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L. Conradt T.H. Clutton-Brock · D. Thomson 

Habitat segregation in ungulates: are males forced into suboptimal 
foraging habitats through indirect competition by females? 

Received: 19 August 1998 /Accepted: 13 February 1999 

Abstract Sex differences in habitat use (termed 'habitat 
segregation') are widespread in sexually dimorphic un- 
gulate species. They are a puzzling phenomenon, par- 
ticularly when females use better foraging habitats than 
males. It has been suggested that males, owing to their 
larger body size and higher forage requirements, are 
inferior in indirect competition to females and are forced 
by female grazing pressure into marginal habitats ('in- 
direct-competition hypothesis'). This hypothesis has 
been widely cited and has important theoretical and 
practical implications. However, evidence for it is in- 
conclusive. The present paper presents the results of the 
first experimental test of the indirect-competition hy- 
pothesis. We manipulated female and male numbers of 
red deer (Cervus elaphus L.) on a large scale on the Isle 
of Rum, Scotland, and tested the influence of this ma- 
nipulation on deer habitat use. We predicted that where 
female numbers were reduced, male use of preferred 
habitat should increase and sex differences in habitat use 
should decrease, while a reduction in male numbers 
should not have such effects. In contrast, we found that 
the manipulation of female and male numbers did not 
affect habitat use, and conclude that the indirect-com- 
petition hypothesis does not explain habitat segregation 
on Rum. 

Key words Body size dimorphism Grazing 
behaviour · Herbivore ecology · Jarman-Bell principle 
Sexual segregation 

Introduction 

In many sexually dimorphic mammal species, the sexes 
differ in habitat use (Gauthier-Hion 1980; Newsome 

L. Conradt (12) T.H. Clutton-Brock · D. Thomson 
LARG, Department of Zoology, 
University of Cambridge, Downing Street, 
Cambridge, CB2 3EJ, UK 

1980; Clutton-Brock et al. 1987; Sukamar and Gadgil 
1988; Brown et al. 1995). This is termed 'habitat segre- 
gation'. Habitat segregation is particularly common in 
herbivores and has attracted wide scientific attention in 
ungulates (for reviews see Main and Coblentz 1990; 
Conradt 1997). Since the sexes in ungulate species usu- 
ally share the same physical environment and evolu- 
tionary history, sex differences in habitat preference are 
a puzzling phenomenon, particularly when the smaller, 
subordinate females claim the better foraging habitats 
(e.g. Bowyer 1984; Pellew 1984; Beier 1987; Clutton- 
Brock et al. 1987). 

Theories of the evolution of habitat segregation are 
still controversial (for reviews see Main and Coblentz 
1990; Conradt 1997; Perez-Barberia and Gordon 1998). 
Clutton-Brock et al. (1982, 1987) suggested as cause of 
habitat segregation that males are inferior to females in 
indirect grazing competition, with the result that fe- 
males prevail in high-quality foraging habitats and 
males in marginal habitats. We term this the 'indirect- 
competition hypothesis'. The background and rationale 
of this hypothesis are as follows. In relevant species, 
males are of considerably larger body size than fe- 
males. Therefore, males have higher forage require- 
ments than females and, thus, need higher forage 
intake rates than females. Forage intake rates in her- 
bivores depend on bite size and vegetation biomass (i.e. 
standing crop; Illius and Gordon 1987, 1992). Since 
bite size does not increase with increasing body size as 
rapidly as metabolic requirements (Illius and Gordon 
1987), males need a higher minimum standing crop 
than females to achieve efficient forage intake rates. At 
times of food shortage (e.g. in winter or at high her- 
bivore densities), indirect foraging competition can be 
severe in preferred high-quality forage habitats, and 
standing crop becomes very low in these habitats (e.g. 
Clutton-Brock et al. 1982; Shank 1982; Gordon 1986). 
If females graze the vegetation in high-quality forage 
habitats too low (i.e. down to the minimum forage 
biomass profitable for females, which is below that for 
males), males are no longer able to obtain sufficient 
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forage intake rates in these habitats and are, thus, 
forced by indirect female competition into marginal 
habitats with lower forage quality but higher forage 
biomass. 

