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EXECUTIVE SUMMARY 

Mate choice is a fundamental component of sexual selection, and the behavioural 

mechanisms through which female sample males have been the focus of extensive theoretical 

research. Numerous mate sampling models have been proposed, including random mating, 

fixed-threshold, best-of-n, and Bayesian comparative tactics. However, the empirical 

evaluation of these frameworks remains limited in mammalian systems. Lekking species 

provide a unique opportunity to study female mate sampling behaviour because males 

aggregate spatially while females retain the freedom to sample and choose among multiple 

potential males. The blackbuck (Antilope cervicapra), one of the few mammals exhibiting a 

lek mating system, offers an ideal model for examining these processes. 

This study was conducted at Tal Chhapar Wildlife Sanctuary, Rajasthan, India, between 

February 2026 and April 2026, during one of the peak mating seasons reported in India. 

Unmanned Aerial Vehicles (UAV) were used to track focal female movement and interactions 

within a mapped lek during a mate sampling bout. Female mate sampling bouts were defined 

as the period between a female’s entry into and exit from the lek. Individual sampling 

trajectories on the lek were reconstructed to evaluate movement predictions under the 

theoretical mate sampling models and patterns of lek use. 

Number female blackbucks on leks showed a seasonal increase, with peak activity 

occurring during late March and early April, tracking the patterns observed in number of males 

on lek. Both sexes exhibited significantly lower attendance during midday sessions compared 

to the morning and the evening sessions. Spatial analysis revealed that the centre of the lek 

received disproportionately higher female visits, and greater occurrence of mountings than the 

peripheral territories.  
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Most female mate sampling bouts involved visits to fewer than six territories despite 

substantially large number of available males, suggesting that females only sample a subset of 

potential males. The distribution of sampling strategies classified on the basis of movement 

patterns, did not differ significantly from a uniform distribution, indicating co-existence of 

multiple strategies within a population, such as whether to visit single or multiple males, or 

whether to revisit a previously sampled male within a sampling bout, etc. Patterns consistent 

with first encounter, sequential, and best-of-n mate sampling were observed.  

Overall, this study provides one of the first detailed empirical examinations of mate 

sampling behaviour in a mammalian lekking species. By combining fine-scale movement 

observations of female blackbucks on leks with predictions of theoretical models, it offers an 

opportunity to evaluate how females sample mates under natural conditions. Specifically, the 

study quantified the movement parameters of female mate sampling behaviour, including the 

number of territories visited, the sequence and order of visits, time spent within territories and 

across the lek, and the occurrence of mounting attempts with a new methodological novelty. In 

doing so, it contributes to bridging the gap between theoretical models of mate choice and 

empirical evidence from free-ranging populations. 
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1 INTRODUCTION 

Mating systems can have a significant effect on evolutionary and ecological processes 

(Klug, 2011). Thus, the study of mating systems is a core pillar of evolutionary research due to 

these effects (Clo et. al., 2025). Studies on animal mating systems have mainly focussed on 

describing and documenting variation in mating systems across and within animal groups, 

quantifying and describing such variation, understanding the factors that lead to and maintain 

these variations, and understanding the effect of mating systems on ecological and evolutionary 

dynamics (Klug 2011). Animal mating systems are incredibly diverse (Klug, 2011) and 

understanding the diversity of mating systems across taxa allows us to examine how ecological 

and social factors shape reproductive strategies and sexual selection pressures in different 

environments.  

Mammals exhibit a wide array of mating systems (Clutton-Brock, 1989). Within mammals, 

ungulates exhibit diverse mating systems ranging from monogamous pairs to highly 

polygynous leks (Bowyer et. al., 2020). Leks have gained much attention where males compete 

for mating opportunities at display sites that offer no resources or parental care (Höglund & 

Alatalo, 1995). Leks have been reported for about 15 species of mammals and 35 species of 

birds out of which nine are ungulate species (Oring, 1982; Clutton-Brock et. al., 1993; Höglund 

& Alatalo, 1995; Isvaran, 2005a; Buzzard et. al., 2008). This breeding system is therefore not 

common (Davies et. al., 2012). Most studies on ungulate reproduction, especially leks, have 

focused on the covariates of male reproductive success, while there is much less information 

on female tactics of mate choice (Imperio et. al., 2020). 

Although a substantial theoretical framework exists on female mate choice and mate 

sampling strategies (Janetos, 1980; Real, 1990; Luttbeg, 1996), empirical tests of these models 

remain comparatively limited and are heavily biased towards lower taxa (reviewed by Clutton-
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Brock & McAuliffe, 2009). Studies evaluating mate sampling behaviour in mammals are 

particularly rare (reviewed by Clutton-Brock & McAuliffe, 2009). Consequently, lekking 

systems provide a valuable opportunity to examine the behavioural mechanisms underlying 

female mate choice in natural environment and to assess the applicability of theoretical 

predictions across taxa. Thus, the current study aims to bridge the gap between theoretical 

predictions and their validation. 

1.1 LITERATURE REVIEW 

1.1.1 Evolution of Ungulate Lekking 

Several hypotheses have been proposed to explain ungulate lek evolution. These 

hypotheses are not necessarily mutually exclusive, and evidence from different species suggest 

that mechanisms promoting lek formation may vary among populations and taxa (Clutton-

Brock et. al., 1993; Isvaran, 2020). 

The “hotspot hypothesis” proposes that when females have large home ranges, males 

are expected to maximize their mating opportunities by establishing territories at locations 

where the probability of encountering females is highest, such as the intersection of multiple 

female home ranges (Balmford et. al., 1993; Isvaran, 2020). Consequently, leks emerge because 

several males independently select the same locations, or “hotspots,” where female encounter 

rates are maximized, implying that lek formation arises as a consequence of male settlement 

patterns rather than active aggregation (Balmford et. al., 1993; Isvaran, 2020). However, the 

concept of a hotspot remains somewhat ambiguous. While most studies define hotspots as areas 

with high female encounter rates (Balmford et. al., 1993), alternative definitions have been 

proposed (Westcott, 1997). For example, Apollonio et. al. (1998) found that lek territories were 

established along female movement routes, where males experienced elevated encounter rates 

with females. Nevertheless, subsequent work suggested that although hotspot dynamics may 
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explain lek formation, they may not adequately explain lek persistence once established, 

contradicting the predictions of hotspot hypothesis (Apollonio et. al., 2014). Similarly, Gosling 

& Petrie (1990) reported findings consistent with the hotspot hypothesis, whereas Balmford et. 

al. (1993) highlighted several limitations of this hypothesis in fully explaining the evolution of 

lekking. 

The “hotshot hypothesis” suggests that females are preferentially attracted to small 

number of exceptionally attractive or high-quality males, referred to as “hotshots” (Isvaran, 

2020). Lower-quality males can increase their chances of encountering females by establishing 

territories close to highly preferred individuals (Isvaran, 2020). Consequently, leks emerge 

through the aggregation of poor-quality males around hotshots (Isvaran, 2020). 

The “female preference hypothesis” proposes that males cluster their territories because 

females prefer to visit and mate within aggregations of males rather than with solitary males 

(Bro-Jørgensen, 2003b; Isvaran & Ponkshe, 2013; Isvaran, 2020). Several mechanisms have 

been suggested to explain these preferences. These include reduced harassment from males 

(Clutton-Brock et. al., 1993), and lower predation risk associated with visiting clustered males 

(Clutton-Brock et. al., 1993; Isvaran, 2020). In principle, each of these mechanisms could 

constitute an independent hypothesis explaining female preference for male aggregations. 

However empirical support for this hypothesis is mixed. Appolonio et. al. (2014) found 

evidence supporting both female preference and predation risk explanations, whereas Bro-

Jørgensen (2002) rejected both the predation risk and harassment hypotheses. Gosling & Petrie 

(1990) also found little support for predation risk as direct driver of lek formation, although 

they suggested that females may benefit from reduced predation risk when congregating at 

hotspots. 
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Closely related to the female preference hypothesis is the “predation risk hypothesis”, 

which proposes that males cluster their territories because aggregation reduces the risk of 

predation for one or both sexes (Balmford & Turyaho, 1992; Clutton-Brock et. al., 1993; 

Isvaran, 2020).  

The “black-hole hypothesis” proposes that clusters of male territories are more effective 

in retaining females than solitary territories (Clutton-Brock et. al., 1992; Clutton-Brock et. al., 

1993; Stillman et. al., 1993; Stillman et. al., 1996). According to this hypothesis, females 

entering a lek are less likely to leave before mating because the concentration of males 

encourages continued assessment within aggregations. Consequently, male clusters effectively 

function as “black holes” that capture and retain receptive females. Supporting this prediction, 

Clutton-Brock et. al. (1992) demonstrated that lek territories retained oestrous females more 

effectively than isolated territories.  

1.1.2 General patterns in Ungulate Lekking Systems  

Studies of lekking ungulates have revealed several recurring patterns that appear to 

characterize lek mating systems despite considerable variation among species. 

