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Abstract The study of intraspecific variation can provide
insights into the evolution and maintenance of behavior.
To evaluate the relative importance of ecological, de-
mographic and social conditions thought to favor lekking,
I studied variation in mating behavior among and within
populations of the blackbuck, Antilope cervicapra, an
Indian antelope. Rather than viewing lekking as a discrete
mating strategy, I took a continuous approach and treated
lekking as a question of the clustering of mating territo-
ries, with leks representing one extreme in a range of
territory distributions. I surveyed nine blackbuck popu-
lations, which differed in population density and in hab-
itat conditions. For each population, I described the mat-
ing system in terms of the clustering of mating territories,
and measured various factors suggested to favor lekking.
I found that large-scale, among-population variation in
territory clustering was most strongly related to female
group size. Territory clustering was not related to popu-
lation density. Female group size, in turn, was best ex-
plained by habitat structure. Interestingly, these among-
population patterns were repeated at a finer spatial scale
within one intensively studied population. These findings
suggest that territorial males respond to local patterns in
female distribution (represented by group size) when
making decisions regarding territory location. Finally,
although female distribution may explain territory clus-
tering at the population level and more locally within a
population, other selective factors (e.g., female prefer-

ence, male competition, male harassment) are likely to
shape the clustering and size of territories at even finer
scales.
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Introduction

Mating systems in which males do not provide any pa-
rental care have usually been explained in terms of males
monopolizing females or resources attractive to females
(Clutton-Brock 1989). From this perspective, the evolu-
tion and maintenance of the lek mating system is in-
triguing because males defend neither females nor any
obvious resources. Lekking males typically defend small
mating territories in aggregations. These territories are
devoid of resources such as food or water, and females
are thought to visit leks for the sole purpose of mating
(Bradbury 1981). The lek mating system is rare (occur-
ring in less than 0.5% of birds and 0.2% of mammals;
Davies 1991), but it is found in a wide diversity of taxa (in
at least 14 bird families and 5 mammal families; H�glund
and Alatalo 1995). Furthermore, many species that lek
also display variation in their mating system. This is es-
pecially common among lekking ungulates. For example,
in topi (Damaliscus lunatus) and fallow deer (Dama
dama), males in some populations lek while males in
others show resource defense and female following stra-
tegies (Gosling 1991; Thirgood et al. 1999). Male mating
behavior may even vary within populations (Clutton-
Brock et al. 1988; Gosling and Petrie 1990; Apollonio et
al. 1992). Such intraspecific variation offers the oppor-
tunity to explore the correlates of male mating behavior
and identify the conditions associated with lekking,
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thereby providing insights into the evolution of this un-
usual mating system. I studied the blackbuck (Antilope
cervicapra), an Indian antelope with highly variable
mating behavior, to evaluate the relative importance of
ecological, demographic, and social conditions hypothe-
sized to favor lekking.

The main ecological factors suggested to influence
lekking are resources, habitat structure, and predation
(Wiley 1974; Gosling 1986; Clutton-Brock 1989). Re-
sources and habitat structure are thought to affect lekking
by influencing female density and distribution (Gosling
1986; Deutsch 1994; Nefdt and Thirgood 1997). Habitat
structure may also constrain mating options available to
males, for example, if habitat suitable for mating territo-
ries is limiting (Wegge and Rolstad 1986). A third eco-
logical factor, predation, may favor lekking, if territorial
males or visiting females experience reduced risk from
predation at larger clusters of territories (Koivisto 1965;
Wiley 1974).

Demographic factors, principally female density, are
also thought to influence lekking. Many studies have
found that lekking is associated with relatively high
population densities (Langbein and Thirgood 1989;
Balmford et al. 1993a, 1993b; Clutton-Brock et al. 1993;
Bro-Jørgensen 2003a). Furthermore, there are several
accounts of switches in mating system following changes
in density (Clutton-Brock et al. 1993). Population sex
ratio may also influence lekking (Apollonio 1989).

Two social factors correlate with lekking in several
species: the social behavior of females (grouping and
ranging), and harassment of estrous females by males.
Lekking often occurs in species in which females move
unpredictably in large groups and have large home ranges
(Bradbury et al. 1986; Balmford et al. 1993a; Clutton-
Brock et al. 1993). Male harassment of estrous females is
suggested to favor leks in ungulates (Clutton-Brock et al.
1992; Nefdt 1995; Nefdt and Thirgood 1997; but see Bro-
Jørgensen 2002, 2003b).