Clutton-Brock et al.'s (1982, 1987) indirect-competi- 
tion hypothesis extends the arguments made by Jarman 
(1974) and Bell (1971) for explaining inter-specific 
competition between different-sized herbivore species to 
intra-specific competition between the different-sized 
sexes of a species. However, evidence in favour of the 
hypothesis is restricted to reports that in many species, 
females use more high-quality forage habitats and males 
use more high-forage-biomass habitats (Watson and 
Staines 1978; Bowyer 1984; Osborne 1984; Ordway and 
Krausman 1986; Beier 1987; Clutton-Brock et al. 1987; 
Miquelle et al. 1992; Perez-Barberia et al. 1997), and 
such sex differences in habitat use could be explained in 
alternative ways (Conradt 1997, 1998a). For example, 
higher male than female sensitivity to adverse weather 
conditions could lead to higher male use of habitats with 
high vegetation biomass, which offer good shelter, but 
are usually of low forage quality (Jackes 1973; Conradt 
1997; Conradt and Guinness 1997). Ultimately, only 
field experiments can test the validity of the indirect- 
competition hypothesis. 

In the present paper, we report results from an ex- 
perimental test of the indirect-competition hypothesis, 
using red deer (Cervus elaphus L.) on the Isle of Rum, 
Scotland, as experimental species. We manipulated the 
numbers of male and female deer differently in different 
parts of the island. We predicted that if the indirect- 
competition hypothesis could explain habitat segrega- 
tion in red deer, and males are constrained from using 
high-quality foraging habitat by indirect competition 
from females, then male use of high-quality forage 
habitat should increase with decreasing female density, 
and sex differences in habitat use should be least pro- 
nounced when female numbers are low. On the other 
hand, we expected that male density should have little 
influence on male and female habitat use and on sex 
differences in habitat use. Additionally, we investigated 
Clutton-Brock et al.'s (1987) prediction that spatial 
segregation between the sexes is higher within high- 
quality forage habitat subject to intense competition 
than within habitat types of lower forage quality where 
competition is less intense. The argument is as follows. 
If some areas of Agrostis/Festuca grassland are grazed 
more intensely than other areas, so that standing crop is 
lower in these more intensely grazed (and, thus, pre- 
ferred) areas, then males, because of their higher forage 
requirements, could be forced by female grazing com- 
petition into less heavily grazed areas within Agrostis/ 
Festuca grassland. If Clutton-Brock et al.'s (1987) ex- 
planation were correct, one would expect a larger degree 
of inter-sexual spatial segregation within Agrostis/Fe- 
stuca grassland than within other habitat types where 
grazing competition is relatively low and should not 
lead to sex differences in site use (Clutton-Brock et al. 
1982). 

Materials and methods 

Study area and species 

Data were collected between 1981 and 1996 on the Isle of Rum, 
Scotland. The island is a nature reserve, owned by the Scottish 
Natural Heritage, with the explicit aim to contribute to nature 
conservation, environmental science and education. The island is 
divided into five red deer management blocks according to natural 
geographic boundaries such as hill saddles and steep glens, so that 
deer movements between blocks are restricted and negligible (see 
Clutton-Brock et al. 1997). Red deer density is relatively high on 
Rum (1986: 19.8 deer/km; Clutton-Brock and Albon 1989). In red 
deer, the sexes are highly sexually dimorphic (males: 113 kg; fe- 
males: 71 kg; Clutton-Brock et al. 1987) and show a different 
pattern of habitat use: males use lower-quality forage habitat than 
females, particularly in winter and, as a consequence, the diet of 
stags has a higher fibre and lower protein content than that of hinds 
(Charles et al. 1977; Staines and Crisp 1978; Yalden 1978; Staines 
et al. 1982; Osborne 1984; Clutton-Brock et al. 1997). The Isle of 
Rum and its red deer population have been described in detail by 
Clutton-Brock and Ball (1987) and Clutton-Brock et al. (1982). 