One of the most consistent findings is the highly skewed distribution of mating success 

among males (Apollonio et. al., 1989a; Clutton-Brock et. al., 1988; Balmford et. al., 1992; 

Isvaran & Jhala, 2000; Bro-Jørgensen, 2003b). Only a small proportion of males obtain 

majority of matings, while most males achieve little or no copulatory success. This pattern has 

also been documented also in blackbuck, where matings are non-randomly distributed among 

males and concentrated in only a few territories (Isvaran & Jhala, 2000). A similar reproductive 

skew has been reported in Uganda kob, where only a few males account for most matings 

(Balmford et. al., 1992), and in fallow deer, where the majority of males failed to obtain any 
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matings (Apollonio et. al., 1989a; Clutton-Brock et. al., 1988). In topi, mating rates were also 

found to be distributed more in some territories (Bro-Jørgensen, 2003b). 

A second widespread pattern is the importance of spatial position within a lek. Central 

territories generally experience higher mating success than peripheral leks (Fryxell, 1987; 

Gosling & Petrie, 1990; Balmford et. al., 1992; Clutton-Brock et. al., 1988; Isvaran & Jhala, 

2000; Bro-Jørgensen, 2003b; Bro-Jørgensen & Durant, 2003). In blackbucks, mating activity 

is spatially aggregated, with central territories receiving a disproportionately high number of 

matings (Isvaran & Jhala, 2000). Similar patterns have been reported in Uganda kob (Balmford 

et. al., 1992), white-eared kob (Fryxell, 1987), fallow deer (Clutton-Brock et. al., 1988) and 

topi (Gosling & Petrie, 1990; Bro-Jørgensen, 2003), where both mating rates and female 

visitation were concentrated in central territories. Interestingly, the location of the lek centre 

itself may be dynamic, as shifts in the centre of the lek over time have been reported in Uganda 

kob (Buechner & Roth, 1974). 

The association between male phenotype and mating success is another recurring 

feature of lekking systems. In topi, larger males obtain more matings than smaller males 

(Gosling & Petrie, 1990), and males occupying central territories are larger than those holding 

peripheral territories ((Bro-Jørgensen, 2002; Bro-Jørgensen & Durant, 2003). Similarly, mating 

success in fallow deer is influenced by both territory position and male phenotype (Clutton-

Brock et. al., 1988). In Uganda kob, lekking has been proposed as a tactic adopted primarily 

by phenotypically superior males (Balmford et. al., 1992). 

Several studies have demonstrated the fitness advantages associated with lekking. Male 

kafue lechwe participating in leks achieved higher mating rates than non-lekking males (Nefdt 

& Thirgood, 1997). In fallow deer, lek-holding males are more successful than males 

employing resource defence tactics (Clutton-Brock et. al., 1988), and majority of copulations 
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occurred within leks (Thirgood, 1991). Similarly, the lifetime reproductive success of lekking 

male topi exceeds that of males adopting alternative mating strategies (Bro-Jørgensen & 

Durant, 2003). 

Despite the apparent advantages of lekking, males often exhibit considerable flexibility 

in mating tactics (Isvaran, 2005b). In topi, males adjust their reproductive strategies according 

to female movement patterns and social organizations (Gosling, 1981). While many males 

defend resource territories, some abandon territoriality to temporarily monopolize female 

groups, whereas others participate in lekking (Gosling et. al, 1987). Such behavioural 

flexibility suggests that lekking represents one of several alternative reproductive tactics 

available to males. 

Patterns of female behaviour provide additional insights into lekking studies. In 

blackbucks, females continue to visit certain territories even after changes in territory 

ownership, suggesting that territory characteristics may influence female visitation 

independently of the identity of the resident male (Isvaran & Jhala, 2000). Females in topi 

populations have been reported to experience increased harassment within leks (Bro-Jørgensen, 

2002), highlighting potential costs associated with lekking. 

At a broader scale, lek occurrence appears to be influenced by ecological conditions. 

Blackbuck provide a particularly interesting example because lekking has been documented in 

only two populations despite the species being widely distributed across India (Ranjitsinh, 

1989). This pattern may reflect the relatively large size of both leks examined, whereas smaller 

leks may have fewer males. In blackbucks, the degree of territorial clustering has been shown 

to be best predicted by female group size, which is influenced by habitat structure (Isvaran, 

2005a). At finer scales, additional selective pressures such as female preference and male 

competition may further shape lek size and territory clustering (Isvaran, 2005a). Recently, 
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territory size within blackbuck leks was shown to decrease with increasing number of territorial 

males, indicating density-dependent effects on spatial organization (Isvaran, 2021). 

Taken together, these studies suggest that lekking ungulates share several common 

characteristics, including extreme reproductive skew, increased mating success of central 

males, strong effects of male phenotype, and substantial fitness benefits of lek participation. 

1.1.3 Male Behaviour and Reproductive Investment in Ungulate Leks 

Studies of lekking ungulates consistently demonstrated that males incur substantial 

costs associated with territory defence and lek attendance. These costs include reduced foraging 

opportunities, increased energetic expenditure, elevated aggression rates, and a greater risk of 

injury. Nevertheless, such costs are often offset by the potential for disproportionately high 

reproductive success, particularly for males occupying central territories. 

One of the most widespread patterns across lekking ungulates is the high degree of 

investment made by males in lek attendance (Buechner & Roth, 1974; Nefdt & Thirgood, 1997; 

Isvaran & Jhala, 2000; Jayabharathy, 2021). In Kafue lechwe, males that establish territories 

rarely leave them, spending 90-100 % of their time within the lek (Nefdt & Thirgood, 1997). 

Similarly, Uganda kob males spend most of their time in the vicinity of the lek (Buechner & 

Roth, 1974). Comparable patterns have been observed in blackbucks, where lek attendance 

varies with the intensity of rutting activity, and both lekking and non-lekking males alter their 

activity budgets according to reproductive conditions (Isvaran & Jhala, 2000; Jayabharathy, 

2021). 

Lek participation is often associated with substantial energetic costs. In blackbucks, 

males occupying central territories forage less, spend more time on lek, and engage in fights 

more frequently than males holding peripheral territories (Isvaran & Jhala, 2000; Jayabharathy, 

2021). Similar costs have been reported in topi, where lek males experienced higher overall 
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costs than non-lekking males and devoted a greater proportion of their time to aggressive 

interactions (Gosling & Petrie, 1990; Bro-Jørgensen & Durant, 2003). These aggressive 

interactions can be severe, sometimes resulting in horn damage and other injuries (Gosling & 

Petrie, 1990). Fallow deer also show comparable behavioural trade-offs, with lek-holding 

males allocating little time to feeding during breeding season (Clutton-Brock et. al., 1988). 

Despite these costs, males occupying central or highly contested territories often 

achieve greater reproductive success (Fryxell, 1987; Gosling & Petrie, 1990; Balmford et. al., 

1992; Clutton-Brock et. al., 1988; Isvaran & Jhala, 2000; Bro-Jørgensen, 2003; Bro-Jørgensen 

& Durant, 2003). In blackbucks, the elevated costs incurred by central males are accompanied 

by substantially higher mating success, with the majority of matings occurring in central 

territories (Isvaran & Jhala, 2000; Jayabharathy, 2021).  

Studies have also revealed behavioural adaptations that may increase the male’s 

reproductive success. In fallow deer, successful males tend to arrive at leks earlier than the 

unsuccessful males, although early arrival alone does not guarantee mating success (Ciuti & 

Apollonio, 2016). In topi, males have been observed employing deceptive alarm snorts to delay 

departure of receptive females from their territories, thereby increasing mating opportunities 

(Bro-Jørgensen & Pangle, 2010). In topi, smaller peripheral males regularly shift their 

territories centripetally and, in this way, occasionally occupy central territories, thereby 

increasing their chances of female encounters within the lek (Bro-Jørgensen, 2011). Such 

behaviours illustrate the diversity of tactics that males may employ to maximize reproductive 

opportunities within highly competitive leks. 

1.1.4 Female Behaviour in Ungulate Leks 

Studies of lekking ungulates have revealed that females are active participants in the 

mating process and often exhibit complex behaviours associated with mate assessment. Across 
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species, females invest considerable time and effort in sampling males (Balmford et. al., 1992), 

utilize multiple sources of information during mate choice (Balmford et. al., 1992; Deutsch & 

Nefdt, 1992; Clutton-Brock & McComb, 1993; McComb & Clutton-Brock, 1994; Imperio et. 

al., 2020), and display substantial variation in mating tactics. These observations suggest that 

female behaviour plays a central role in shaping the structure and dynamics of lek mating 

systems. 

In Uganda kob, female movement patterns within leks were consistent with repeated 

sampling of males, and females showed preferences for particular territories across visits 

(Balmford et. al., 1992). Similarly fallow deer does frequently move through several territories 

before settling temporarily in one, spending an average of over three hours on the lek before 

mating, although considerable variation exists among individuals (Clutton-Brock et. al., 1988). 