Overall, many ecological, demographic, and social
factors have been related to lekking, but studies do not
provide a consistent picture. While it is likely that the
conditions favoring lekking vary among taxa, evidence
for the role of various ecological and demographic factors
is mixed even within a species (Apollonio 1989; Balm-
ford et al. 1993a). One possible reason for the lack of
clear patterns is that most studies focus on a single pop-
ulation and on testing specific processes thought to
maintain lekking in that population. The general condi-
tions associated with lekking are typically assessed in
reviews that compile results from different single-popu-
lation studies, studies that differ in the behavioral patterns
and factors measured and in the methods used. Very few
studies have systematically examined variation among
species or populations of a species in mating system. In
one such study (Langbein and Thirgood 1989), the factor
that explained most of the variation in mating system
among fallow deer populations was male density, a factor
not highlighted in reviews of lekking (e.g., Clutton-Brock
et al. 1993). Langbein and Thirgood’s (1989) study sug-

gests that cross-population comparisons in species with
variable mating behavior provide an important means of
identifying the conditions under which lekking may
evolve.

I studied variation among and within populations of
blackbuck to identify the ecological, demographic, and
social conditions associated with lekking. Previous stud-
ies have treated lekking as a discrete mating system and
have classified populations as lekking or non-lekking
(e.g., Apollonio 1989; Balmford et al. 1993a; Nefdt and
Thirgood 1997). However, studies of blackbuck (Mungall
1978; Ranjitsinh 1989; Isvaran and Jhala 2000) suggest
that this classification conceals much useful variation.
Furthermore, most theoretical studies model lekking as a
matter of the clustering of territories, and thus use a
continuous rather than a categorical approach (Bradbury
1981; Gibson et al. 1990; Stillman et al. 1993, 1996; Is-
varan and St. Mary 2003). Hence, rather than classify the
mating system of a population into discrete categories, I
take a novel empirical approach and describe the mating
system in terms of the distribution of mating territories,
specifically the degree to which territories are clustered.
I surveyed nine blackbuck populations and measured
the distribution of territories, and the ecological, demo-
graphic, and social factors hypothesized to favor lekking.
In addition to making cross-population comparisons, I
also studied the correlates of territory clustering at a finer
spatial scale, within a lekking population. Here, I examine
the factors associated with variation in territory cluster-
ing, both among and within populations. I evaluate the
correlates of extreme territory clustering (lekking) and
discuss the implications of my findings in light of current
hypotheses about lek evolution.

Methods

Study organism

The blackbuck, A. cervicapra, is an endangered antelope native to
the Indian subcontinent. It is a medium-sized (23–45 kg; Mungall
1978; Ranjitsinh 1989), sexually dimorphic species in which males
are larger and more conspicuously colored than females, and males
alone bear long, spiral horns. It is found in a wide range of habitats,
from grasslands to open woodlands. It is a selective grazer living
in groups that range from two to several hundred individuals
(Ranjitsinh 1989). The social groups typically observed are: (1) all-
male herds; (2) female herds (containing adult females and juve-
niles of both sexes); (3) mixed-sex herds (containing adults and
juveniles of both sexes). There are two annual mating peaks, from
March to April and from August to October (Ranjitsinh 1989).
Males display to females on mating territories and in mixed-sex
herds, but no matings have been observed in herds (Mungall 1978;
Prasad 1989; this study).

Study sites

I surveyed eight populations in India and one in Texas, USA, from
August to November 1998 and 1999. The Indian populations were
scattered throughout the distribution of blackbuck in India and
represented a wide range of habitat type, blackbuck density, and
predator density (Fig. 1, Table 1, electronic Appendix S1). All eight
Indian populations lie in semi-arid regions and habitats range from
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open grasslands to thorny shrublands and forest. I also studied a
free-ranging population on Kyle ranch in Texas (Table 1). Since
their introduction from zoos to Texas ranches 70–80 years ago
(Mungall 1978), blackbuck numbers have rapidly increased and
currently rival their overall numbers in India (Mungall 1998). The
Texas population thus provides an opportunity to examine whether
the correlates identified for the Indian populations hold in a pop-
ulation introduced into a new habitat. Kyle ranch is located in a
semi-arid region and comprises shrublands and forest with small
grassy openings.

I studied spatial variation in territory clustering more inten-
sively within one of the Indian populations, Velavadar National

Park, Gujarat, from January to May 2000. This area is a mosaic of
grasslands, shrublands, and mudflats, and holds one of the largest
blackbuck populations in India.

Among-population variation in mating system

Distribution of mating territories

Because most of the study areas were relatively small (1–36 km2),
each site was repeatedly surveyed, and the distribution of territorial
males was recorded on maps of the site. From these distributions, I
identified clusters of territories. A cluster included all males that
shared territory boundaries. This was inferred from observing areas
used by each territorial male and interactions between neighboring
males. Clusters were typically unambiguously identified. For ex-
ample, at Velavadar, the mean nearest neighbor distance of terri-
torial males within a cluster was 85 m (22 territories in 5 clusters)
while the mean distance from a cluster to its nearest neighboring
cluster was 900 m (5 clusters).

Correlates of mating system variation

Ecological variables

I divided each study site into four to seven units (depending on the
area of the site), and randomly laid a 1-km line transect in each unit.
At 50-m intervals along these transects, habitat structure (habitat
openness and habitat homogeneity) and resource abundance were
measured as described below.