Differential culling regime 

Until 1991, a similar proportion of male and female deer (target: 
10-17%) was regularly culled on Rum in all management blocks 
(with the exception of block 4, see below). At the end of 1991, an 
experimental manipulation of male and female numbers was 
started (see Clutton-Brock et al. 1997). The design of the experi- 
ment was as follows. In one block (block 1) the number of males 
was greatly reduced (by 30% from 6.8 males/km2 to 4.7 males/km2; 
respective female densities: 8.8 and 9.6 females/km2; block size: 
18.2 km2); in one block (block 2), the previous culling regime of 
equal number of males and females was continued (respective deer 
densities: 7.1 and 6.8 males/km2, and 7.2 and 6.6 females/km2; 
block size: 21.3 km2); in one block (block 3) the number of females 
was greatly reduced (by 45% from 13.9 to 7.6 females/km2; re- 
spective male densities: 7.6 and 8.8 males/km2; block size: 21.8 
km2); one block (block 4) remained unculled from 1974 and was 
supposed to be close to carrying capacity since about 1985 (re- 
spective deer densities: 3.6 and 2.6 males/km2; and 8.8 and 7.1 
females/km2; block size: 17.2 km2); and in one block (block 5), the 
previous culling regime was continued, but deer numbers were so 
low that this block was excluded from analysis. A large cull was 
conducted in 1991 and had to be continued in 1992, before the final 
goals of the differential culling regimes could be reached. There- 
after, the yearly cull was as low as before the onset of the differ- 
ential culling regime to keep the population densities and sex ratios 
at the desired levels. The differential cull took place with the least 
possible disturbance. One experienced, professional stalker did the 
shooting in all blocks during two brief periods in 1991 and 1992, 
which was of equal length in the culled blocks and at a time of year 
when the deer on Rum had, for decades, been traditional culled. 
The total density of deer in blocks 1, 2, 4 and 5 did not differ 
significantly between 1981-1991 (before the onset of the differential 
culling regime) and 1992-1996 (since the onset of the differential 
culling regime), but in block 3, total density dropped considerably 
after the introduction of the differential culling regime (by 24%). 
This drop in deer density in block 3 (and thus in grazing compe- 
tition) should further augment the predicted effects of the differ- 
ential cull on male habitat use, if the indirect-competition 
hypothesis is correct. Note that absolute values of deer/km2 is not a 
useful basis for comparisons between blocks with respect to for- 
aging competition, since blocks differed in the amount of available 
habitat types. For the purpose of the present experiment, relative 
changes in deer densities are more meaningful than absolute values 
(Clutton-Brock et al. 1997). For testing the indirect-competition 
hypothesis, block 3 was considered as the 'experimental' block, and 
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blocks 1, 2 and 4 as 'control' blocks (note that in block 2 and block 
4 the culling regime has not been changed between 1981-1991 and 
1992-1996). 

Predictions of the differential culling regime 

To test the indirect-competition hypothesis, we investigated (a) the 
differences between blocks with respect to male and female use of 
high-quality forage habitat and with respect to sex differences in 
habitat and space use prior to the experimental manipulation; (b) 
the change in male and female use of high-quality forage habitat 
and the change in sex differences in habitat and space use after 
manipulation of male and female numbers in the experimental 
block 3 compared to the three control blocks, and (c) the differ- 
ences between blocks with respect to male and female use of high- 
quality forage habitat and with respect to sex differences in habitat 
and space use consequent to the experimental manipulation. We 
predicted that (a) in block 3, the reduction of female numbers 
should lead to an increase in use of high-quality forage habitat by 
males and to a reduction in degrees of habitat and spatial segre- 
gation, while the reduction of male numbers in block 1 and the 
continuation of the respective previous culling regimes in block 2 
and 4 should not influence male habitat selection and degrees of 
habitat and spatial segregation in the control blocks; and (b) as a 
result of the experimental manipulation, block 3 (with reduced 
female numbers) should be the block with the relatively highest use 
of high-quality forage habitat by males and the lowest degrees of 
habitat and spatial segregation, while block 4 (in which deer density 
was close to carrying capacity and grazing competition presumably 
most severe) should show the lowest male selectivity for high- 
quality forage habitat and the highest degrees of habitat and spatial 
segregation (predictions are summarized in Table 1). 