In blackbucks, females were observed visiting leks individually or in pairs and moving freely 

among territories despite attempts by males to herd them (Isvaran & Jhala, 2000). 

Several studies have suggested that females use multiple sources of information when 

making mating decisions. Social information appears to be particularly important for some 

species. Female Uganda kob often joined larger groups of females already present within 

territories, indicating the use of conspecific cues during mate assessment (Balmford et. al., 

1992). Similar patterns have been documented in fallow deer, where females copy the 

movements of other females on the lek (Clutton-Brock & McComb, 1993; McComb & Clutton-

Brock, 1994; Imperio et. al., 2020). Females may also rely on direct cues from males and 

territories. Uganda kob females have been reported to use olfactory cues for mate choice 

(Deutsch & Nefdt, 1992). In blackbucks, females repeatedly investigate dung piles upon 

entering territories and frequently revisit them during their stay in a territory (Isvaran & Jhala, 

2000), suggesting a potential role of olfactory signals in territory and mate quality assessment. 
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Some females were even observed resting on dung piles after repeated inspections (Isvaran & 

Jhala, 2000), highlighting the importance of dung piles and olfactory cues. 

Evidence from several species further indicates that females are selective in their mate 

choice. Female Uganda kob preferentially mated with larger males (Balmford et. al., 1992), 

whereas female topi have been found to exhibit strong preferences for males occupying central 

territories (Bro-Jørgensen, 2002). Female topi often moved directly toward territories that 

regularly attracted large number of females (Gosling & Petrie, 1990). Female topi have been 

observed to compete aggressively for mating opportunities and exert dominance over other 

females, thereby disrupting their access to preferred males (Bro-Jørgensen, 2002). These 

observations demonstrate that sexual selection in lekking systems may involve competition 

among both females and males. 

A common pattern across species is that females appear to visit leks primarily for 

mating rather than access to food resources (Clutton-Brock et. al., 1988; Isvaran & Jhala, 2000). 

In blackbucks, female and mixed herds did not move regularly through the lek, and herds 

passing near leks generally travelled around rather than through them (Isvaran & Jhala, 2000). 

Similar reports have been found in Uganda kob and fallow deer, where females spent less time 

feeding while on leks than when outside them, suggesting that lek visitation in primarily 

associated with reproductive activities rather than other resource acquisition (Clutton-Brock et. 

al., 1988; Isvaran & Jhala, 2000).  

Detailed observations of fallow deer highlight the dynamic nature of female decision-

making through mating sequences. Females often move between territories during courtship 

and mounting attempts, occasionally leaving and later returning to the same male before 

copulation occurrs (Clutton-Brock et. al., 1988). Females were also more likely to terminate 

mating sequence when males became distracted by rivals or non-territorial males, suggesting 
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that mating decisions may depend not only on male phenotype but also on male behavioural 

performance during courtship (Clutton-Brock et. al., 1988). Furthermore, when a mating 

sequence commenced, neighbouring females frequently moved toward the mating male’s 

territory, resulting in a temporary increase in harem size (Clutton-Brock et. al., 1988). This 

behaviour may represent another form of social information use during mate assessment. 

Finally, growing evidence suggests substantial variation in females mating tactics and 

sampling efforts. Studies in fallow deer indicate that females differ considerably in amount of 

time, energy, and risk they invest in mate assessment and may alter their tactics depending on 

age, experience, and ecological circumstances (Imperio et. al., 2020).  

1.1.5 Mate sampling strategies  

Theoretical studies of mate choice have long focused on how females sample potential 

males and make decisions within the constraints of their ecological environment. One of the 

earliest and most influential frameworks was proposed by Janetos (1980). Janetos (1980) 

described several mate sampling strategies, including random mating, fixed-threshold, best-of-

n, and one-step decision processes, of which best-of-n was predicted to yield maximum benefits 

to the female. Subsequent studies, expanded these early models by incorporating search costs 

(Real, 1990) and compared the performance of sequential and best-of-n strategies. Later work 

examined how females acquire and update information, and how environmental dynamics and 

time constraints influence decision-making (Mazalov et. al., 1996). 

Subsequent research has involved the prediction of strategies under variable conditions. 

Wiegmann et. al. (1996) examined at the predictions of the best-of-n and sequential search 

models under an expected distribution of mate quality. Wiegmann and Angeloni (2007) and 

Wiegmann et, al. (2010b) further evaluated how uncertainty in female decision-making affects 

the behaviour of best-of-n and sequential search models. Wiegmann et. al (2010a) examined 
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the fitness returns under sequential and best-of-n models and found that when search costs were 

included, sequential-search models outperformed best-of-n models, aligning with the results of 

Real (1990). Additional work explored the relationship between phenotypic traits and decision-

making (Wiegmann & Mukhopadhyay, 1998). 

Beyond these traditional strategies, Luttbeg (1996) introduced the Comparative Bayes 

tactic, which relaxed the assumptions of random encounter and perfect information, common 

assumptions in earlier models. Subsequent analysis has shown that the models can outperform 

each other under different circumstances (Luttbeg, 2002). Rosenthal (2017) classified all the 

mate sampling models discussed above into four broad categories: sequential static, sequential 

dynamic, simultaneous static, and simultaneous dynamic. 

Despite the richness of theoretical work, empirical tests remain comparatively limited. 

Evidence consistent with best-of-n sampling has been reported in several taxa (Uy et, al., 2001; 

Locatello & Rasotto, 2007), while support for sequential search strategies has been documented 

in a range of species (Backwell & Passmore, 1996; Forsgren, 1997; Reid & Stamps, 1997; Ivy 

& Sakaluk, 2007; Lehmann, 2007; Beckers & Wagner, 2011). There is also evidence that 

multiple sampling strategies can coexist within the same population (Choudhary & Black, 

1993). However, some theoretical studies remain debatable. For example, the feasibility of true 

simultaneous sampling in natural populations has been questioned (Wiegmann, 1999; Deb & 

Balakrishnan, 2014), highlighting the need for empirical studies that directly examine the 

behavioural mechanisms involved in mate sampling. 

Although mate choice studies have been extensively conducted in birds, less attention 

has been given to mammals (reviewed by Clutton-Brock & McAuliffe, 2009). Lek mating 

systems are particularly valuable for investigating mate sampling behaviour because they 

create opportunities for females to sample multiple males within a confined spatial and 
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temporal context (Höglund, J., & Alatalo, 1995). Studies of lekking birds have provided 

evidence consistent with best-of-n sampling (Fiske & Kålås, 1995; Rintamäki et. al., 1995), 

and several studies have documented mate-choice copying in lekking species (Clutton-Brock 

& McComb, 1993; McComb & Clutton-Brock, 1994; Höglund et. al., 1995). 

Gibson & Langen (1996) in their review argued that future research should move 

beyond documenting mating outcomes and instead focus on the processes by which females 

acquire and use information. Blackbuck leks provide an excellent opportunity to address this 

challenge. By allowing observations of fine-scale female movement, interactions, and mating 

events, blackbuck leks offers an opportunity to investigate behavioural mechanisms underlying 

mate sampling in a lekking mammal. Such studies not only test the predictions of theoretical 

models but also bridge the gap between extensive theoretical development and relatively 

limited empirical evidence in natural populations. 
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2 OBJECTIVES AND RESEARCH QUESTIONS 

I. To understand the female mating behaviour in blackbuck leks 

 

 How do the number of female blackbucks on lek vary across the breeding 

season? 

Specifically, how do daily count of males and females change over time, and do 

these patterns show consistent temporal trends (e.g., peaks) during the breeding 

season? 

 What are the behavioural patterns of female mate sampling during lek visits? 

This includes quantifying key components of sampling behaviour such as the 

number of territories visited per bout, time spent within territories, and on the lek, 

and the frequency of mounting attempts as an indicator of mating outcomes. 

 How do female blackbucks use space within the lek during mate sampling 

visits? 

In particular, do females show non-random spatial use of territories within the lek, 

and how does their movement relate to lek structure, including proximity to the lek. 

 What strategies do female blackbucks use to sample mates within leks? 

This question examines the sequence and rules underlying mate sampling, such as 

whether females follow best-of-n, sequential, or first-encounter sampling strategies 

when visiting the male territories. 

Hypotheses and predictions: 

This study compares the movement patterns predicted under alternative mate sampling 

strategies used by female blackbuck during lek visits. Specifically, three alternative hypotheses 

are considered. Under the first-encounter hypothesis (H1), females are expected to assess the 
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first male encountered, resulting in visit to only a single territory during a sampling bout. This 

represents the pattern of random mating proposed by Janetos (1980). Under the sequential 

sampling hypothesis (H2), females are predicted to visit multiple male territories in a sequential 

manner without revisiting previously sampled males (Janetos, 1980; Real, 1990). In contrast, 

under the best-of-n hypothesis (H3), females are expected to sample multiple males, including 

revisits to previously visited territories (Janetos, 1980; Real, 1990). These hypotheses are 

compared by examining the female movement among territories, including the number of 

territories visited, occurrence of revisits, and the sequence of visits during mate sampling bouts 

within blackbuck leks. 
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3 STUDY AREA 

3.1 Site 

Current study was primarily conducted in Tal Chhapar Wildlife Sanctuary, located in 

Churu district of Rajasthan, India. The wildlife sanctuary falls within the biogeographic zone 

3A – Thar Desert (Rodgers & Panwar, 1988). The wildlife sanctuary covers 7.2 km2 and 

supports one of the largest blackbuck leks within the sanctuary and the country. 

