small sample size; Cum. weight: Cumulative weight; K: number of 
variables included; Mating- mating status; mtDNA: mitochondrial haplotypes; normDS: normalized David score 
‘rank’; Infant: infant status; Weight: model probabilities. �
�
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Chapter 3 

 

The Banj oak Quercus leucotrichophora as a potential mitigating factor for human-

langur interactions in the Garhwal Himalayas, India: people’s perceptions and 

ecological importance 

 

3.1. Abstract 

 

Crop-foraging by primates is a rapidly growing concern. Effective mitigation strategies are 

urgently required to resolve this issue. In the Garhwal Himalayas, local people’s high 

dependency on forest resources is a major cause of habitat loss, which paves the way for 

human-primate interactions in this area. To investigate the socioeconomic factors that might 

explain langur crop-foraging, we conducted structured interviews among 215 households in 

the Garhwal Himalayas India. We also examined langur resource use by monitoring their 

feeding and sleeping site activity. Less agricultural land, less agricultural production, and 

possession of large numbers of livestock significantly predicted villagers reporting crop-

foraging events, although economic status of the correspondents did not have any effect. 

Perception of the villagers about reduction in forest resource was significantly affected by the 

amount of livestock possessed by the villagers. Our observations suggested that Banj oak 

Quercus leucotrichophora was the dominant species (59.2%, N = 306) in the pool of sleeping 

trees used by the langurs. Langurs also showed a preference in their use of sleeping sites and 

feeding sites, which were different from that expected by chance. Sleeping sites with high 

density of oak were re-used most frequently. Similarly, dense oak patches were also the 

preferred feeding patches. Thus, we suggest replanting of oak trees and conservation of intact 

oak patches, environmental education outreach, and empowerment of women in the 

community as potential mitigating factors to lessen the interaction between humans and 

langurs.  

 

3.2. Introduction  

Interactions between people and wildlife range from mutually beneficial or benign to harmful 

for one or both parties. These negative interactions are frequently referred to as “human-

wildlife conflict” (Wich and Marshall, 2016). Human-wildlife conflict is a rapidly growing 

concern in today’s world across many regions, and manifests itself in forms such as livestock-
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loss by predation or crop-foraging by a number of wildlife species (Dickman, 2010). These 

concerns also have negative consequences for wildlife, resulting in population displacement, 

harassment or even eradication (Strum, 1987; Else, 1991). While many wildlife species forage 

on cultivated crops, primates, given their high cognitive abilities, pose an even more significant 

threat, often thwarting attempts to effectively deter them (i.e. Naughton-Treves, 1998; Sillero-

Zubiri and Switzer, 2001; Warren et al., 2007; Nijman and Nekaris, 2010). In Africa and Asia, 

conflict is high between farmers and crop-foraging wildlife (Hill and Wallace, 2012). Primates 

alone are responsible for crop-losses of up to 70% on any single farm (Priston, 2005) and often 

60% of the annual harvest (Hill, 2000). Effective mitigation strategies are urgently required to 

resolve this issue and to take suitable conservation actions (Breitenmoser et al., 2005). For 

predicting the likely success of a crop-foraging prevention model, however, it is crucial to 

understand the behavioral ecology of the crop-foraging species and local peoples’ perceptions 

of them (Deker and Chase, 1997; Hill et al., 2002; Tadesse and Teketay, 2017). Such models 

provide a useful framework to explore human-primate interactions and help in the development 

of effective management plans and conflict-mitigation strategies (Hill and Webber, 2010).  

 

In this paper, we address the problems associated with anthropogenic pressures on the habitat 

of the Central Himalayan langur (CHL) Semnopithecus schistaceus, a rarely studied, montane 

colobine primate, and the negative consequences arising due to habitat loss around a human-

modified landscape in the Garhwal Himalaya of northern India. The Garhwal Himalayas, 

extending through a major part of the state of Uttarakhand, is an economically underdeveloped 

and ecologically fragile region of the country, with more than 74% of its population dependent 

on traditional agricultural practices for their livelihood (Sati, 2012). Anthropogenic pressure is 

reported to be one of the most significant factors causing deforestation in the Indian Himalayas 

(FSI, 2000; Pandit et al., 2007; Wester et al., 2019) and it is particularly high in the Garhwal 

Himalayas (Wakeel et al., 2005; Thakur et al., 2011; Batar et al., 2017), due to low socio-

economic status of the local people and their high dependency on natural resources (Bhat et 

al., 2012). Local people residing in this zone primarily utilize Banj oak Quercus 

leucotrichophora (Troup, 1921; Nautiyal and Babor, 1985). This species covers extensive areas 

of the central Himalayas, in the altitudinal zone between 500 and 2300 masl (Champion and 

Seth, 1968; Singh and Singh, 1992; Gairola et al., 2010; Singh et al., 2016). Excessive 

dependence of the local communities on the oak forests for use as grazing lands, removal of 

branches for fodder and fuelwood, litter removal for use as cattle beds and as agricultural 

fertilizer have severely affected the regeneration of this species, having a major inluence on 
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forest degradation (Gupta and Singh, 1962; Saxena and Srivastava, 1973; Singh and Singh, 

1987; Chandra et al., 1989; Singh and Singh, 1992; Thandani and Ashton, 1995; Khera et al., 

2001; Rao and Pant, 2001; Arya et al., 2011; Makino, 2011; Rathore et al., 2018).  

 

In general, the oaks are well known for their numerous ecosystem services in the Himalayas. 