Habitat openness. Because blackbuck prefer open habitats (pri-
marily grasslands; Ranjitsinh 1989; Jhala 1997), the measured
habitat-structure variables focused on open habitats. I placed
habitats in two categories—open and closed. Open habitats in-
cluded those without woody shrubs and trees more than 1 m high
(mainly grassland and bare ground). Closed habitats were defined
as those with woody shrubs and trees more than 1 m high (mainly
shrubland and forest). At 50-m intervals along each transect, I vi-
sually estimated the percentage of the area occupied by open and
closed habitats in circular plots of 10 m radius. Habitat openness
was calculated as the mean percentage of open habitat in a plot

Fig. 1 Location of the eight Indian study populations. Velavadar in
western India was the intensive study site.

Table 1 Location, area, and major habitat types for the eight Indian
and one North American* blackbuck populations. Climatic data are
30 year averages, from 1951 to 1980 for the Indian populations

(Anonymous 1999) and 1971 to 2000 for the North American
population (Anonymous 2002)

Population State Location (lat/long) Normal
mean daily
temperatures
(Max; Min)�C

Normal
mean annual
precipitation
(mm)

Area
studied
(sq. km)

Major habitat types

Tal Chappar Wildlife
Sanctuary

Rajasthan 27�880N,74�580E 32.9; 17.1 421 7.2 Grassland, shrubland

Velavadar National
Park

Gujarat 21�560N,72�100E 33.6; 21.1 669 34 Grassland, shrubland,
mudflats

Savainagar Gujarat 21�520N,72�010E 33.6; 21.1 669 8 Shrubland, mudflats
Nannaj Wildlife
Sanctuary

Maharashtra 17�410N,75�560E 33.8; 20.8 760 5 Grassland

Rehekuri Wildlife
Sanctuary

Maharashtra 19�420N,75�440E 33.0; 18.5 584 2.2 Forest, grassland

Mahavir Harina
Vanasthali National Park

Andhra
Pradesh

17�210N,78�330E 32.0; 20.2 813 1 Forest

Rollapadu Wildlife
Sanctuary

Andhra
Pradesh

15�520N,78�180E 34.1; 22.1 726 6.1 Grassland

Point Calimere
Wildlife Sanctuary

Tamil Nadu 10�180N,79�510E 32.3; 24.2 1503 12 Forest with grassy
openings

Kyle ranch* Texas 29�630N,98�880E 26.6; 14.2 823 1.4 Forest with grassy
openings
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(estimates were first averaged across plots and then across tran-
sects).

Habitat homogeneity. As a measure of the distribution of open
habitat patches, for each transect, I counted the number of suc-
cessive sampling points with open habitat as the major habitat type.
Thus, each transect can be broken down into segments of varying
lengths (1–20), where each segment consists of successive points
with open habitat. These segments are an index of the size of open-
habitat patches through which the transect ran. A transect that did
not go through any open habitat was assigned a value of zero. A
transect with all 20 points falling in open habitat represented
maximum homogeneity of open habitat (value of 20). The mean
length of segments of open habitat was averaged across transects to
obtain a measure of homogeneity of open habitat at each study site.

Resource abundance. At each sampling point along a transect, I
measured grass height and visually estimated the percentage of
area covered by grass in circular plots of 1 m radius. Grass
height�percent cover was used as an index of resource abundance.

Predator density. To test whether territory clustering was correlated
with predation levels, I obtained estimates of the number of
predators (wolves, Canis lupus) of adult blackbuck known to use
each study site from Forest Department records and from infor-
mation obtained from researchers working at the sites. Using these
estimates, I calculated predator density (number of wolves per km2)
for each site.

Demographic variables

I used total counts or line transects to estimate: (1) population
density; (2) male density (number of males per km2); (3) female
density (number of females per km2); and (4) sex ratio (number of
females divided by the number of males). Only mature females
(~1 year and older) and males (~2 years and older) were included in
the calculation of sex ratio (Mungall 1978). To identify mature
individuals, I used body proportions for females and body pro-
portions and horn characteristics (primarily the number of twists)
for males (Mungall 1978). Fawns were not included in the density
and sex ratio measures.

At six sites, total counts (a recommended census technique for
conspicuous animals that aggregate and that are found in relatively
open areas; Sutherland 1996) were used to estimate demographic
parameters. During each total count, I systematically surveyed the
study area in the morning and evening hours when animals were
most active, and recorded the sex and stage (immature, mature) of
every individual encountered. I conducted three to four total counts
at each of the six sites. At three sites (Point Calimere, Savainagar
and Kyle ranch), total counts were difficult to conduct because of
relatively dense vegetation. At these three sites, I walked six to
seven 1-km strip transects stratified as described for the measure-
ment of habitat variables. Along each transect, I recorded every
animal encountered within 50 m on either side of the transect. The
density of individuals was calculated as the total number of indi-
viduals sighted divided by the area sampled (the study area for total
counts and the area of the strip transect for the transects).