 

 

3.2 Climate and Terrain 

The wildlife sanctuary is characterized by a predominantly flat terrain interspersed with 

low lying depressions, surrounded by salt pans and open scrubs (Ojha, 2016). The open 

grassland with scattered Acacia nilotica trees gives the landscape a typical savannah-like 

Figure 1: Map of the study area showing Tal Chhapar Wildlife Sanctuary 
and bird-eye view of the principal lek inside the sanctuary 
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appearance. The region experiences extreme seasonal variation in temperature, with summer 

temperature reaching up to 48.5 ° C and winter temperatures dropping to as low as – 1.1 °C. 

Diurnal temperature fluctuations are also pronounced, and summer nights are often cooler than 

daytime conditions. 

The climate is semi-arid, with an average annual rainfall of 363 mm. Most precipitation 

occurs during a short monsoon period extending from July to mid-September. Both soil and 

water bodies of Tal Chhapar are reported to be saline and alkaline (Mehtani et. al., 2013; Kaur 

et. al., 2023). 

The area experiences four distinct seasons: summer (March - May), monsoon (June - 

September), post-monsoon (October - November), and winter (December - January) (Kaur et. 

al., 2023). 

3.3 Flora 

The vegetation of the study area is classified as Northern Tropical Thorn Forest (6B) 

and subclassifies as Desert Thorn Forest (6B/C1) according to Champion & Seth (1968). 

Among trees, Acacia nilotica dominates the landscape followed by Prosopis cineraria and 

Capparis decidua. Sueda fruticose leads among shrubs followed by Haloxylon salicornicum 

and Boerhavia elegans respectively. Among herbs, the major species present are Corchorus 

depressus, Borhavia diffusa, and Aerva persica. Among grasses and sedges, major species 

present are Dichanthium annulatum, Lasiurus scindicus, and Desmostachya bipinnata. (Kaur 

et. al., 2020). 

3.3 Fauna 

Blackbucks (Antilope cervicapra) are the dominant and characteristic mammalian fauna of 

the sanctuary along with chinkara (Gazella bennettii), blue bulls (Boselaphus tragocamelus), 

Indian fox (Vulpes bengalensis), desert fox (Vulpes vulpes pusilla), desert cat (Felis sylvestris 
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ornata), jungle cat (Felis chaus), and wild pigs (Sus scrofa). Herpetofauna includes desert 

monitor (Varanus griseus) and spiny tailed lizard (Uromastyx hardwickii). The sanctuary lies 

within migratory passage of birds with harriers being the major attraction. Other birds of prey 

found here are red-necked falcons (Falco chicquera), black-winged kite (Elanus caeruleus), 

eastern imperial eagle (Aquila heliaca), short-toed eagle (Circaetus gallicus), and tawny eagle 

(Aquila rapax). Largest vulture of India, Cinereous vulture (Aegypius monachus) is also found 

here (Ojha, 2016). 

3.4 Study taxa 

The Indian blackbuck (Antilope cervicapra), is an antelope endemic to Indian 

subcontinent, found in diverse habitats, ranging from shortgrass and savannas (Jhala & Isvaran, 

2016). Primarily a grazer, the behaviour, nutrition, and demography of the blackbuck appear 

closely adapted to a stochastic low-resource environment and predation pressure (Jhala & 

Isvaran, 2016). Blackbucks show sexual dimorphism with adult males having a dark coat 

colour (Ranjitsinh, 1989). They live in groups ranging from two to several hundred individuals 

and exhibit a flexible mating system (Isvaran, 2005a). Blackbuck males have known to employ 

alternative mating tactics, with lekking and resource defence being the two mating tactics 

(Ranjitsinh, 1989; Jhala & Isvaran, 2016). 
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4 MATERIALS & METHODS 

4.1 Study design 

A comprehensive review of the mate sampling literature was undertaken to identify the 

principal theoretical models and to derive the movement predictions associated with each 

strategy. Based on these theoretical frameworks, the major mate sampling strategies described 

in the literature were grouped into a set of three operational categories that could be compared 

using field observations of movement patterns of females in the lek in the present study. The 

strategies considered and their corresponding predictive parameters are summarized in the 

Table 1. Present study adopted an event-based approach to investigate female-mate sampling 

behaviour. These operational categories differed in two aspects; whether to sample single or 

multiple males, and whether to revisit a previously sampled males within a same mate sampling 

bout. 

Table 1: Details of theoretical mate sampling models and operational categories used in the 

current study 

Sr. Operational 

category 

Strategy Reference Prediction on 

number of 

mates 

sampled 

Prediction 

on revisits 

1 First 

encounter 

Random Janetos (1980) 1 NO 

2 Fixed 

threshold 

Pure threshold Janetos (1980) ≥ 1 NO 

Threshold with last 

option 

Janetos (1980) ≥ 1 NO 

One step decision Janetos (1980) ≥ 1 NO 

Sequential search Real (1990) ≥ 1 NO 

3 Best-of-n Best-of-n Janetos (1980) > 1 YES 
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Comparative Bayes 

tactic 

Luttbeg (1996) > 1 YES 

Fixed sample or 

pooled comparison 

Wiegmann & 

Makhopadhyay 

(1998) 

> 1 YES 

 

4.2 Field methods 

Present study was conducted from February 2026 to April 2026 at Tal Chhapar Wildlife 

Sanctuary, Rajasthan, India. Observations were carried out at the largest known lek within the 

sanctuary, encompassing the peak breeding season of blackbuck. 

Each observation day was divided into three sampling sessions: morning (sunrise-11:00 h), 

midday (11:00 h-15:00 h), and evening (15:00 h-sunset). A team of four observers was stationed 

near the lek without causing any disturbance to the animals. 

During each session, the lek was scanned for every 15-minutes. For every scan, the number 

of territorial males present on the lek and the number of females present on lek were recorded. 

Depending on the duration of daylight, each session consisted of approximately 14 to 16 scans. 

Female mate sampling bouts were recorded using unmanned aerial vehicles (UAV). 

Because the females visited the lek unpredictably, tracking was initiated whenever a female 

entered the lek. Individual females were not uniquely identifiable; therefore, each tracking 

sequence was treated as an independent mate sampling bout. 

Upon the entry of a female into the lek, a DJI Mavic 3 Enterprise UAV was launched and 

positioned at an altitude of 80 m above ground level. After locating the focal female, the camera 

gimbal was adjusted to a nadir position (90°), and continuous video recording was initiated. 

Throughout the observation period, the UAV was manoeuvred to keep the focal female at the 

centre of the frame. 
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A single battery typically provided 20-25 minutes of flight time. To maintain uninterrupted 

observations, a relay system involving a second UAV was employed. As the battery level of 

the first UAV approached the predefined return threshold (18 %), a second UAV was positioned 

directly above it at an attitude of approximately 100 m. Once the first UAV is returned to launch 

site, the second UAV was lowered to 80 m and the tracking was continued. This relay procedure 

was repeated until the focal female left the lek or all six available batteries were exhausted. 

Thus, a maximum uninterrupted tracking was possible for 2 hours and 5 minutes. 

Tracking was primarily conducted during the morning and evening sessions and the scans 

were carried out throughout the day from sunrise to sunset. Whenever a the current focal female 

left the lek, the next female entering the lek was selected as the next focal female for 

observations. 

To map the spatial structure of the lek, aerial imagery was collected periodically using the 

ortho-collection acquisition mode of DJI Mavic 3 Enterprise. Flights were conducted at an 

altitude of 80 m with a ground sampling distance of approximately 2.5 cm pixel⁻¹ and a flight 

speed of 6 m s⁻¹.  
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4.3 Data processing 

Images collected were stitched using Microsoft Image Composite Editor (Gross & 

Heumann, 2016) to generate high-resolution ortho mosaic of the lek. These ortho mosaics were 

subsequently used to identify individual territories based on the central dung piles. Each central 

dung pile was assigned a unique identification number. Males were observed to repeatedly 

occupy pre-existing territories, although appearance of new territories and disappearance of 

new territories were documented using ortho mosaics acquired on different dates across the 

breeding season.  