Habitat definitions 

The habitat available to deer was classified as (a) Agrostis/Festuca 
grassland (i.e. 'high-quality forage habitat') and as (b) other veg- 
etation communities of considerably lower forage quality (i.e. 'low- 
quality forage habitat'; these vegetation communities included 
heather moorland communities and poor, oligotrophic grasslands; 
see Clutton-Brock et al. 1982). Agrostis/Festuca grassland sup- 
ported vegetation with the highest proportion of easily digestible 
dry matter (mean + SD: 64.3 ± 4.9%, n = 17; other vegetation 
communities: 48.6 ± 6.7%, n = 38; source: Conradt 1997), the 
largest fraction of available protein (mean ± SD: 1.42 + 0.22%, 

n = 98; other vegetation communities: 1.05 ± 0.07%, n = 178; 
sources: Clutton-Brock et al. 1987; Conradt 1997; L. Conradt, 
unpublished data) and the highest concentration of important 
minerals (M.E. Ball, personal communication) on Rum, and a 
relatively low cellulose and lignin content (Gordon 1986, 1989). 
Agrostis/Festuca grassland offered therefore to deer of both sexes, 
the highest-quality forage of all vegetation communities (van Soest 
1982; Clutton-Brock et al. 1982, 1987; Osborne 1984; Gordon 
1986, 1989; Conradt 1997), while its vegetation biomass was rela- 
tively low (Clutton-Brock et al. 1982, 1987, 1997; Gordon 1986, 
1989; Conradt 1997). Deer discriminated for short Agrostis/Festuca 
grassland in comparison to other Scottish vegetation communities 
under natural (Clutton-Brock et al. 1982, 1987, 1997; Gordon 
1986, 1989; Conradt 1997) and experimental (Clarke et al. 1995) 
conditions, and use and availability of short Agrostis/Festuca 
grassland has been related to reproductive success in hinds (Iason 
et al. 1986; Langvatn et al. 1996). The analysis of data was re- 
peated defining only short Agrostis/Festuca grassland as 'high- 
quality forage habitat'. Since the results of this additional analysis 
did not differ from the principal analysis presented here (see 
Conradt 1997), these additional results are not given in the Results 
section. 

Island censuses 

From 1981 to 1996, red deer distribution and habitat use were 
monitored during regular censuses in spring (March-April, four 
censuses), summer (July-August, four censuses) and autumn 
(October-November, three censuses). For this purpose, one of the 
authors (D.T.), or a research assistant, followed on foot in each 
census six fixed routes on 6 consecutive days, which covered the 
complete island. From 45% to 100% of the deer population (esti- 
mated each year by the red deer commission; see Clutton-Brock 
et al. 1997) was seen during each census (means: 60% in spring, 
70% in summer and 66% in autumn; see Clutton-Brock et al. 
1997). In 1994-1996, another of the authors (L.C.) conducted nine 
additional winter island censuses (three censuses each year in 
Janurary-February, following the same routes), since most sex 
differences in habitat use in red deer have been observed in winter 
(Charles et al. 1977; Staines and Crisp 1978; Watson and Staines 
1978; Staines et al. 1982; Osborne 1984), and late winter/early 
spring is the time of greatest food shortage on Rum (Clutton-Brock 
et al. 1982). Therefore, any sex differences in habitat use due to 
forage competition should be most obvious during these seasons, 
and we expected the greatest effect of the differential culling 
experiment in winter and spring. Each winter island census 

Table 1 Predictions made by the indirect-competition hypothesis following the differential culling manipulation (= no change predicted, 
+ increase predicted, (+) small increase predicted, - decrease predicted, x no predictions) 

Block 

1 2 3 4 
Culling regime Reduction in Even cull of Reduction in No cull; population 

male numbers both sexes female numbers presumed to be close 
to carrying capacity 