These include conservation of soil from erosion and landslides, regulation of water flow in 

watersheds and maintenance of water quality in streams and rivers, (Singh and Singh, 1986; 

Singh et al., 2012). However, they also serve as a major component of the natural habitat and 

as a key food resource for the wildlife in the region (Singh, 1981; Singh et al., 2012; Nautiyal 

and Huffman, 2018). To what degree these changes in the oak dominated forest affect the 

ecology and behavior of the wildlife inhabiting this landscape, is an emerging research topic 

with important implications for the formulation of wildlife management and conservation 

strategies.  

 

A study of the diet of a troop of CHL in the Garhwal Himalayas found that their main food 

source was oak during the fruiting season, but also that 22% of their feeding time was spent on 

cultivated crops around harvest time (Nautiyal, 2015). To better frame a human-langur conflict-

mitigation strategy for this particular landscape, it is important to understand the peoples’ 

perception of langur crop-foraging and to obtain a more detailed picture of langur habitat 

resource use by monitoring their feeding and sleeping site activity. 

 

This study quantifies the loss of a key tree species, the Banj oak, and its relevance for CHL 

habitat use. We examined the services provided by oak patches as feeding and sleeping sites 

for the study langur population and quantified their usage of these oak patches as resource sites. 

Langurs are diurnal and tend to sleep perched high up on trees during the night. The role of 

sleeping sites has been assessed under various non-mutually exclusive hypotheses (for a 

comprehensive review, see Anderson, 1998; Anderson, 2000), particularly given the fact that 

sleep tends to take up to one third of our lifetime (Purves, 2012). As the highland species of 

langurs depend heavily on arboreal roosting sites, changes in forest cover and habitat, and a 

decline in the density of preferable tree species would mean a decrease of suitable sleeping 

sites as well as of feeding patches, all of which will adversely affect the ecology and ranging 

behavior of these langurs (Ruhiyat, 1983; Chhangani and Mohnot, 2006).  

 

Langurs (Semnopithecus spp.) are one of the most widely distributed primate taxa in the Indian 
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subcontinent, inhabiting a variety of habitats, ranging from desert to rainforest, from sea level 

up to 4000 masl in the Himalaya (see Kumar, 1987). Although there have been extensive 

studies on the lowland langur S. entellus (Jay 1963; Jay 1965; Sugiyama 1965; Yoshiba 1967; 

Mohnot 1971; Hrdy 1974; Newton 1992), there is little information on the ecology, behavior 

and conservation status of the higher-altitude Himalayan species within this group (Bishop and 

Bishop, 1978; Sayers and Norconk, 2008). In particular, there is scant information on the 

behavior and ecology of the CHL, S. schistaceus living at high altitudes (Sugiyama, 1976; but 

see Borries et al., 2015 for lowland dwelling S. schistaceus). CITES and IUCN present 

contradictory information on the conservation status of the species, perhaps due largely to the 

fact that both are based on scant, unpublished information. To the best of our knowledge, no 

detailed account of human-langur conflict has been published in India. Leaving the 

conservation status of S. schistaceus unclear, CITES classifies this species in Appendix I as 

‘Threatened with Extinction’ while IUCN ranks it as ‘Least Concern’ (IUCN Red List, 2015). 

For merely listed as a subspecies of the widely distributed Presbytis entellus, it does appear 

that very little information actually exists on this newly revised species within its currently 

recognized high-altitude distribution, across northwest Pakistan, northern India, including the 

states of Jammu and Kashmir, Himachal Pradesh, Uttarakhand, West Bengal and Sikkim, 

Nepal, Western Bhutan and the valleys of the Xizang Autonomous Region in southern China 

(Roos et al., 2014). 

 

This is possibly the first study anywhere to investigate the factors responsible for crop-foraging 

by any high-altitude langur species and suggest important steps for the mitigation of conflict 

over resources between langurs and humans, with implications for other nonhuman species 

residing in and sharing resources with people across the Himalayan landscape. Such a study is 

likely to be critical to understand human-nonhuman primate interactions inhabiting fragile 

Himalayan ecosystem for the betterment of both species.  

 

In this context, our paper aims to: (a) provide a langur crop-foraging model with the help of 

socioeconomic factors as explanatory variables, (b) investigate farmer perceptions of forest 

loss in the past few decades in relation to habitat loss and crop-foraging by langurs, and (c) 

evaluate the relationship between Banj oak patch density and its use as langur feeding and 

sleeping sites.  

 

3.3. Materials and methods  
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3.3.1 Study site  

 

This study was conducted in the Mandal valley, Chamoli district of Uttarakhand state in the 

Central Himalayas of India, at an altitude range between 1500 masl–1800 masl (Sharma et al., 

2009; Figure 3.1). The Mandal valley has five villages, namely Gondy (G), Kunkuli (KU), 

Khalla (KH), Mandal (M) and Siroli (SI). The home ranges of two langur troops, S and K, lay 

within the study site. Troop S’s home range covered Gondy, Siroli and Kunkil villages, while 

Troop K’s home range included the Mandal and Khalla villages. The mean average temperature 

(± SE) of the study site ranges from a maximum of 16.41 (± 3.60) ℃  to a minimum of 6.14 (± 

1.98) ℃ . The mean annual rainfall is typically 2044.47 ± 476.01 mm (State Forest Department 

climate data for 1988~2005, cited in Sharma et al. 2009). The socioeconomic conditions and 

agricultural practices of the valley have been described in detail by Sharma et al. (2009) and 

Iqbal et al. (2014).  