Because the focal female was maintained at the centre of the camera frame during UAV 

tracking, the GPS coordinates of the UAV were assumed to approximate the position of female 

on the lek. GPS coordinates associated with individual video frames were extracted and used 

to reconstruct movement trajectories in R (R Core Team, 2020). The resulting trajectories were 

imported into ArcMap and overlaid on the georeferenced ortho mosaic of the lek. Spatial 

Figure 2: A schematic of the data collection strategy. The image displays top-down view of a 
blackbuck lek with male territories marked. Females were distinguishable males because of 
the contrasting colour. Individual territories could easily be identified using spatial features. 
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alignment was subsequently verified through manual review of video recordings to ensure 

consistency between mapped trajectories and observed female movements. 

The recorded video sequences were then reviewed manually to create the visitation history 

of individual females within the lek. This visitation order was cross-verified with the earlier 

trajectory made using the GPS coordinates. A territory visit was recorded when a female 

stopped within a male’s territory, often followed by sniffing the dung piles. Because most male-

female interactions occurred on or in the vicinity of these dung piles, they provided a reliable 

spatial reference for assigning females to specific territories and minimized the ambiguity in 

territory identification (Figure 2). A revisit was defined as a female returning to a territory that 

had already been visited earlier within the same sequence. For each sequence, order of territory 

visits, revisits, total time spent on lek, and occurrence of mountings were recorded. 

4.4 Analytical Methods 

To quantify seasonal variation in lek attendance, the number of territorial males and female 

visits recorded during scan was averaged within each session to obtain a daily estimate. These 

daily values were subsequently plotted across the breeding season to examine temporal patterns 

in male attendance and female visits. Generalized Linear Mixed Effect Models (GLMM) 

(Nelder & Wedderburn, 1972) were used to explore the relation between male and female 

number on lek across sessions and days. 

Geometric centre of the lek was calculated from the collected coordinates of all identifiable 

territories. A subset of territories was then plotted along with number of female visits, 

occurrence of mountings, and average time spent by a female on that territory, to visually plot 

the spatial use lek by the females. 

GLM was used to test the relation between total time spent on lek and predictor variables. 
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Each sequence was classified into an operational category (Table 1) based on the following 

decision rules (Table 2). Chi-square test was used to test the ubiform distribution of strategies 

obtained using the decision rules among the sequences. 

Table 2: Decision rules used to categorize each sequence recorded into mate sampling 

strategy 

Operational category Number of territories visited Revisits 

First encounter 1 NO 

Sequential/fixed-

threshold 

> 1 NO 

Best-of-n > 1 YES 
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5 RESULTS 

5.1 Temporal patterns in the number of male and females on lek 

The principal lek within the sanctuary was scanned for a total of forty-one days in three 

sessions: morning (sunrise – 11:00 h), midday (11:00 h – 15:00 h), and evening (15:00 h – 

sunset) from 19th February 2026 to 5th April 2026. 

Across the study period, the mean daily male attendance was 44.12 ± 21.12 individuals 

(Table 3). Across all the scans, the number of territorial males on lek ranged from 4 to 130 

individuals. The mean number of territorial males on lek recorded per scan was highest in the 

evening (52.05 ± 23.62), followed by morning (44.24 ± 23.79), and lowest in the midday (35.89 

± 17.29) (Table 3). 

Across the study period, the mean number of females visited the lek was 1.26 ± 1.26, 

and across the scans the number of females visiting the lek ranged from 0 to 13 individuals. 

The mean number of females recorded per scan was highest during the evening session 

(1.61±1.87), followed by morning session (1.37±1.65), and lowest during the midday session 

(0.70±0.77) (Table 4). 

Table 3: Number of males holding territories on the lek at different times of the day. For each 

observation session, the number of males seen on the lek, averaged across scans, was used as 

measure of the number of males on the lek for that session 

Session No. of 

sessions 

Mean 

number of 

males 

SD SE 95% CI 

Morning 39 44.24 23.79 3.81 36.53 – 51.96 

Midday 36 35.89 17.29 2.88 30.04 – 41.74 

Evening 37 52.05 23.62 3.88 44.17 – 59.92 
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For the purpose of plotting the male attendance across the breeding season, scan-level 

counts of males were averaged within each session to obtain a single representative value per 

session per day. These session-wise means were the plotted across the total study duration to 

examine the pattern in male attendance over time (Figure 3). 

 

  

Figure 3: Number of males on the lek per scan per session during 41 days from 19th February 
2026 to 5th April 2026 in a blackbuck lek in Tal Chhapar WLS, Rajasthan, India 
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For the purpose of plotting the female attendance across the breeding season, scan-level 

counts of female visits were averaged within each session to obtain a single representative 

value per session per day. These session-wise means were the plotted across the total study 

duration to examine the pattern in female visits over time. 

 

Figure 4: Number of females on the lek per scan per session during 41 days from 19th 
February 2026 to 5th April 2026 in a blackbuck lek in Tal Chhapar WLS, Rajasthan, India 
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Table 4: An index of the number of females visiting the lek at different times of the day. For 

each observation session, the number of females seen on the lek, averaged across scans, was 

used as an index of the number of females visiting the lek for that session 

Session No. of 

sessions 

Mean 

number of 

males 

SD SE 95% CI 

Morning 39 1.37 1.65 0.26 0.83 – 1.90 

Midday 36 0.70 0.77 0.12 0.44 – 0.96 

Evening 37 1.61 1.87 0.30 0.99 – 2.24 

                 

               Number of males on lek varied significantly among the three sessions. Compared 

with morning, significantly fewer males were present during the evening session (β = -0.187 ± 

0.037, z = -5.03, p < 0.001), whereas significantly more males were present during the evening 

session (β = 0.169 ± 0.034, z = 5.03, p < 0.001). Number of males on lek also varied 

significantly across weeks. Relative to week 1, male number was lower during weeks 2 to 4 

(Table 6). In contrast, number of males on lek significantly increased during week 5 and 6. 

Table 5: Model selection results from GLMMs examining factors influencing the number of 

males on a lek. Models are ranked according to AIC, with lower values indicating better 

model support 

Model Distribution 

family 

Variables used df AIC  ΔAIC 

nm ~ session + 

week + day 

(random effect) 

Poisson Session and week 103 785.1 0 

nm ~ session + 

day (random 

effect) 

Poisson Session  108 862.3 77.2 

nm ~ week + day 

(random effect) 

Poisson Week 105 877.5 15.2 
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Table 6: Parameter estimates, standard errors, test statistics, and significance levels for 

predictors included in the best-supported model explaining the variation in number of males 

on lek 

Predictor Coefficient 

value 

SE z p 

intercept 3.87 0.06 63.19 < 2e-16 

midday session -0.19 0.04 -5.02 4.99e-07 

evening session 0.17 0.03 5.03 4.80e-07 

week 2 -0.49 0.09 -5.68 1.37e-08 

week 3 -0.81 0.09 -8.95 < 2e-16 

week 4 -0.51 0.09 -5.88 3.93e-09 

week 5 0.23 0.08 2.86 0.004 

week 6 0.49 0.08 5.90 3.73e-09 

 

               The number of females on lek also differed significantly among sessions. Compared 

with morning, significantly fewer females were present during the midday session (β = -0.555 

± 0.241, z = -2.30, p = 0.021). Although the number of females on lek was higher during the 

evening than in the morning, this difference was not statistically significant. Relative to week 

1, significantly fewer females were recorded during weeks 2 to 4. The number of females on 

lek increased significantly during week 5 and 6 (Table 8). 
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Table 7: Model selection results from GLMMs examining factors influencing the number of 

females on a lek. Models are ranked according to AIC, with lower values indicating better 

model support 

Model Distribution 

family 

Variables used df AIC ΔAIC 

fn ~ session + week 

+ day (random 

effect) 

Poisson Session and day 103 281.4 0 

fn ~ session + week Poisson Session and day 105 290.1 8.7 

fn ~ session Poisson Day 108 315.5 25.4 

 

Table 8: Parameter estimates, standard errors, test statistics, and significance levels for 

predictors included in the best-supported model explaining the variation in number of 

females on lek 

Predictor Coefficient 

value 

SE z p 

intercept 0.12 0.26 0.47 0.64 

midday session -0.55 0.24 -2.30 0.02 

evening session 0.24 0.19 1.29 0.19 

week 2 -1.22 0.48 -2.55 0.01 

week 3 -1.09 0.45 -2.41 0.01 

week 4 -0.85 0.41 -2.05 0.04 

week 5 0.65 0.29 2.24 0.02 

week 6 1.06 0.29 3.67 0.0002 
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5.2 Spatial structure of lek and patterns of lek use by blackbuck females 

Figure 5 depicts the spatial arrangement of all male territories recorded during the study 

period and the location of the lek centre. The map represents the cumulative territorial structure 

of the lek across the breeding season rather than a single temporal snapshot. Territory 

occupancy was dynamic, with some territories remaining active throughout the season, others 

becoming inactive or abandoned, and new territories being established over time. 

Consequently, the mapped territories encompass the full range of territorial positions observed 

during the study. Territories varied in their distance from lek centre and in their spatial 

configuration, providing the spatial framework for subsequent analysis of female visitation 

patterns and mating activity within the lek. 