Status of block Control Control Experimental Control 

Predicted changes subsequently to the differential culling regime 
Male use of Agrostis/Festuca grassland = = + 
Female use of Agrostis/Festuca grassland = = (+) = 
Degree of habitat segregation 
Degree of spatial segregation 

Predicted differences between blocks subsequently to the differential culling regime 
Male use of Agrostis/Festuca grassland Medium Medium Highest Lowest 
Female use of Agrostis/Festuca grassland x x x x 
Degree of habitat segregation Medium Medium Lowest Highest 
Degree of spatial segregation Medium Medium Lowest Highest 
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took 8 days, since daylight hours were short in winter. On average 
60% of the estimated total deer population were observed per 
winter census. Censuses could only be made in daylight. Since 
Clutton-Brock et al. (1982) conducted numerous nocturnal 
watches on habitat use by deer on Rum and did not find signifi- 
cant differences in habitat choice between night and daytime, we 
believe that daytime habitat use was representative for overall 
habitat use. 

Definitions of measures 

The use of high-quality forage habitat (i.e., Agrostis/Festuca 
grassland) by males (females) was measured as the proportion of all 
censused adult males (females) seen on that habitat type (minimum 
sample size 20; males 5 years and older and females 2 years and 
older were considered as adults). We also investigated the use of 
high-quality Agrostis/Festuca grassland by males in the experi- 
mental block 3 relative to that of males in each of the control 
blocks, using RP for that purpose: 

RP 

proportion of males on Agrostis/] 
Festuca grassland in block 3 

(proportion of males on Agrostis/Festuca grassland 
in control block x) + (proportion of males on Agrostis/ 
Festuca grassland in block 3) 

The rationale for this was as follows. Use of high-quality Agrostis/ 
Festuca grassland can fluctuate with environmental factors other 
than competitor density (e.g. with weather conditions; Clutton- 
Brock et al. 1982; Conradt 1997), and such factors are likely to 
influence male habitat use in all blocks similarly (see Conradt 1997; 
the potential differential influence in blocks could have been wind 
direction; however, wind speed x wind direction did not signifi- 
cantly influence use of high-quality forage habitat by deer). Mea- 
suring the use of Agrostis/Festuca grassland by males in the 
experimental block 3 relative to that of males in the control blocks 
controls for such confounding factors. The prediction was that 
males in block 3 would increase Agrostis/Festuca grassland use 
relative to males in the control blocks, therefore significance tests 
for these comparisons were one-tailed. 

To measure the degree of sex differences in habitat use ('degree 
of habitat segregation') between high-quality Agrostis/Festuca 
grassland and low-quality-forage habitat, and to measure the de- 
gree of sex differences in space use ('degree of spatial segregation') 
based on 1000 x 1000 m spatial quadrats, Conradt's (1998b) 'seg- 
regation coefficient', SC, was used. The minimum sample size for 
this purpose was 30 animals of each sex, and SC was slightly 
modified as recommended by Conradt (in press): 

SC (_ IXi - Yi 

where: 

X: total number of observed males 
Y: total number of observed females 
N: total number of observed animals (X + Y) 
x,: number of males in ith habitat type/spatial quadrate 
yi: number of females in ith habitat type/spatial quadrate 
ni: number of animals in ith habitat type/spatial quadrate (xi + yi) 
k: number of habitat types/spatial quadrats 

This measure can range from '0' (no segregation) to '1' (complete 
segregation) and is stochastically independent of sex ratio and deer 
density (Conradt 1998b). By modifying the formula, we avoided 
Conradt's (1998b) binomial approximation and calculated a more 
precise value. Also, since it is known red deer sexes segregate, there 
was no danger that Conradt's (1998b) segregation coefficient could 
take a negative value, and we could use the geometric mean of the 
proportion of males and females that segregate rather than the 
squared value given by Conradt (1998b). Degree of spatial segre- 
gation was measured in addition to degree of habitat segregation, 

since it is based on a relatively objective criterion (i.e. on spatial 
quadrats), and Conradt (1998b) recommended the complementary 
examination of habitat and spatial segregation. Additionally, we 
measured degree of spatial segregation (based on 100 x 100 m 
spatial quadrats) separately within Agrostis/Festuca grassland and 
within other vegetation communities, since Clutton-Brock et al. 
(1987) predicted that according to the indirect-competition hy- 
pothesis, the highest degree of spatial segregation should be ob- 
served within the Agrostis/Festuca grassland which experiences to 
intense competition. 