 
Figure 3.1. Map of the study area, estimated home ranges of Troop S and K, the study villages 

and the Troop S sleeping sites 
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3.3.2. Questionnaire data  

 

A total of 215 households, comprising > 90% of all households, from the five study villages 

were surveyed between October and December 2015 (Table 3.2). A structured questionnaire 

was given to one adult member of each household surveyed. Whenever possible, the adult 

woman of the household was given the questionnaire, as they appeared to have more accurate 

knowledge of the forest and agricultural fields, being responsible for most work done in the 

fields. The questionnaire was divided into three parts: Socioeconomics, crop damage by 

langurs and people’s perception about reduction of forest resources. 

 

3.3.3. Sleeping site and feeding patch use data 

 

Sleeping site and feeding patch data collection took place between August and December 2018 

on Troop S. Although we had identified two troops, K and S, in the Mandal valley, we focused 

on the already habituated Troop S, for this part of this study. The troop ranged over an area of 

2 km2. We also selected Troop S because a maximum of respondents (85% from village SI and 

100% from village KU) from this troop’s home range reported crop-foraging by langurs (Figure 

3.1). The members of this troop lived in a multi-male multi-female social group, comprising 

78 individuals that included eight adult males, 32 adult females, seven subadult males, nine 

subadult females and 22 infant and juvenile males and females. 

 

We recorded the location of langur sleeping sites, the tree species and feeding patch sites used 

to quantify habitat use patterns and to assess the relative value of different resources to the 

langurs. Sleeping site occupancy was recorded for 112 nights from August to December 2018. 

The troop was located in the early hours before sunrise at the sleeping site and was followed 

until the next sleeping site in the evening. The troop members typically spread out and occupied 

more than one tree to sleep on each evening. To keep track of this usage, every single tree that 

was used at least once at a sleeping site was identified to species level and marked with an 

alphabetical code for re-identification. Tree re-use was then scored to quantify sleeping tree 

species preferences. Each re-used tree had a total score greater than zero while a tree that was 

used only once had a re-use score of zero.  

 

Direct and indirect methods were both used to determine sleeping sites. In the direct method, 

a troop was followed to the sleeping site and location was confirmed once the troop settled 
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down at that particular site. The indirect sleeping site confirmation method, as has been 

employed for other primates, involved the finding of fresh fecal material under and around 

particular trees the next morning (Liu and Zhao, 2004; Cui et al., 2006; Stewart and Pruetz, 

2013). 

 

A feeding patch was defined as a locality that was utilized by langurs for their feeding activities 

for a period of at least 30 min. Feeding patches were identified during whole-day follows of 

the troop (N = 115 days, from August to December 2018). All individual feeding patches 

visited over a single day were coded according to their nearest sleeping site to quantify habitat-

use patterns. On some occasions, the feeding patches were located near more than one sleeping 

site. For observations of feeding behavior, we conducted 20-min scan sampling sessions at 10-

minute intervals (Altmann, 1974). We followed the troop for a total of 1035 h, with comparable 

hours of observation spent each month during the study period. A hand-held GPS (Garmin 

GPSMAP 62s, Garmin, Olathe, Kansas, USA) was used to mark the locations of the langur 

sleeping sites and feeding patches recorded during the study. 

 

3.3.4. Vegetation data  

 

We used the Point-Centered Quartered Method (PCQM) (see Mitchell, 2010) to estimate oak 

tree density at each sleeping site. PCQM was first developed by Stearns (1949), then evaluated 

through a comparison of different methods by Cottam and Curtis (1956). It is an efficient and 

economic plot-less method that has also been shown to be flexible across sample sizes (Cottam 

and Curtis, 1956), while causing minimal damage to the understory of the forest (Cunningham, 

2001). We established 30-m line transects in the vicinity of the langur sleeping and feeding 

sites and recorded our data at 10-m intervals to avoid the possibility of repeating bias. At the 

points where measurements were taken, we drew a line perpendicular to the transect line to 

generate four quarters and measured the nearest tree in each of these four quarters. Although 

ideally no limit should be set for the “nearest” tree, we set a limit of 30 m (equal to one transect 

length) while identifying the nearest tree. 

 

3.3.5. Statistical analysis  

 

We built generalized linear mixed-effect models (GLMM) to analyze people’s responses to our 

questionnaire regarding crop-foraging by langurs and reduction in forest resources surrounding 
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the study villages. For the first model, we used people’s perceptions of crop-foraging by langurs 

(‘Present’ or ‘Absent’) while the second model used people’s perceptions of loss of forest 

vegetation in village forests (‘Agree’ or ‘Do Not Agree’) as binary response variables. In each 

model, socioeconomic variables such as household income, agricultural landholding, 

agricultural production and total number of livestock were the predictor variables. We included 

the total number of interview subjects (one individual from each of the 215 household was 

interviewed) and the villages as control variables. We specified each model with a binomial 

error structure and logit-link function using maximum-likelihood estimation with the package 

lme4 (Bates et al., 2015) in R, version 3.5.2 (R Core Team 2018). In R, we ran tests for 

homogeneity of residuals and variance inflation factors (VIF) below of around 1 (Field et al 

2012). We used an information theory approach based on Akaike’s information criterion (IT-

AIC) for model selection (i.e., variable selection) to extract the best model to explain human-

langur interaction (Burnham and Anderson 2002). The principle of this approach relies on 

ranking of the model from the candidate set of models based on smallest AIC value (Burnham 

and Anderson 2002). Using the “aictab function from the package AICcmodavg, we extracted 

the AIC value for each statistical model separately and then performed model comparisons 

(Mazerolle, 2016). This function also measures the model’s Akaike’s weight, or relative 

likelihood, and accumulative weight of each model that indicates the extent to which one model 

is more likely than another in explaining the variance in the data. The model characteristics are 

presented in Table 3.1. For both models, we first compared the full model with interactions 

between the socioeconomic factors with that without any interaction. We retained the model 

with the interactions if it outperformed the model without them and then tested it against the 

null model, which contained only the intercept term. Alternatively, we carried out the same 

procedure for a model without interactions using the likelihood ratio test (LRT) and the package 

lmtest (Zeileis and Hothorn, 2002).  