The cumulative time spent by females varied among territories (Figure 6). Female 

activity was not distributed uniformly across the lek, with some territories receiving greater 

cumulative visitation time than others. The spatial distribution of their activity hotspots is 

illustrated relative to the lek centre in Figure 6. 

Patterns of female visits and occurrence of mounting also differed among territories 

(Figure 7). The number of unique female visits and the number of unique matings and the 

occurrence of mountings were unevenly distributed over lek. Territories that received a greater 

number of female visits generally also experienced higher occurrence of mountings, although 

the magnitude of these measures varied among territories. 
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               More than 300 central dung piles were recordedcomprising both active territorial 

dung piles from the current lekking season and inactive dung piles remaining from the previous 

lekking season. The centre of the lek was determined as the geometric centre of the spatial 

distribution of all recorded dung piles. 

Figure 5: Map of the lek territories (April 2026) denoting the geometric centre and activity 
centre (defined as the territory with maximum clustering) of the lek. The calculation was 
made with all the identifiable territories on the lek which may or may not be actively 
defended by males on lek 
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Figure 7: Subset of territories with lek centre showing the unique female visits and number of 
unique mountings observed. Larger circles indicate larger values 

Figure 6: Subset of territories with the lek centre representing the cumulative time 
accumulated on the territory by females. Size of the circle indicates more time accumulated 
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5.3 General patterns of mate sampling behaviour of blackbuck females 

              A total of 97 mate sampling bout sequences were recorded over the entire study period. 

Of these, 5 sequences were incomplete due to loss of focal females during tracking. An 

additional 23 sequences were truncated because the drone battery depleted before either entry 

or exit of the focal female could be fully documented. Consequently, 69 complete sequences, 

in which both entry to exit were clearly observed, were retained for further analysis. In total, 

66 hours of focal observations were obtained. 

              All subsequent analyses, except those estimating the proportion of revisits (which 

included incomplete sequences that included at least one revisit to a previously sampled 

territory). Were based exclusively on these 69 complete sequences to ensure consistency in 

behavioural metrics derived from fully observed sampling bouts. 

 

               

Figure 9: Frequency distribution of number of 
territories visited by blackbuck females during the 
sampling bout (n = 69 sequences) 

Figure 8: Variation in time spent by 
blackbuck females during the 
sampling bout (n = 69 sequences) 
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                      Females visited 3.45 ± 2.35 (median = 3) unique male territories during a single 

mate sampling bout (Figure 9). However, the number of unique territories visited showed 

considerable variation among single mate sampling bouts, ranging from a single territory to a 

maximum of 11 territories. This indicates substantial variation in sampling effort among 

females 

                      The duration of mate sampling bouts also exhibited wide variation. The time 

spent by female on lek ranged from as little as 2 minutes to as long as 130 minutes per bout, 

with mean duration of 37.38 ± 29.14 minutes and a median of 33 minutes (Figure 8). In 

additional to UAV-based observations, a focal observation conducted outside the drone tracking 

sessions recorded an extended visit lasting 3 hours and 45 minutes on lek, highlighting that 

exceptionally long sampling bouts can occur. 

 

 

             

Figure 10: Proportion of sequences 
which observed mounting in at least 
one territory and sequences that 
recorded no mountings (n = 69 
sequences) 

Figure 11: Proportion of sequences in 
which the female continued sampling 
after the first mount (n = 41 sequences) 
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 Out of 69 mate sampling bouts (entry to exit), 41 (59.42%) sequences included occurrence of 

mountings within the bout (Figure 10). Within these 41 sequences, 27 (65.85%) recorded 

continued sampling after the first occurrence of mounting (Figure 11), suggesting that 

mounting did not always terminate the sampling process and that females often continued to 

visit additional territories even after an initial mounting event. 

               Further, among these 41 sequences, 17 (41.46%) included occurrence of mountings 

in more than one territory within a bout (Figure 12), indicating that the occurrence of 

mountings was sometimes distributed across multiple males within a single bout. Across a total 

79 sequences, 35 (44.30%) included at least one revisit to a previously sampled territory 

(Figure 13). 

 

 

 

 

Figure 13: Proportion of sequences that 
recorded revisits (n = 75 sequences) Figure 12 Proportion of sequences that 

recorded multiple matings (n = 41 
sequences) 
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5.4 Mate sampling strategies of female blackbucks 

The observed distribution of sampling strategies based on the decision rules does not 

significantly differ from a uniform distribution (X-squared = 1.8261, df = 2, p-value = 0.4013). 

Thus, no single strategy was represented disproportionately higher relative to the others, and 

the distribution of individuals across strategies was broadly even (Figure 14).  

The likelihood of observing occurrence of mountings varies among the three sequences 

types. Of the 24 best-of-n sequences, 20 (83.3%) recorded occurrence of mountings. In 

contrast, occurrence of mounting was recorded in 14 of 27 sequential sampling sequences 

(51.9%). The lowest occurrence of mounting was observed in first-encounter sequences, where 

only 7 of the 18 sequences (38.9%). Thus, occurrence of mountings was more frequently 

associated with best-of-n sequences, intermediate in sequential sequences, and, least frequent 

in first-encounter sequences (Figure 14).  

 

Figure 14: Distribution of strategies among the recorded sequences (n = 69 sequences) 
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Figure 15: Comparison of time spent by a blackbuck female on the lek adopting different 
strategies (n = 69 sequences) 

Figure 16: Proportion under each strategy that recorded mounting in at least one territory or 
no mounting (n – 69 sequences) 
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                 Total time spent on the lek differed significantly among strategies (Figure 16). 

Females with movement patterns consistent with first encounter (β = -29.47 ± 8.39, t = -3.51, 

p = 0.0008) and sequential sampling strategy (β = -20.49 ± 7.55, t = -2.71, p = 0.008), 

significantly spent less time compared to the female movement patterns consistent with best-

of-n strategy. 

Table 9: Model selection results from GLMs examining the effect of candidate predictor 

variables on the total time spent by a female on lek. Models are ranked according to AIC, with 

lower AIC values indicating better models. 

Model Family 

distribution 

Variables used df AIC ΔAIC 

time_spent ~ date + 

strategy + 

mounting_yes_no + 

available_males  

Gaussian Date, strategy used, 

whether mated or not, 

available number of 

males on lek during the 

visit 

7 636.730 0 

time_spent ~ 

strategy + 

mounting_yes_no + 

available_males 

Gaussian Strategy used, whether 

mated or not, available 

number of males on lek 

during the visit 

6 638.047 1.317 

time_spent ~ Gaussian Date, number of 

territories visited, 

whether mated or not, 

available number of 

8 638.206 0.159 
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males on lek during the 

visit, and strategy used 

time_spent ~ date + 

territories_visited + 

mounting_yes_no + 

available_males 

Gaussian Date, number of 

territories visited, 

whether mated or not, 

available number of 

males on lek during the 

visit 

6 638.702 0.496 

time_spent ~ 

territories_visited + 

mounting_yes_no + 

available_males 

Gaussian Number of territories 

visited, whether mated 

or not, available number 

of males on lek during 

the visit 

5 639.581 0.879 

 

Table 10: Parameter estimates from the best-fit GLM explaining variation in total time spent 

by females on the lek during mate sampling bouts. Shown are model coefficients (β), standard 

errors (SE), test statistics, and associated p-values. 

Predictor Coefficient 

value 

SE t P 

intercept -9517.0338 5433.685 -1.751 0.084 

date 0.466 0.264 1.762 0.082 

strategy_first_encounter -20.964 7.881 -2.660 0.009 

strategy_fixed_threshold -15.0918 7.002 -2.155 0.034 

mounting_yes_no 20.5958 6.654 3.095 0.002 
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The occurrence of mounting had a significant positive effect on total time spent by the female 

on lek (β = 20.6, t = 3.095, p = 0.002), with females involved in mounting events spending 

more time on the lek than females for which no mounting was observed. In contrast, the average 

number of available males present on the lek during a sampling bout was negatively associated 

with times spent by a female on lek (β = -0.44, t = -2.969, p = 0.004). Female therefore tended 

to spend less time on lek when male number was higher (Table 10). 

The distance of territories in which mounting was recorded from the lek centre under each 

strategy were significantly different (Kruskal-Wallis: χ² = 7.06, df = 2, p = 0.029). Pairwise 

comparison showed a significant difference in the distance of territories where mounting was 

observed from the lek centre between the first encounter and best-of-n sampling (adjusted p = 

0.014). In contrast, no significant difference was detected between first encounter and 

sequential sampling (adjusted p = 0.208) or between sequential and best-of-n sampling 

(adjusted p = 0.372). 

available_males -0.4391 0.147 -2.969 0.004 

Figure 17: Distribution of territories in which 
mounting was observed under each strategy in 
relation to the lek centre  
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6 DISCUSSIONS 

6.1 Temporal patterns in the number of males and females on lek 

The number of males on the lek were considerably high in the late February, declined 

throughout March, and surged again in the late March to April first week. Female visits to lek 

also tracked this variation. Blackbucks are reported to show two seasonal peaks of lekking in 

India, although they are capable of breeding throughout the year (Schaller, 1967; Ranjitsinh, 

1989). Schaller (1967) documented two peaks, a minor peak during March-April, and a major 

peak during August-October. However, in arid regions of Rajasthan, Ranjitsinh (1989) 

proposed that reproductive timing is likely adapted to maximise offspring survival following 

monsoon rainfall, when forage availability is highest, and consequently December to March 

may pose as the optimal period. Present study provides support to this argument, with peak 

numbers of both male and females recorded in late March and early April, despite males being 

present on lek from as early as December. 