Social variables

Group size. I used the total counts and transects described above to
estimate group sizes. I defined a group as all individuals within at
least 50 m of another individual (Clutton-Brock et al. 1982; Lingle
2001). During total counts and transects, for each individual or
group encountered, I recorded the number, sex, and stage of indi-
viduals.

Female group size. Because male mating behavior is hypothesized
to be influenced by the degree to which females in particular (rather
than all individuals) are aggregated in an area, I took the data on

group sizes (recorded as described above), selected only groups that
contained females (female groups and mixed-sex groups), and es-
timated the mean number of females per group.

Female ranging. Female ranging is thought to influence male
mating behavior by modifying the rate at which males encounter
females. For example, when females range widely over large areas,
males are expected to experience low female encounter rates at any
given location (Deutsch 1994). Due to the limited time that I spent
at each study site, I could not measure female home-range sizes.
Instead, I used an index of female ranging, the distance moved
during a sampling period. In each population, I followed 10–15
(mean=13, SD=3) female or mixed-sex groups for 30–60 min
(mean=40; SD=7) on different days and at different times of the
day. During each group follow, I noted the location of the group at
the beginning and the end of the follow and measured the straight-
line distance between the two locations. This measure (meters
moved per hour) was used as an index of female ranging.

Male harassment. During the follows of mixed-sex groups de-
scribed above, I recorded the number and duration of chases of
females by males. I used the number of chases per female per hour
as a measure of male harassment of females.

Within-population variation in mating system

I examined the correlates of variation in territory clustering within a
primarily lekking population (Velavadar National Park), from
January to May 2000. I divided the study area into approximately
1 km2 (1.1�1.1 km) sampling units. The approximate grid size was
chosen based on the spatial scale over which factors were expected
to vary. The exact grid size was chosen based on the scale of the
map obtained from the Forest Department. Every 2 weeks during
the rutting peak (March and April), I surveyed the study area three
to five times on consecutive days and recorded the location and
distribution of territories on maps. From these maps, I estimated the
number of territorial males, and cluster sizes (number of males in a
territory cluster) in each spatial unit. I also conducted three to five
total counts during morning and evening hours and estimated the
number of males and females in each 1.2-km2 spatial unit. In each
unit, I laid two 500-m transects at random and measured habitat
characteristics and resource abundance along these transects as
described in the among-population comparison.

Analyses

Among-population variation in territory clustering

The extent of territory clustering in the different populations was
estimated in two ways.

Typical cluster size

First, to estimate the cluster size (number of males in a cluster) that
the average male was found in, I used the measure proposed for
social groups (typical group size; Jarman 1982):
Pn

1 x2

N
ðaÞ

where x is the number of males in a cluster, n is the number of
clusters and N is the total number of territorial males. A solitary
male was counted as a cluster of one. The typical cluster size is the
number of territorial males in the territory cluster that the average
territorial male occupies.
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Standardized Clustering Index (SCI)

As the total number of territorial males differed among populations,
I sought an index of territory clustering that was independent of the
number of males in a population. To achieve this, I divided the
typical cluster size by the number of territorial males in the pop-
ulation. Thus, the Standardized Clustering Index ranges between
near 0 and 1 and represents a relative rather than an absolute
measure of territory clustering. For example, using this index, a
territory cluster of 10 in a population with 10 territorial males
represents the same level of clustering as a cluster of 60 in a
population with 60 males. The SCI is based on the null expectation
that absolute cluster size increases linearly with the number of
territorial males in a population. Note that this expectation may be
unreasonable when territorial male populations and/or study areas
are very large, problems that were unlikely in this study.

I used parametric correlation analyses to explore the relation-
ship between the extent of territory clustering (typical cluster size
and SCI) and the various ecological, demographic, and social fac-
tors. To meet the assumptions of bivariate normality and linearity,
all variables were loge-transformed except habitat openness and
habitat homogeneity. Habitat openness was bounded by 0 and 100
and homogeneity by 0 and 20. They were best treated as propor-
tions and accordingly arcsine square-root transformed (Sokal and
Rohlf 1995).

I also used stepwise multiple regression analyses with SCI as
the dependent variable to test whether factors identified as corre-
lates (r�0.5) in bivariate correlation analyses were statistically
independent predictors of territory clustering. The independent
variables used were habitat homogeneity and female group size. To
minimize problems associated with multicollinearity, habitat open-
ness was not included in the regression because it was highly
correlated with habitat homogeneity (r=0.97, N=9, P<0.0001).
Female ranging, the only other correlate of SCI (at r�0.5), was not
included in the regression analysis because data on ranging could
not be collected in all populations. The residuals from regression
analyses were checked for deviations from normality and linearity.
A similar stepwise regression was performed with typical cluster
size as the dependent variable. Because the results from this anal-
ysis were very similar to those from the regression analysis of SCI,
only the latter are reported here.