 

Sleeping- and feeding patch usage by langurs were assessed using the Poisson parameter. We 

first generated the frequency distributions of sleeping site re-use (Sokal and Rohlf, 1995; Day 

and Elwood, 1999) and then tested the differences in expected and observed distributions for 

the observed frequency range using the Kolmogorov-Smirnov test. P olynomial regression 

models were used to examine possible relationships between oak tree density and the re-use of 

sleeping sites and feeding patches. The models were fitted using the ‘lm ()’ command in R 

(James et al., 2013), in order to predict the re-use of sleeping and feeding sites. We used the re-

use of sleeping and feeding sites as response variables and oak density as the predictor variable 
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in both the models. We fitted models up to 5th power of oak density to assess the relationship 

between usage of sleeping sites and feeding patches, and oak density while maintaining the 

lower order terms in the equation in each advanced model. We compared the efficiency of these 

models in explaining the relationship, using Multiple R-Squared value and Residual Standard 

Error, for the four models. We consecutively compared the four models using the information 

theory approach based on Akaike’s information criterion (IT-AIC) to determine the model with 

highest explanatory power. The model characteristics are presented in Table 3.4. The fitted 

quadratic and cubic model coefficients were further used in building the model equations. 

These equations, now derived from the quadratic and cubic models, were used to simulate the 

re-use of sleeping sites and feeding patches, in Microsoft Excel. We increased the oak density 

in step size of 1 to graphically predict the shoot-up point in the re-use of sleeping sites and 

feeding patches with increasing oak density, and examined whether the re-use values reach an 

asymptote.  

 

3.4. Results  

 

3.4.1. Demographic, educational and economic characterization of the study villages 

 

The demographic, education and economic details of each of the study villages are shown in 

Table 3.2. At the time of the study, the total population of Mandal valley was 1,055 people. 

The mean (± SE) household size was 5.1 (± 0.14) individuals (N = 215 households). Siroli 

village, with 75 households, was the most populous amongst the villages surveyed. More than 

90% of the population in the Mandal valley was educated (up to higher secondary level). The 

mean monthly income per household across the study villages was INR 14,986 (± 1402 ~ USD 

237 ± 23; N = 215), with that of Mandal village being marginally higher than those of the other 

four villages. Villagers from Mandal and Khalla had more land and a higher annual crop yield, 

as compared to the other villages. The main crops produced in Mandal valley, like elsewhere 

in the region, were finger millet Paspalum scrobiculatum (Koda in Garhwali), barnyard millet 

Echinochloa frumentacea (Jhangora in Garhwali), wheat and rice. All of these crops are used 

only for domestic consumption, as the Himalayan region is unsuitable for large-scale crop 

production because of the limitations of available space. The annual crop yields varied across 

the five villages. Siroli village, with its high population, also had more livestock. All 

households maintained bullocks for plowing the fields and cows for milk. To supplement their 

income, many households in the valley sold cow and buffalo milk as well. Goats and sheep 
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were kept for consumption of their meat.  

 

3.4.2. Crop-foraging by langurs in the Mandal valley 

 

Our analysis of langur crop-foraging (‘Present’ or ‘Absent’) indicated that the GLMM model 

with interactions between land characteristics and agricultural production across the landscape 

did not outperform the corresponding model without any interaction, but did outperform its 

corresponding null model (LRT; ΔLogLik = 34.99, Δdf = 4, p = 2.3e-14). Our results (Table 

3.1) thus indicate that the integrated model with the lowest AICc value of 188 was the best, 

given the set of eight candidate models, which comprised the variables of landholdings, 

agricultural production, total number of livestock and income. The economic status of the 

respondents had no effect on the crop-foraging issues raised by them (GLMM; z = 1.577, p = 

0.1150; Table 3.3). Villagers with relatively less cultivated land tended to report more crop-

foraging by langurs (GLMM; z = -3.676, p = 0.0003). Agricultural crop production had a 

significant effect on crop-foraging, with respondents having lower agricultural production 

reporting relatively higher levels of crop-foraging by langurs (GLMM; z = -2.105, p = 0.0034). 