Both male and female number on lek were significantly lower during the midday sessions. 

This aligns with previous studies (Isvaran & Jhala, 2000). Blackbucks exhibit peak activity 

during dawn and dusk and reduced activity during midday and late afternoon resting periods 

(Mungall, 1978). This behavioural rhythm might explain the observed session-wise 

differences. Additionally, in the open habitats, blackbuck activity is known to affected by heat, 

wind, and wetness (Mungall, 1978), suggesting environmental constraints may influence daily 

patterns of lek attendance. Male attendance has also known to be sensitive to weather 

conditions in other lekking species, such as the sage grouse (Fremgen et. al., 2019). 

Incorporating environment variables in future analyses would help to answer the effects of 

environment variables. 
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High ambient temperature can impose physiological constraints on reproduction, mainly 

affecting parts such as cremaster muscles and reducing the production of sperm (Casady et. al., 

1953; Glover and Young, 1963). Spermatogenesis may then require approximately 7-8 weeks 

for the production of viable sperm following thermal sterility (White, 1968), and range animals 

like blackbucks are known to be vulnerable to thermal sterility (Mungall, 1978). Nonetheless, 

there was never an occasion where the lek was completely empty. 

Female visits to lek followed a similar pattern of male number on lek. However, there was 

a pronounced increase in female numbers during peak periods. Although females are capable 

of reproducing throughout the year (Ranjitsinh, 1989), the presence of short, pronounced peaks 

in visitation may indicate synchronisation of estrous within the population. Estrous synchrony 

in ruminants have benefits such as predator dilution of newborns (Rutberg, 1987). In 

blackbucks, such synchrony may be influenced by local ecological conditions, particularly 

seasonal resource availability, where aligning reproduction with periods of optimal forage 

availability may enhance their and newborn’s survival (Mungall, 1978; Ranjitsinh, 1989). 

6.2 Spatial structure of lek and patterns of lek use by blackbuck females 

Across all observed sequences, the centre of the lek consistently received higher numbers 

of visits, longer cumulative time spent by females, and higher occurrence of mountings. This 

pattern aligns with the findings of several other ungulate lekking systems, where central 

territories typically gained higher mating success and conferred reproductive advantages to 

males holding them (Fryxell, 1987; Gosling & Petrie, 1990; Balmford et. al., 1992; Clutton-

Brock et. al., 1988; Isvaran & Jhala, 2000; Bro-Jørgensen, 2003; Bro-Jørgensen & Durant, 

2003). 

In blackbucks, females are known to respond to volatile compounds such as meta-cresol 

present in male urine and dung, which may function as a chemical cue in attracting them 
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(Jyothi, 2023). Additionally, the occurrence of female visits even after the changes in 

ownership (Isvaran & Jhala, 2000), suggests that stable territorial features may be an important 

parameter influencing female decision making. 

6.3 General patterns of mate sampling behaviour of blackbuck females 

There was substantial variation in the time spent by females during mate sampling bouts 

on the lek. Similar variation has been reported in other lekking ungulates, including fallow deer 

(Dama dama) (Clutton-Brock et. al., 1988; Imperio et. al., 2020). Such variation could be 

because of multiple factors. In fallow deer, age and experience have shown to shape the 

sampling effort of females, with younger females investing more time on lek compared to older 

females (Imperio et. al., 2020). However, age-class information for the focal females in this 

study was not available to test these differences. 

Despite the high number of available males, more than 80% of sampling sequences 

involved visits to fewer than six territories. This supports the theoretical prediction proposed 

by Janetos (1980) that the marginal benefit of sampling decreases with increased number of 

mates sampled. Similar patterns have been documented in other lekking species, including satin 

bowerbird (Ptilonorhynchus violaceus) (Uy et. al., 2001), great snipe (Gallinago media) (Fiske 

& Kålås, 1995), and black grouse (Tetrao tetrix) (Rintamäki et. al., 1995), where females 

typically sampled only a subset of available males. Is this because of females using prior 

information – such as centrality of lek (Bro-Jørgensen, 2002) to reduce further sampling? In 

the present study, females often entered the lek directly towards central areas and initiated 

sampling without as systematic peripheral to central progression. Given the spatial clustering 

of territories in the centre, sampling a limited subset of males may reduce the sampling costs 

that may have incurred if such an information was not available (Reynolds & Gross, 1990). 
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Interestingly, total time spent on lek decreased with increasing number of males, 

suggesting that larger leks may impose higher costs on females. This pattern may reflect 

increased harassment, chasings, and interference as male density increases (Bro-Jørgensen, 

2003a). As sampling costs increases, females may restrict their search to a subset of males and 

reduce total time spent on lek. 

Several sequences involved occurrence of mountings across different territories within 

a single bout. Multiple matings may arise from suboptimal choice (Rivers & DuVal, 2019) or 

from female preferences for certain males (Petrie et. al., 1992). Multiple matings provide 

certain benefits like fertilisation assurance, increased genetic diversity, avoidance of male 

infertility, and access to direct and indirect benefits (reviewed by Petrie et. al., 1992). Multiple 

mating is widely reported in lekking systems (Balmford et. al., 1992), suggesting it may be a 

common outcome in lek systems. 

In contrast, some sequences did not record any occurrence of mountings. This is 

consistent with the idea that females may sample prior to mating, sometimes across multiple 

sampling bouts, to gather information about potential males (Dale & Slagsvold, 1996; Uy et. 

al., 2001). Such information may include male phenotype (Gosling & Petrie, 1990), display 

quality, territory characteristics (Deutsch & Nefdt, 1992), or competitive interactions as these 

parameters have found to be correlated with a male’s mating success (Appolonio et. al., 1992; 

Festa-bianchet et. al. 1990; San José & Braza, 1997; Balmford et. al., 1992). Alternatively, non-

mating visits may occur when preferred males are absent or when no encountered males exceed 

a female’s acceptance threshold (Janetos, 1980). This could be questionable in leks, especially 

if central males are indeed better-quality males than peripheral males. Because one can expect 

a greater number of available males near the centre of lek and the decision of not mating may 

require further investigations apart from the traditional threshold acceptance and social context 

point of view (Bro-Jørgensen, 2002). 
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Social interactions may also shape sampling outcomes. Female-female competition has 

been shown to influence a female’s access to preferred males in topi leks (Bro-Jørgensen, 

2002). In such contexts, dominant females may displace others from high-quality territories, 

thereby altering sampling decisions. The presence of multiple females can also affect female 

mating opportunities (Mayank, 2019). In blackbuck leks, males often continue mounting 

attempts with a focal female despite interruptions, while other females may be forced to wait, 

increasing their vulnerability to herding attempts by other males and female-female 

competition. Similar observations have been made in fallow deer leks, where female does were 

more likely to terminate a bout by leaving if the buck became distracted by the presence of 

young bucks around the periphery (Clutton-Brock, et. al., 1988). Consequently, sampling 

without mating carries both energetic and opportunity costs (Byers et. al., 2005; Real, 1990), 

particularly given the short duration of female receptivity (approximately 24 hours within a 5-

6 days estrous cycle; Mungall et. al., 1978) and short duration of peaks, where the maximum 

number of high-quality males are supposed to be available. But, in leks, these costs may be 

considerably low as leks almost guarantee mates to the females (Höglund & Alatalo, 1995). 

6.4 Mate sampling strategies of female blackbucks 

The distribution of mate sampling strategies did not deviate significantly from a uniform 

expectation, suggesting that females do not employ a fixed strategy but instead exhibit a 

mixture of co-existing tactics. Such co-existence of alternative behavioural strategies has been 

reported in several animal populations (Dale & Slagsvold, 1996; Choudhury & Black, 1993). 

However, it is important to note that present analysis is based on single mate sampling bout 

events rather than lifetime or seasonal decisions. Consequently, the inferred strategy reflects 

behaviour within discrete sampling bouts rather than long term individual-level decision rules. 

Scale of analysis is therefore critically influences inference. If strategies were defined across 

the entire rutting period, rather than individual bouts, both classification and predicted 
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outcomes would likely differ. This highlights a key limitation in mapping theoretical sampling 

models onto empirical bout-level observations. Most importantly, this distribution represents 

the operational categories defined according to the decision rules presented on Table 2. 