Within-population variation in territory clustering

I used typical cluster size to represent the clustering of territories in
each 1.2-km2 sampling unit. At this spatial scale, SCI was not
appropriate, because there was usually one and not more than three
clusters per spatial unit. The relationship between typical cluster
size and the various factors measured was explored using para-
metric correlation analyses. To identify the factor(s) independently
explaining variation in typical cluster size, I used stepwise multiple
regression analyses with independent variables that showed a rel-
atively large correlation (r�0.5) with typical cluster size: resource
abundance, male numbers and female group size. The only other
correlate (at r�0.5) was female numbers, which I did not include
because it was correlated with female group size (r=0.88, N=14,
P<0.0001). All analyses were performed on loge-transformed data.

The above analyses assume that data from each sampling unit
are independent, and do not take into account potential spatial
correlations among sampling units. I incorporated possible nonin-
dependence between sampling units using generalized least squares
(GLS) methods (Pinheiro and Bates 2000). Results from GLS
models were similar to those from the stepwise regression models
ignoring spatial correlations. For this reason, I report results from
only the stepwise regression analyses.

Results

Among-population variation in territory clustering

The distribution of territories varied widely among pop-
ulations (Fig. 2). The typical cluster size, the number of
territorial males in the cluster that the average territorial
male occupied, ranged from 1.3 males in Vanasthali to
40.4 males in Tal Chappar (see electronic Appendix, S1).
The typical cluster size reflects absolute levels of territory
clustering and is affected by the total number of territorial
males in a population. Hence, I used a relative measure of
clustering, SCI, which represents the level of clustering
adopted by the average territorial male in a population
taking into account differences among populations in the
total number of males. Using this index, I found that
males in populations with different numbers of territorial
males and typical cluster sizes still exhibited a similar
relative level of clustering (SCI; see electronic Appendix,
S1).

Of all the factors measured, female group size was
most strongly correlated with both SCI and typical cluster
size (Table 2). Clustering increased with female group
size and extreme clustering (classical leks) was associated
with large female groups (Fig. 3). Neither SCI nor typical
cluster size was related to harassment. Typical cluster size
increased and SCI tended to increase with the ranging of
female groups (Table 2).

Of the ecological factors measured, both habitat
openness and homogeneity were positively correlated
with typical cluster size, but their relationships with SCI
were not significant. Territory clustering was not associ-
ated with resource abundance (Table 2). I also used an-
nual rainfall as an index of resource abundance (Maher

Table 2 Results from correlation analyses on among-population
variation in territory clustering. The correlation coefficients (Pear-
son’s r), sample sizes (N number of populations), and probability
values (P) from the correlation analysis between territory clustering
(typical cluster size, standardized clustering index) and various
ecological, demographic, and social factors are reported. All vari-
ables were loge-transformed except habitat openness and homoge-
neity which were arcsine square-root transformed

Typical cluster size Standardized
Clustering Index

Factor r N P r N P

Ecological
Habitat openness 0.78 9 0.014 0.66 9 0.052
Habitat homo
geneity

0.77 9 0.015 0.63 9 0.071

Resource
abundance

0.58 9 0.103 0.43 9 0.246

Predation �0.16 8 0.708 �0.18 8 0.667
Demographic
Female density �0.19 9 0.625 �0.08 9 0.834
Male density �0.32 9 0.403 �0.19 9 0.619
Sex ratio 0.45 9 0.206 0.43 9 0.240
Social
Female group size 0.94 9 0.0002 0.89 9 0.001
Female ranging 0.72 8 0.045 0.67 8 0.069
Male harassment 0.26 8 0.539 0.20 8 0.631
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2000), but did not find a significant correlation between
annual rainfall and either SCI (r=�0.39, N=9, P=0.294) or
typical cluster size (r=�0.31, N=9, P=0.423). Similarly,
predator density was not associated with SCI or typical
cluster size (Table 2). Because for several populations I
relied on information from secondary sources for predator
density estimates, and because such densities are difficult
to estimate in the absence of intensive sampling, the error
around these estimates is uncertain. Therefore, I also
tested for the effect of predator density in a more general
manner. I placed populations in Low (wolves absent) and
High (wolves present) categories of predation pressure
and tested for a difference in SCI between the two cate-
gories. SCI did not differ significantly between the two
categories (t-test on loge-transformed SCI: t=0.396, df=6,
P=0.706). I found no clear relationship between either
typical cluster size or SCI and any demographic factor
including female density (Table 2).

In the stepwise regression analysis of SCI, only female
group size entered the regression and it explained a large

portion of the variation in SCI (R2=0.80, N=9, F1,7=27.24,
P=0.001). The degree of territory clustering at the Kyle
ranch (Texas) population matched expectations based on
the relationship between clustering and group size in the
Indian populations. Group sizes were relatively small at
Kyle ranch and, correspondingly, the level of territory
clustering was relatively low (see electronic Appendix,
S1, and Fig. 3).

The main predictor of female group size was habitat
homogeneity. In a stepwise regression with loge-trans-
formed female group size as the dependent variable and
habitat homogeneity and resource abundance as inde-
pendent variables, only habitat homogeneity entered the
regression (R2=0.62, N=9, F1,7=11.51, P=0.012). Because
habitat homogeneity was strongly correlated with habitat
openness, only the former was included in the multiple
regression to minimize problems associated with multi-
collinearity.