Finally, the total number of livestock had a highly significant effect on the villagers’ response 

towards crop-foraging by langurs; those with large livestock holdings reported more crop-

foraging (GLMM; z = 4.842, p = 1.29e-06; Figure 3.2).  
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Figure 3.2. Villagers’ response to crop damage by langurs in relation to socioeconomic factors 
(n = 215). Residuals were extracted from generalized linear mixed-effect models (GLMM) 
with log-number of (a) landholdings (ha), (b) agricultural production (kg), (c) livestock (total 
number), and (d) income per villager (INR) as the predictor variables. The box bounds the IQR 
(equal distance between first and third quartiles) divided by the median while the whiskers 
extend to a maximum of 1.5 × IQR beyond the box.  
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3.4.3. Reduction of forest resources in the Mandal valley  

 

An analysis of perceived reduction of forest resources in the valley revealed that the model 

with interactions between land characteristics and agricultural production did not outperform 

the corresponding model without these interactions, but it did perform better than its respective 

null model (LRT; ΔLogLik = 7.35, Δdf = 4, p = 0.006). The model that combined the variables 

of landholdings, crop production and total number of livestock had the lowest AICc value of 

265 and was the best, given the set of eight candidate models (Table 3.1). The income level of 

the villagers had no impact on their opinions about forest resource loss in the forests 

surrounding the villages (Figure 3.3). Farmers’ perception of forest resource loss was neither 

related to total agricultural landholdings (GLMM; z = -1.432, p = 0.1494) nor to agricultural 

production (GLMM; z = -1.517, p = 0.1293). The total number of livestock holdings, however, 

had a significant effect on farmers’ perception of forest resource loss, with respondents having 

more livestock reporting a greater degree of resource loss in the village forests (GLMM; z = 

2.529, p = 0.0114). Such loss particularly resulted in a perceived decrease of fodder availability, 

a possible indication of high competition for forest resources among villagers with relatively 

more livestock (Figure 3.3).  
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Figure 3.3. Villagers’ response to resource loss in neighboring forests in relation to 
socioeconomic factors (n = 215). Residuals were extracted from generalized linear mixed-
effect models (GLMM) with log-number of (a) landholdings (ha), (b) agricultural production 
(kg), (c) livestock (total number), and (d) income per villager (INR) as the predictor variables. 
The box bounds the IQR (equal distance between first and third quartiles) divided by the 
median while the whiskers extend to a maximum of 1.5 × IQR beyond the box. 
 

3.4.4. Use of oak as sleeping tree 

 

The study langur troop used a total of 306 unique trees to sleep in, on 96 nights. These trees 

belonged to 17 different species (Figure 3.4). The troop apparently exhausted their utilization 

of unique sleeping trees, as an asymptote was reached for the cumulative number of unique 

sleeping trees over the observation period. The highest represented species in the pool of 

unique sleeping trees was oak Quercus leucotrichophora, with 181 trees (59.15%). The langur 

troop re-used oak trees periodically (136 times), more than they did all other species combined 

(88 times) (Chi-square test, χ2 = 10.286, df = 1, p = 0.0014; Figure 3.4).  
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Figure 3.4. Percentage re-use of the 17 recorded tree species, chosen as sleeping trees by the 
study langur troop. A total of 224 trees were re-used during the study period out of the 306 
unique sleeping trees. 
Note. Aa – Ailanthus altissima, Dh – Daphniphyllum himalayense, Pv – Prunus venosa, UNK 
– Undefined species, Ct – Cupressus torulosa, Cv – Carpinus viminea, Qg – Quercus glauca, 
Ra – Rhododendron arboreum, Me – Myrica esculenta, Tc – Toona ciliata, Xl – Xylosoma 
longifolia, SP3 – Kakaru (vernacular name. scientific name unavailable), Ba – Betula alnoides, 
Pc – Prunus cerasoides, Pr – Pinus roxburghii, An – Alnus nepalensis, Ql – Quercus 
leucotrichophora 
 
 
3.4.5. Sleeping and feeding site selection  

 

The langurs used 14 sleeping sites, out of which we present vegetation data for 10 sites across 

112 observation nights. An asymptote in the cumulative number of sleeping sites was reached 

after 60 days of observation. Five sleeping sites, constituting approximately 50% of all sites, 

were used only once or twice, one was used thrice while the remaining sites were used most of 

the time. The expected number of nights that a troop stayed at each sleeping site was eight 

(Figure 3.5a). A significant difference between the expected and the observed frequency of 

usage of sleeping sites was found (Kolmogorov-Smirnov test, χ2 = 0.72727, p = 5.256e-08; 

Figure 3.5a). The langurs used some feeding sites more than they did others. On some 

occasions, the feeding patches were located near more than one sleeping site. We observed 125 

instances of usage of a patch as a feeding patch, spread across 14 sleeping sites. On average, 

8.92 feeding patches were located adjoining to a sleeping site (Figure 3.5b). The distribution 

of feeding patches across sleeping sites was significantly different from a random distribution, 

indicating that there was a preference for feeding in certain areas, as compared to others 
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(Kolmogorov-Smirnov test, χ2 = 0.65385, p = 2.98e-05; Figure 3.5b). 

 
Figure 3.5. Frequency of use of particular sleeping sites and of feeding patches by the study 
langur troop. The observed and expected values were derived from a Poisson distribution. 
 
 
3.4.6 Relationship between oak density and habitat use 

 

Sleeping site re-use  

 

The coefficients of both, the quadratic term (t = 2.479, p = 0.0423) and the cubic term (t = 

2.627, p = 0.0392) in the polynomial regression models were significant predictors of the usage 

of sleeping sites. The cubic model differed significantly from the quadratic model (ANOVA; F 

= 6.612, p = 0.0422) while the higher order models beyond the cubic did not differ significantly 

from the previous ones (ANOVA; F = 3.096, p = 0.1388). The quadratic model had the lowest 

AICc value and Akaike weight of 0.66 while the cubic model only differed slightly from the 

quadratic model in terms of its AICc value (ΔAICc = 1.34, Table 3.4). The quadratic model 
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explained the usage of sleeping sites better than did the other three models. This relationship 

showed that the highly dense oak patches were regularly used as a sleeping sites by the langurs. 