For comparisons of high-quality Agrostis/Festuca grassland use 
between blocks, the 'selectivity index' S (Clutton-Brock et al. 1982) 
was used, since blocks differed in the amount of available AgrostisI 
Festuca grassland. S was defined as: 

S proportion of animals on Agrostis/Festuca grassland in block x 

proportion of area of Agrostis/Festuca grassland within block x 

Data analysis and statistics 

Years were used as independent units of analysis (note that data for 
each year in each season consisted of three to four individual 
censuses, each of which included a sample of about 700-800 ob- 
served deer; thus, although sample size in terms of years is small, 
the estimate of habitat use in each year in each season is based on a 
large sample of deer, and error deviation within years is estimated 
to be small: assuming a conservative (lumped) sample size of 200 
males per block per year in each season, an average proportion of 
around 0.3 of animals on Agrostis/Festuca grassland and an over- 
dispersion factor of around 3 (as estimated elsewhere in a different 
context: Conradt 1997), the binomial error deviation is estimated to 
be around 1%, i.e. ±0.003). The analysis was carried out sepa- 
rately for each season. Since we found that the results in summer 
and autumn did not differ from results in spring in any decisive way 
(Conradt 1997), for reasons of brevity we show only results for 
spring and winter in the present paper. Since sample sizes (in terms 
of years) were relatively small, not only were significance test results 
used for data interpretation, but any obvious trends in the temporal 
pattern of the data since 1992 are also mentioned in the Results 
section or can be derived from figures. For winter island censuses, 
individual island-wide censuses were treated as independent units 
of analysis, since observed habitat use in individual winter censuses 
was not more variable within a year than between years (Conradt 
1997). Non-parametric tests were used throughout the present pa- 
per, since the data distributions did not satisfy the conditions of 
parametric tests. Tests are two-tailed, unless stated otherwise. Note 
that in the pairwise comparisons following the Friedman tests in 
the Results, the significance threshold had to be lowered to 
a = 0.0085, since six post hoc comparisons were made and from 
1 - ( - P)6 < 0.05 follows P < 0.0085. 

Results 

Comparisons between blocks prior to the experimental 
manipulation 

Prior to the start of the differential culling regime, in 
spring, males selected for Agrostis/Festuca grassland 
most strongly in block 4, followed by block 3, block 2 
and block 1 (Fig. la: selectivity coefficient for Agrostis/ 
Festuca grassland in each block). The differences between 
block 4 and block I and between block 4 and block 2 
were significant (Friedman test: Fr = 16.2, n = 7, 
k = 4, P < 0.01; pairwise comparison: a = 0.0085; 
block 4-block 1: z = 3.73, P = 0.0002; block 4-block 2: 
z = 3.11, P = 0.002; Siegel and Castellan 1988). The 
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Fig. 1 Male (a) and female (b) selectivity (± SD) for Agrostis/Festuca 
grassland and degree of habitat (c) and spatial (d) segregation (± SD) 
in each block in spring before (hatched columns) and after (open 
columns) experimental manipulation and in winter after experimental 
manipulation (shaded columns) 

selection by males for Agrostis/Festuca grassland in the 
experimental block 3 was not significantly different from 
that in any of the control blocks (pairwise comparison: 
a = 0.0085; block 3-block 1: z = 1.86, P > 0.06, n.s.; 
block 3-block 2: z = 1.24, P > 0.2, n.s.; block 3-block 
4: z = 1.86, P > 0.06, n.s.). 