Fig. 2 Relative frequency of
territorial males in clusters of
different sizes in nine black-
buck populations. N represents
the number of territorial males
in a population.
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Within-population variation in territory clustering

At Velavadar, where I studied the correlates of territory
clustering within a population, cluster sizes varied from
solitary territories and small clusters of 2–4 males to a lek
of 50 males. The distribution of territories among the 1.2-
km2 sampling units was related to female distribution.
The number of territorial males in a unit was positively
correlated with the number of females in a unit (r=0.75,
N=14, P=0.002, Fig. 4).

Territories were observed in 8 of the 14 sampling units
at Velavadar. Variation in territory clustering (measured
as typical cluster size) among these eight units was cor-
related with variation in mean female group size, number
of females observed in each unit, and male numbers
(Table 3). In a stepwise regression analysis of typical
cluster size, female group size was the only variable that
was included in the regression (R2=0.85, N=8, F1,6=34.83,
P=0.001) (Fig. 5).

Discussion

Patterns of variation in territory clustering

A striking result of this study was the wide variation
among populations in mating system, specifically in the
degree to which mating territories were clustered. Two
populations (Velavadar and Tal Chappar) displayed ex-
treme clustering, with most males aggregating on large
classical leks, while males in one population (Vanasthali)
defended large scattered territories in foraging areas used
by females (resource territories). The remaining six pop-
ulations displayed different degrees of intermediate clus-
tering of territories; this ranged from populations in which
males were found in several small territory clusters to
those in which males defended territories in a range of
small and moderately sized clusters (2–18 males). Fur-
thermore, territory sizes ranged widely from 350 m2 to
100,000 m2 as did abundance of forage on territories
(Isvaran 2003). Due to this variation, the mating system in
the majority of blackbuck populations could not be easily
placed in discrete categories (e.g., resource defense ter-
ritoriality and lekking). These findings suggest that clas-
sical lekking is one extreme in a wide range of territorial
behavior. Understanding lekking is thus embedded in the

Fig. 3 Relationship between the degree of territory clustering (SCI)
and female group size across blackbuck populations. Each data
point represents a population.

Fig. 4 Relationship between the number of territorial males and the
number of females among sampling units within the Velavadar
population. Each data point represents a sampling unit.

Table 3 Results from correlation analyses on within-population
variation in territory clustering. The correlation coefficients
(Pearson’s r) and probability values (P) from the correlation anal-
ysis between typical cluster size and various ecological, demo-
graphic and social factors are reported. The study area was divided
into fourteen 1-km2 units but only spatial units (N=8) that contained
at least one territorial male were included in the analysis

Factor r P

Habitat openness 0.30 0.467
Habitat homogeneity 0.36 0.384
Resource abundance 0.50 0.210
Female numbers 0.88 0.004
Male numbers 0.72 0.046
Female group size 0.92 0.001

Fig. 5 Relationship between the typical cluster size (degree of
clustering of territorial males) and female group size among sam-
pling units within the Velavadar population. Each data point rep-
resents a sampling unit.
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larger question of understanding the processes that lead to
variation in territorial behavior.

Such variation in territory clustering has also been
reported in groups of closely related species (e.g. grouse
species, Hjorth 1970; Wiley 1974; Lewis 1985), and
within some ungulate species (e.g., fallow deer, Thirgood
et al. 1999; topi, Gosling 1991). Furthermore, several
studies (e.g., black lechwe Kobus leche smithemani,
Thirgood et al. 1992; little bustard Tetrax tetrax, Jiguet et
al. 2000; grassquit Volatinia jacarina, Almeida and
Macedo 2001) also describe intermediate levels of terri-
tory clustering that are difficult to categorize. Such
variation suggests that the difference between many ter-
ritorial distributions (e.g., dispersed leks vs classical leks)
is continuous rather than discrete (H�glund and Alatalo
1995). While this variation makes the placement of ob-
served mating systems into currently recognized cate-
gories problematic, it provides the opportunity to study
the conditions that influence mating-system variation and
that favor unusual mating systems such as lekking.

Correlates of territory clustering
from among-population comparisons

A second striking result of this study was that female
group size was the principal correlate of among-popula-
tion variation in male territory clustering. In populations
in which females were in small groups, males defended
territories either alone or in small clusters. At the other
extreme, classical leks were associated with large groups
of females. Although few previous studies have examined
continuous variation in territory clustering, comparisons
of lekking and non-lekking mating systems identify large
group size as one of the three main conditions associated
with lekking (Wiley 1974; Bradbury et al. 1986; Davies
1991; Clutton-Brock et al. 1993). Thus, results from
blackbuck provide strong quantitative support to previous
observations on the relationship between female group
size and mating system. The main explanation for the
association between large female groups and lekking is
that other male mating strategies, such as the defense of
female groups or of resources that attract females, are not
economical when females occur in large unstable groups
and local numbers of females are high (Davies 1991;
Clutton-Brock et al. 1993). This argument, however, does
not address why, under such conditions, the payoffs from
lekking are higher than those from other mating strate-
gies. A possible alternative interpretation of the correla-
tion between female group size and clustering is that fe-
males aggregate in large groups in response to male ter-
ritory clustering. However, this is unlikely in blackbuck
because large female groups are present throughout the
year, even during times of low territorial activity.