Certain high oak-density sites such as FC (233 trees ha-1), KOP (208 trees ha-1), SROP (207 

trees ha-1), in particular, were re-used by the langurs 32 (36.78%), 19 (21.84%) and 14 

(16.09%) times respectively during the study. Sites such as MASL, SFI and SFII, where oak 

was not present, in contrast, were used by the langurs only on one or two occasions (Figure 

3.6a). The graphical results from the quadratic regression equation show that up to a certain 

value of oak density, the usage of oak patches decreased, albeit going into negative values, and 

then gradually began to increases after a density of 95 trees ha-1 (Figure 3.6b).  

 
Figure 3.6. Relationship between oak density (trees/ha) and re-use of those locations as 
sleeping sites, including (a) the observed relationship from 10 sleeping sites, and (b) simulated 
data derived from the quadratic regression equation.  
 
Feeding site re-use  

 

The quadratic model coefficient was alone a significant predictor of the re-use of feeding 

patches by the study langurs (t = 1.924, p = 0 .0957) while no other model yielded significant 

values. The quadratic model had the lowest AICc value with an Akaike weight of 0.98 (Table 

3.4). The quadratic model explained the usage of feeding sites better than did the other three 

models. Oak density did not, therefore, influence the choice of feeding patches as strongly as 

it governed the choice of sleeping sites (Figure 3.7a). The most frequently visited feeding 

patches were the top high-density oak patches namely FC, KOP and SROP, which were used 

by the langurs 41 (26.11%), 47 (29.94%) and 24 (15.29%) times respectively. Vegetation 

patches with no oak in them, as may be expected, were the least visited sites (Figure 3.6). The 
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graphical results from the quadratic regression equation shows that the usage of oak patches as 

feeding patches gradually increased after a density of 192 trees ha-1 (Figure 3.7b). 

 

 

 
 Figure 3.7. Relationship between oak density (trees/ha) and re-use of those locations as 
feeding sites, including (a) observed relationship from 10 sleeping sites, and (b) simulated data 
derived from the quadratic regression equation.  
 
 

3.5. Discussion  

 

3.5.1. Over-exploitation of Banj oak as a potential driver of crop-foraging by langurs  

 

Our results show that villagers, who owned relatively more agricultural land and had good 

production throughout the whole year, had low interactions with langurs due to their low 

dependency on natural resources for their livestock. Farmers with relatively less agricultural 

land and low productivity depended significantly on livestock for extra income and thus relied 

more on the neighboring forest for grazing their cattle and collecting fodder for them. This high 

pressure on the surrounding forests is likely to have been a driver for langurs to forage more 

on agricultural crops in these areas at times of the year when natural food availability in the 

forest was low. Moreover, respondents who owned a relatively greater number of livestock, as 

compared to other households, perceived a reduction in the available resources in the nearby 

forests due to their intensified use of them for livestock fodder. Insufficient crop yields and 

small cash incomes have typically led households of Mandal valley to depend heavily on forest 
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resources (Sharma et al., 2009). Based on previous studies by Sharma at al. (2009) and by 

Singh and Rawat (2012), which investigated three villages in the Mandal valley, Khalla, Siroli 

and Mandal, the daily fodder consumption per household was observed to be significantly 

correlated with the number of livestock per household. Hence, we suggest that this increased 

livestock-driven pressure on the forest compels wild herbivores to compete with livestock for 

food. This may also help explain the reportedly higher crop damage to households that had 

more cattle and had their perceptions of significant loss of resources in the village managed 

forests. Agricultural land, annual crop production and livestock populations thus emerged to 

be the strongest predictors of crop damage by langurs in the Mandal valley. 

 

Livestock formed an important part of subsistence activities for the human communities in the 

valley and there appeared to be high competition for forest resources among villagers with 

more livestock. In particular, the dependence of these communities on the oak forests for 

fodder, cattle grazing and for fuel wood generated considerable stress on the forests 

surrounding these villages and appeared to be a major cause of degradation of Banj oak (Singh 

et al., 2016). A vegetation study conducted by Gairola et al. (2010) in the Mandal valley had 

found Banj oak Quercus leucotrichophora to be the dominant tree species at altitudes between 

1500 to 1800 masl while this species, in general, contributed significantly to the climax plant 

communities of the Western Himalayas (Singh and Singh, 1992; Awasthi et al., 2003). 

Persistent cutting down of a forest’s dominant species ultimately causes canopy gaps and 

reduced leaf fall, which, in turn, negatively affects the return of nitrogen to the soil. This 

changes ecosystem dynamics and consequently leads to poor regeneration across the forest 

(Yadav and Gupta, 2006).  

 

In the Mandal valley, Banj oak branches are typically removed during winter for livestock 

fodder and for fuel (Singh and Rawat, 2012). An earlier study of the CHL in the Mandal valley 

also found that oak was one of the most important food in the winter diet of the species 

(Nautiyal, 2015). This investigation also showed Banj oak trees, especially at high-density 

sites, to be chosen more over other tree species as food and also as sleeping trees. The high 

dependency of the villagers on this oak was, therefore, likely to be the primary factor leading 

to the reduction of dense oak patches within langur home ranges, thus driving them to raid 

agricultural fields for food, causing high levels of crop damage. Moreover, the langurs were 

unable to utilize all parts of their home range equally because of the loss of high-density oak 

patches. This, in turn, seemed to make them frequently re-use some sites more than others, 
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leading to overcrowding at the sleeping sites and a further reduction of their food resources 

near these sites.  