Comparison with Table 1 indicates that these movement patterns may correspond to multiple 

mate sampling strategies within each operational category. Therefore, the interpretations and 

conclusions drawn from this study pertains to these broader operational categories, as inferred 

from the female movement patterns within lek, rather than specific mate sampling strategies in 

their strict theoretical sense. 

A substantial proportion of sequences involved revisits to previously sampled territories. 

Among theoretical models, revisitation is primarily predicted under best-of-n and Bayesian 

comparative tactics (Janetos, 1980; Luttbeg, 1996). In contrast, sequences involving visits to 

only one territory correspond to most closely to the first-encounter or random mating model 

(Janetos, 1980), while sequences involving multiple territories without revisits are consistent 

with pure threshold or one-step decision rules (Janetos, 1980). 

However, distinguishing these strategies empirically with movement patterns alone 

remains challenging. For example, first-encounter may arise under multiple, non-exclusive 

scenarios: (i) strong time constraint limiting sampling, (ii) immediate acceptance of an internal 

threshold, or (iii) a default strategy in environment where encounters are rare or costly. In the 

present study, classification is solely based on visitation order and number of territories visited; 

therefore, it is not possible to distinguish true first-encounter decisions from conditional fixed-

threshold decisions. Another explanation could be that a female could have multiple sampling 

bouts prior to mating (Uy et. al., 2001). In an initial bout, a female may visit several territories 

and identify one as favourable, and in a later bout she may spend most or all of her time in that 

chosen territory.  
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Similarly, best-of-n and Bayesian comparative tactics are difficult to separate because both 

predicts revisits (Janetos, 1980; Luttbeg, 1996). Bayesian models, in particular, allow for 

directed movement based on prior information (Luttbeg, 1996), which may be consistent with 

the observed tendency of females to move directly towards central lek areas (Gosling & Petrie, 

1990; personal observations). This raises possibility that females may possess prior spatial 

information about mate quality, reducing the need for extensive sampling. Robust 

discrimination among these strategies therefore requires additional behavioural or state-level 

predictions beyond spatial visitation sequences that can be tested empirically. 

For example, most models assume perfect knowledge about mate quality distributions 

(Janetos, 1980; Real, 1990). Let us consider the first-encounter sequences. When spatial 

structure of territories was considered, out of the 7 sequences that recorded mounting in at least 

one territory, only two where on the centre of the lek. If centrality is assumed to be correlated 

with mate quality, then sequences classified as first-encounter but occurring in central 

territories may instead reflect threshold decisions, where the first encountered male already 

exceeds the acceptance threshold. However, without direct information on male quality or 

female thresholds, these strategies remain statistically indistinguishable. A further complication 

arises from the definition of “encounter” in lek systems. Females may pass multiple males 

during the entry without engaging in sampling, implying that not all encounter events constitute 

sampling. This highlights the limitation of inferring cognitive decision rules solely from the 

movement trajectories. 

Another concern is that leks are highly dynamic, it can be considered as a spatial collective 

phenomenon arising from local interactions between individuals interacting at various spatio-

temporal scales (Rathore et. al., 2023). For example, a simple interaction might propagate in 

their neighbourhood and thus, in turn affect the behaviour of other individuals (Rathore et. al., 

2023). Consequently, movement patterns observed at the level of an individual female may not 
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always reflect independent sampling decisions, but rather cumulative effects of interactions 

occurring within her local environment.  

In blackbuck leks, for example, a female is often subjected to herding attempts by nearby 

territorial males. When a territory-holding male leaves a female unattended to chase away the 

intruder males or sub-adults on lek, neighbouring males frequently attempt to herd her into 

their own territories. Although such attempts are often unsuccessful, they may occasionally 

prompt the female to leave her current territory and move to another neighbouring territory or 

any territory located at another part of the lek. In this sense, one can argue that the female 

movement can arise indirectly from male movement and interactions across the lek during the 

sampling bout. 

At the same time, observations indicate that females frequently move independently despite 

herding attempts (Isvaran & Jhala, 2000; personal observations), and in some cases actively 

evade males through body-feinting. This creates a conceptual challenge in classifying 

movement trajectories within the framework of mate sampling strategies. For instance, if a 

female leaves a territory following a herding attempt by a neighbouring male but subsequently 

returns to the same territory without visiting or assessing another territory, should this 

movement be considered a revisit? From strict sampling perspective, no comparison among 

males has occurred. Nevertheless, the behaviour still may require the female to retain 

information about the location of the previously encountered male, a key assumption 

underlying best-of-n strategy (Janetos, 1980). Such examples highlight the difficulty of 

mapping observed movement trajectories onto discrete theoretical mate-choice strategies.  

Despite these limitations, patterns observed in this study suggests that best-of-n-like 

sampling often involving revisits may be highly rewardable, with over 80% of sequences under 

this broad classification resulted in the occurrence of mounting. In contrast, more than half of 
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first-encounter sequences wherein only one territory was visited did not lead to mating. This 

also corresponds to the search effort as females classified under best-of-n comparatively spent 

more time in lek compared to others. 

Overall, our results indicate that blackbuck female movement patterns within a lek during 

a mate sampling bout are consistent with mixed sampling strategies, rather than adhering to a 

single fixed rule. Future work should incorporate additional behavioural predictors to better 

discriminate among competing theoretical models. Incorporating alternative frameworks such 

as female-copying (Clutton-Brock & McComb, 1993; McComb & Clutton-Brock, 1994; 

Imperio et. al., 2020) may further improve the theoretical models. 

6.5 Limitations 

Several limitations should be considered while interpreting the findings of the study. 

Firstly, individual females could not be identified throughout the study period. 

Consequently, the dataset may contain repeated observations of the same female across 

multiple mate sampling bout sequences, limiting the ability to infer consistent sampling 

strategies at an individual level. For instance, a hypothetical female may undertake several 

sampling bouts prior to mating (Uy et. al., 2001). During an initial bout, she may sample several 

males, whereas subsequent bout may involve visit to only the preferred male chosen during the 

initial bout (Uy et. al., 2001). Treating these bouts as independent observations thus limit the 

classification of strategies at an individual level. 

Secondly, theoretical models of mate sampling assume variation in mate quality and 

perfect information about the distribution of potential males (Janetos, 1980; Real, 1990). 

However, the present study could not quantify direct measures of mate quality. The only 

variable that could potentially serve as a proxy for male quality was distance of a territory from 

lek centre, assuming that centrally located territories are occupied by superior males (Bro-
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Jørgensen, 2002). This limits the examination of step-wise rejection and acceptance decisions 

of females during the mate sampling bout. 

A further limitation is the inability to identify successful matings. Occurrence of 

mountings could be used as a proxy for mating, but it cannot be interpreted as definitive 

evidence of female mate choice. In sequences where mounting occurred in multiple territories, 

it is not possible to determine the territory at which successful copulation ultimately occurred. 

Although certain behaviours have been used in previous studies (Isvaran & Jhala, 2000) as 

indicators of successful copulation, the reliability of such behavioural proxies remain uncertain. 

Finally, current study assumes that females sample males sequentially by visiting 

territories one after another. This assumption underpins the classification of sampling 

strategies. However, lekking systems may also permit simultaneous sampling (Rosenthal, 

2017), whereby females evaluate males without physically visiting every territory. If females 

employ such simultaneous sampling, movement trajectories alone might not accurately reflect 

the complete sampling process, potentially influencing the inferred strategy. Although the 

ecological prevalence of simultaneous sampling remains debated (Wiegmann, 1999; Deb & 

Balakrishnan, 2014), its potential occurrence in blackbuck lek cannot be excluded. 

Collectively, these limitations indicate that the operational categories defined in this 

study should be interpreted as movement-based representations of female sampling behaviour 

rather than definitive evidence underlying theoretical mate sampling strategies. 
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APPENDICES 

 

Appendix 1: Conceptual representation of female movement trajectories under alternative 
mate sampling strategies and their projection onto a georeferenced lek map. For each 
sampling strategy, left panel represents a conceptual representation of the movement pattern, 
whereas right panel shows the same trajectory projected onto the spatial configuration of 
territories mapped within the lek. Golden circles indicate the points where she spent 
considerably more time along her trajectory. a) Fixed-threshold sampling: females 
sequentially assess multiple males or territories until an acceptance threshold is reached, 
resulting in visits to several territories with no revisits. b) First-encounter: females sample 
only one male or territory, resulting in limited movement and prolonged residence within a 
single point. c)Best-of-n sampling: females compare multiple males or territories, leading to 
repeated assessment and greater concentration of residence time within some criss-crossing 
points along the trajectory. Note: The mapped territories represent the cumulative set of 
territories recorded during the study. Some may have disappeared, and some may be inactive 
for the season. Owing to close spatial clustering of territories within lek and positional 
uncertainty associated with GPS, some points may appear overlapping. Visitation sequences 
and territory assignments were manually reviewed and cross-validated using the original 
tracking data. 
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