A second important condition thought to influence
mating system is population density. Lekking may be
favored in high-density populations because when local
numbers of females are high, clusters of males may attract
enough females to offset the large costs of clustering

(Clutton-Brock et al. 1988). An association between
density and lekking has been reported in most lekking
ungulates (Langbein and Thirgood 1989; Balmford 1992;
Balmford et al. 1993a, 1993b). Surprisingly, I found no
relationship between population density and territory
clustering in blackbuck.

Why might female group size rather than population
density be associated with territory clustering in black-
buck? Population density is thought to influence lekking
through large local numbers of females. However, in
blackbuck, female group size is likely a better estimate of
local numbers of females than is overall population den-
sity. Groups show some overlap in home ranges, but
within a season this overlap is usually limited (e.g., 5–
30% in blackbuck, Prasad 1983). Furthermore, females in
most ungulates rarely leave their daily ranges to mate and
a previous study of lekking antelope found that most es-
trous females sample mates within their usual home
ranges (Balmford et al. 1992). Hence, female group sizes,
in effect, represent the number of estrous females avail-
able at a local spatial scale. Overall population density,
however, may not always represent local distribution
of females, especially in heterogeneous environments
(Apollonio 1989). Indeed, I found no relationship be-
tween population density and local density (represented
by group size).

Because population density and group size are not
correlated in blackbuck (unlike in many other ungulate
populations, Clutton-Brock et al. 1993), this allows one to
analyze their relative influence on male behavior. My
findings suggest that male territorial behavior is more
influenced by local patterns in female distribution (rep-
resented by female group size), than by overall population
patterns. Apollonio (1989) arrived at a similar conclusion
for fallow deer in Italy where, unlike in England, fallow
deer lek even when population densities are relatively
moderate.

A third important characteristic thought to be associ-
ated with lekking is large home-range size of females
(Bradbury 1981; Davies 1991; Balmford et al. 1993a;
Clutton-Brock et al. 1993). When females have large
ranges, other more common mating strategies, such as the
defense of resources consistently used by females, may
no longer be economical (Davies 1991; Gosling 1991;
Clutton-Brock et al. 1993). Across blackbuck populations,
I found that the degree of territory clustering was only
weakly related to female ranging. It is possible that the
measure I used is an insufficient index of female ranging.
Alternatively, female group size may have a stronger in-
fluence on male mating behavior than female ranging; to
my knowledge, the relative influence of group size,
ranging, and density has not been previously evaluated.

Female group size, the main correlate of mating sys-
tem variation, was in turn most closely related to habitat
openness and homogeneity of open habitat. These habitat
features were weakly related to territory clustering with
large classical leks tending to be found in populations
where large grasslands predominated. These findings
support the notion that habitat features do not act directly
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on male mating behavior, but influence male behavior
through their effects on females (Wiley 1974; Gosling
1986; H�glund and Alatalo 1995; Thirgood et al. 1999).
Because of the reduced statistical power associated with a
sample size of nine populations, more work is needed on
the factors that did not show clear relationships with
territory clustering in this study.

Patterns and correlates of territory clustering
from within-population comparisons

Within the Velavadar blackbuck population, variation in
male clustering was largely explained by local female
distribution. This result is consistent with findings from
the among-population comparison. Furthermore, this re-
sult suggests that males respond flexibly to variation in
female distribution at small spatial scales. The number of
territories in a sampling unit was positively correlated
with the number of females. Furthermore, the degree to
which these territories were clustered was correlated with
both local female numbers and with female group size.

I also found that female group size was a good index of
local female distribution, supporting the idea presented in
the among-population comparison. At the local spatial
scale at which the within-population study was conduct-
ed, local female numbers and female group size were
strongly correlated.

How might female group size influence territory clus-
tering? Most hypotheses in the literature do not directly
explain how large group sizes favor lekking but instead
focus on how large female groups reduce the payoffs
to mating strategies alternative to lekking. One possi-
ble explanation is that local numbers of females act as
a ceiling on clustering because they reflect the maxi-
mum potential mating benefits to males from clustering
(Clutton-Brock et al. 1988). Studies are needed of the
ways in which payoffs to male and female mating be-
havior vary under different group size conditions.