 

3.5.2. Can Quercus replanting promote peaceful coexistence between human and langurs?  

 

At the current rate of global agricultural land expansion, agro-economic models predict a 

significant reduction of wildlife habitats by 2050, with farmlands occupying an additional 200–

300 million hectares across the world (Schmitz et al., 2014). Habitat loss due to anthropogenic 

activities is a key factor driving the decline in the number and habitats of many wildlife species 

in their native habitats. It now seems evident that the affected species can perhaps only be 

conserved by devising strategies for peaceful coexistence of humans and wildlife (Woodroffe 

et al., 2005), mainly by stemming habitat loss and minimizing negative human-animal 

interactions. One of the important steps in this direction would be to improve traditional 

techniques as well as develop new control methods to prevent crop-foraging by primates 

(Strum, 1994). Understanding the foraging and ranging ecology of the target nonhuman species 

is an obvious first step for the development of such mitigation strategies (Hill, 2005). Our study 

thus proposes a model incorporating the behavioral ecology of the target species and certain 

socioeconomic variables to address the suitable mitigation of crop-foraging by the study langur 

population. We recommend a long-term solution: the active conservation of Quercus forests 

and regeneration of high-density patches of the species, which serve not only as a critical food 

source for langurs during the harsh Himalayan winter (Nautiyal, 2015) but is also necessary to 

provide them with shelter and protection from potential predators. This model, we believe, may 

be applicable to a wide variety of wildlife species residing in forest-agricultural ecotones, not 

just in the Himalayan ranges but in other landscapes as well. Animal crop-foraging, especially 

by primates, is often directly correlated to key food resource availability in forest habitats 

(Strum, 1994; Treves et al., 1998; Siex et al., 1999; Tweheyo et al., 2007; Hockings et al., 2009) 

and hence, a detailed understanding of the key food plant species in decline and the role of 

these species in the diet of the target wildlife species should be a priority in formulating conflict 

mitigation strategies.  

 

Quercus species have been widely reported as important food sources for Himalayan langurs 

residing in marginal habitats across their distribution range. One of the pioneering studies 

conducted in the Indian Himalaya by Sugiyama (1976), for example, showed that Q. incana 

fruits were the most important food resource for langurs in all six months of the study. 
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Furthermore, for langurs inhabiting alpine meadows, where food resources are scarce 

throughout the year and negligible in winter, their main food, before the onset of harsh winter, 

was Q. semecarpifolia (Nautiyal and Huffman, 2018). Minhas et al. (2010) suggested that Q. 

incana was one of the essential species used both as sleeping trees and as an important food 

resource in both summer and winter by langurs in the Hindu Kush Himalayan range. Similarly, 

Bishop (1975) noted that in the Nepal Himalaya, Q. semicarpifolia was often used as sleeping 

trees and as an important food source for the local langur populations.  

 

3.5.3. Future goals for coexisting with langurs  

 

Based on the results of this study, we have already identified and begun to implement three 

short- and long-term activities to help mitigate human-langur conflict in the Mandal valley; 

these activities are also likely to be applicable to other similarly affected areas in other Quercus-

dominated regions. (1) Replanting efforts: As the degradation of the local forests, oak trees in 

particular, through human activities seems to have resulted in a decrease of available food and 

shelter resources for langurs, in turn leading to the observed recent increase in crop-foraging 

at our study sites, we have initiated the restoration of the degraded oak forest through planting 

of Quercus in the forests surrounding the study villages and intensifying the planting of 

alternative fodder trees other than oak. We hope that this would help reduce langur visitation 

rates at the villages and their raiding of the adjacent crop fields. (2) Environmental education 

outreach: Environmental-awareness outreach towards young children is a rather important 

strategy for forest protection. as they are the future decision-makers and can potentially 

influence the behavior of their parents now by discussing with them what they have learnt at 

school. We have begun outreach programs in government primary schools in each village by 

engaging them in different competitive activities to enhance their interest toward nature. Taking 

children into the forest also offers them first-hand experience with wildlife that they might not 

have otherwise been exposed to, free of the cultural interpretations of the value of wildlife from 

the perspective of adults, who often see wildlife as a threat, not as a source of knowledge. (3) 

Empowerment of women in the community: Nearly 95% of all agricultural work, the collection 

of fodder and of firewood is done by women. In spite of their central role as caregivers and 

providers, they receive very little return for their efforts other than producing the resources that 

the family needs to subsist on. Providing basic education and the means of obtaining alternative 

incomes empowers women, providing them with alternative choices and means to sustainably 

utilize forest resources, and this, in turn, indirectly promotes the conservation of wildlife and 
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natural resources.  

 

Our study thus establishes that crop damage by wildlife is often brought about in part by the 

human activities that the local communities indulge in to maintain their precarious livelihoods 

and to enhance their economic base. They obviously cannot be blamed for this but it is, 

nevertheless, important to increase conservation efforts to protect the local environment and 

the wildlife that it supports, while also improving the daily lives of the farmers. These two 

endeavors need to be strongly interconnected, as is clearly evident from our explorations on 

this high-altitude farming community, as indeed may be the situation for many others across 

the greater Himalayan region of the Indian subcontinent. 