While local female distribution may predict territorial
male distribution and clustering at the spatial scale of
approximately a square kilometer, this factor is insuffi-
cient to explain territory clustering at still finer scales.
Within each sampling unit, territory clusters occupied a
very small part of the area used by females. For example,
in the area of highest local female numbers (280 females
km�2), males did not defend dispersed territories covering
the whole area; instead they defended small territories,
often less than 20 m in diameter, in a single classical lek
that covered only a small portion of the area. Studies
of sage grouse (Bradbury et al. 1989) and topi (Bro-
Jørgensen 2003a) similarly report that local female den-
sity explains male dispersion only at coarse spatial scales;
they suggest that other selective factors, such as female
preference, explain clustering at finer scales.

Implications for different hypotheses of lek evolution

My results support some forms of the hotspot hypothesis,
which proposes that males establish territories in areas of
maximal overlap of female ranges (Bradbury et al. 1986).
The first explicit model of this process (Bradbury et al.
1986) predicted that male clustering should increase with
female home-range size and decrease with female density.
These predictions are not well supported in blackbuck
because my results weakly support the first prediction
about home ranges, but not the second concerning female
density. Variations on the original hotspot hypothesis
propose that females cluster on environmental hotspots
and males in turn cluster their territories in accordance
with the distribution of females (e.g., Gosling and Petrie
1990). Accordingly, clustering is predicted to increase
with local female density. This prediction is supported at
relatively coarse spatial scales in blackbuck, by the cor-
relation between female group size and clustering. How-
ever, at finer scales (within the sampling units), other
factors must be invoked to explain why territorial males
occupied only a small part of the area used by females.

Results from blackbuck are also consistent with the
female preference hypothesis, which proposes that males
cluster their territories because females prefer to mate
with clustered males (Bradbury 1981). For such a female
preference to favor territory clustering, high local num-
bers of females are essential. This is because the number
of estrous females in an area limits the mating benefits to
males holding territories in that area. When local female
numbers are low, the benefits to clustered males from
female mating preferences are unlikely to offset the costs
of defending a territory in a large cluster. Thus, clustering
is predicted to increase with local female numbers, a
prediction supported by results from blackbuck.

Harassment of estrous females by males has been
highlighted as a factor favoring lekking, particularly in
species with relatively low mobility such as ungulates
(Clutton-Brock et al. 1993; Nefdt and Thirgood 1997).
When harassment levels are high, males in clustered ter-
ritories may be able to monopolize females better than are
males in solitary territories and mixed-sex herds. Fur-
thermore, harassment avoidance may be an important
benefit favoring female preference for mating on leks
rather than in solitary territories or herds (Nefdt and
Thirgood 1997). One prediction of these hypotheses is
that extreme territory clustering should be associated with
high harassment rates in mixed-sex herds in the popula-
tion (Nefdt and Thirgood 1997). One might also expect
territory clustering to be associated with more male-bi-
ased sex ratios, because harassment levels likely increase
with an increase in male numbers relative to female
numbers. These predictions were not supported in black-
buck because neither harassment rates in mixed-sex herds
nor sex ratio [both (mature females:mature males) and
(mature females: all males)] was correlated with the level
of clustering in a population. One possible reason for
the lack of pattern in harassment rates is that females
move out of mixed-sex herds and remain on territories
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throughout their estrous period and thus avoid harassment
by males in mixed-sex herds; this is unlikely in blackbuck
(K. Isvaran, unpublished data). In contrast to findings
from lekking fallow deer (Clutton-Brock et al. 1992) and
Kafue lechwe (K. leche kafuensis, Nefdt 1995), studies of
topi (Bro-Jørgensen 2002, 2003b) and Uganda kob (K.
kob thomasi, Balmford 1990) report that harassment
cannot explain mating patterns in these species. The re-
sults from blackbuck together with results from topi and
kob suggest that the role of harassment in ungulate lek
evolution needs to be investigated further.

Conclusions

Female group size explained most of the variation in male
territory clustering both among populations and, at a
smaller spatial scale, within a population. My findings
suggest that territorial males respond to local patterns in
female distribution when making decisions regarding
territory location. One explanation for this male response
is that local female numbers may influence clustering by
placing a limit on potential mating benefits that males
gain from clustering their territories in an area. Studies are
needed of the ways in which payoffs to male and female
mating behavior vary under different group size condi-
tions. Finally, while female distribution can largely ex-
plain male territorial behavior at relatively coarse spatial
scales, other selective factors are likely to shape the size
and clustering of territories at even finer scales.

More generally, the observed variation in territory
distribution in blackbuck, along with evidence from other
species (Gosling 1991; Thirgood et al. 1999), suggest that
a continuous approach may be preferable to more com-
mon categorical approaches to studying lekking. First,
separating variable behavior into a few mating system
categories can be a matter of judgment. It is likely that
intermediate mating behavior that shares features with
more than one mating system will, to an extent, be arbi-
trarily placed in one or another mating system category.
Second, a continuous approach allows one to estimate the
shape and magnitude of the relationship between selective
factors and territory clustering, which may provide in-
sights into evolutionary processes.
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Appendix

Table 4 is the Electronic Appendix, S1, and gives esti-
mates (mean€SE) of territory clustering and ecological,
demographic and social variables in nine blackbuck
populations.
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