 

Conclusions 

Our study is possibly the first ever on crop-foraging by a Himalayan langur species, with 

important implications for other Himalayan zones. Our questionnaire surveys clearly revealed 

the ecological importance of Banj oak in habitats where socioeconomic conditions and low 

agricultural production appeared to be the main reasons for over-exploitation of forest 

resources for use as animal fodder. This was clearly perceived by the respondents to have led 

to an increase of conflict in the form of crop-foraging by langurs. Our findings also show Banj 

oak tree, especially at high-density sites, to be chosen more over other trees as food and also 

sleeping site. The high dependency of the villagers on this oak is, therefore, likely to be the 

primary factor leading to the reduction of dense oak patches within langur home ranges, driving 

them to raid agricultural fields for food and causing high levels of crop damage. Based on our 

results, we propose here a resource management strategy for mitigating human-langur conflict 

and promoting their coexistence, which could be applied to habitats dominated by Quercus 

spp. and where langurs and humans are both highly dependent upon this resource for survival.�

This model, we believe, may be applicable to a wide variety of wildlife species residing in 

forest-agricultural ecotones, not just in the Himalayan ranges but in other landscapes as well.  
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Table 3.1. Model characteristics 

Models K AICc ΔAICc Weight Cum.weight 
Log-

likelihood 

crop-foraging by 

langurs 
      

      
Integrated 7 188.56 0.00 0.55 0.55 -87.01 

Land-Pro-Live 6 188.96 0.40 0.45 1.00 -88.28 

Inc-Pro-Live 6 202.94 14.38 0.00 1.00 -95.27 

Pro-Live 5 203.01 14.45 0.00 1.00 -96.36 

Live 4 213.27 24.71 0.00 1.00 -102.54 

Income-Land-Pro 6 216.43 27.87 0.00 1.00 -102.01 

Land-Pro 5 218.57 30.01 0.00 1.00 -104.14 

 Income-Pro 5 238.68 50.13 0.00 1.00 -114.20 

Resource loss in 

village forests 

      

      

Land-Pro-Live 6 265.53 0.00 0.29 0.29 -126.56 

Pro-Live 5 265.54 0.02 0.29 0.59 -127.63 

Live 4 266.85 1.32 0.15 0.74 -129.33 

Income-Pro-Live 6 267.58 2.05 0.11 0.84 -127.59 

Integrated 7 267.62 2.10 0.10 0.95 -126.54 

Land-Pro 5 270.05 4.52 0.03 0.98 -129.88 

Pro 4 272.01 6.49 0.01 0.99 -131.91 

Income-Land-Pro 6 272.15 6.62 0.01 1.00 -129.87 

Note. ΔAICc: difference in the AICc between the model with the lowest AICc and the following one; AICc: 
Aikaike's information criterion corrected for small sample size; Cum. weight: Cumulative weight; K: Number of 
variables included; Land: Landholdings (ha); Live: Total number of livestock; Pro: Crop Production (Kg); Weight: 
Model probabilities. 
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Table 3.2. Variation in the household demographic and socioeconomic variables among five 
villages in the study area (N = 215 households). 
 

Village 
Total number 

of households 

Total 

population 

Percentage 

educated 

population 

Total 

livestock 

population 

Average/household  

Annual 

production 

(kg) 

Total 

agriculture 

land holdings 

(ha) 

Total annual 

income (INR) 

Gondy 33 155 92 98 319 5.0 179939 

Khalla 53 261 91 152 539 10.8 177500 

Kunkuli 23 117 87 105 244 6.1 181043 

Mandal 33 171 93 92 448 8.3 210879 

Siroli 73 351 90 375 249 3.5 186895 
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Table 3.3. GLMM analysis of crop-foraging by langurs and resource loss in the village forests 
in the study area. 
 
 

 
 
 
 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Best model (Likelihood of crop-foraging by langurs) 

 

  
AIC df 

  
188 210 

Fixed factors  Estimate SE z value p value 

Income 0.637 0.405 1.577 0.1150 

Landholdings (ha) -2. 248 0.612 -3.676 0.0003 

Crop production (Kg) -2.105 0.718 -2.105 0.0034 

Total number of livestock  4.125 0.853 4.842 1.29e-06 

Best model (likelihood of resource loss in village forests) 

 
  

AIC df 

  
265 210 

Fixed factors  Estimate SE z value p value 

Landholdings (ha) -0.620 0.433 -1.442 0.1494 

Crop production (Kg) -0.867 0.572 -1.517 0.1293 

Total number of livestock  1.451 0.574 2.529 0.0114 
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Table 3.4. Model characteristics 

Note. ΔAICc: difference in the AICc between the model with the lowest AICc and the following one; AICc: 
Aikaike's information criterion corrected for small sample size; Cum. weight: Cumulative weight; K: Number of 
variables included; Weight: Model probabilities. 
 

 

  

Models K AICc ΔAICc Weight Cum. weight 
Log-

likelihood 

Sleeping site re-use 

by langurs 

      
      

      
Quadratic  4 74.30 0.00 0.66 0.66 -29.15 

Cubic 5 75.65 1.34 0.34 1.00 -25.32 

Degree-4 polynomial 6 85.80 11.50 0.00 1.00 -22.90 

Degree-5 polynomial 7 113.24 38.93 0.00 1.00 -21.62 

       

Feeding site re-use 

by langurs 

      

      

Quadratic  4 75.79 0.00 0.98 0.98 -29.90 

Cubic 5 83.81 8.02 0.02 1.00 -29.41 

Degree-4 polynomial 6 98.12 22.33 0.00 1.00 -29.06 

Degree-5 polynomial 7 127.68 51.68 0.00 1.00 -29.74 
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Photo Plate 1. Crop-foraging by Group S in the Mandal valley, including feeding on (a) 
mustard plants, and (b) on wheat. (c) Village and agricultural land in the Mandal valley 
landscape, and (d) oak forests on the hillsides.  
 

  














































































