Females selected in spring for Agrostis/Festuca 
grassland most strongly in block 4, followed by block 3, 
block 1 and block 2 (Fig. lb: selectivity coefficient for 
Agrostis/Festuca grassland in each block). Again, the 
differences between block 4 and block 1 and between 
block 4 and block 2 were significant (Friedman test: 
Fr = 21.8, n = 8, k = 4, P < 0.01; pairwise compar- 

ison: a = 0.0085; block 4-block 1: z = 3.68, P= 
0.00022; block 4-block 2: z = 4.07, P = 0.00006). The 
selection by females for Agrostis/Festuca grassland in 
experimental block 3 was not significantly different from 
that in any of the control blocks (pairwise comparison: 
a = 0.0085; block 3-block 1: z = 2.13, P > 0.03, n.s.; 
block 3-block 2: z = 2.52, P > 0.012, n.s.; block 3- 
block 4: z = 1.55, P > 0.12, n.s.). 

Degree of habitat segregation in spring was lowest in 
block 1, followed by block 3, then block 4 and block 2 
(Fig. Ic). Only the difference between block 1 and block 
2 was significant (Friedman test: Fr = 16.2, n = 7, 
k = 4, P < 0.01; pairwise comparison: a = 0.0085; 
block 1-block 2: z = 2.69, P = 0.0072). Degree of 
habitat segregation did not differ significantly in exper- 
imental block 3 from that in the control blocks (pairwise 
comparison: a = 0.0085; block 3-block 1: z = 0.41, 
P > 0.6, n.s.; block 3-block 2: z = 2.28, P > 0.02, n.s.; 
block 3-block 4: z = 1.86, P > 0.06, n.s.). 

Degree of spatial segregation in spring was lowest in 
block 3, followed by block 1, then block 4 and block 2 
(Fig. Id). These differences between blocks were not 
significant (Friedman test: Fr = 7.6, n = 7, k = 4, 
P > 0.05). 

Changes in each block subsequent to the 
experimental manipulation 

Block 1. control block with reduction of male numbers 

In spring, neither males nor females in block 1 changed 
their use of Agrostis/Festuca grassland (i.e. 'high-quality 
forage habitat'; see Materials and methods) significantly 
after the experimental reduction in male numbers 
(Mann-Whitney tests; males: W = 34.5, m = 5, 
n = 7, P > 0.8, n.s.; females: Wx = 47.5, m = 5, 
n = 8, P > 0.08, n.s.; Fig. 2), as had been expected. 
Also as expected, degree of habitat segregation did not 
differ significantly between 1981-1991 and 1992-1996 
(Mann-Whitney test: Wx = 43, m = 5, n = 7, P > 
0.1, n.s.; Fig. 3). However, degree of spatial segregation 
increased significantly from 1981-1991 to 1992-1996 
(Mann-Whitney test: Wx = 46, m = 5, n = 7, P < 
0.05; Fig. 3). This change was not predicted by the in- 
direct-competition hypothesis. (Table 1). 

Block 2. control block with even cull of both sexes 

In spring, neither males nor females in block 2 changed 
their use of Agrostis/Festuca grassland significantly in 
1992-1996 relative to 1981-1991 (Mann-Whitney tests; 
males: Wx = 30, m = 5, n = 8, P = 1.0, n.s.; females: 
Wx = 44, m = 5, n = 9, P > 0.4, n.s.; Fig. 2). In ad- 
dition, degrees of habitat and spatial segregation did not 
differ significantly between 1981-1991 and 1992-1996 
(Mann-Whitney tests; habitat segregation: Wx = 29, 
m = 5, n = 8, P = 1.0, n.s.; spatial segregation: 
Wx = 41.5, m = 5, n = 8, P > 0.4, n.s.; Fig. 3). These 
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Fig. 2 Proportion of males (dotted line) and females (solid line) 
observed on Agrostis/Festuca grassland in each block in each year in 
spring; the vertical lines denote the start of the differential culling 
regime 

results were as expected, since in block 2 the culling re- 
gime did not change between 1981-1991 and 1992-1996 
(see Materials and methods). 

Block 3: experimental block with reduction 
of female numbers 

Contrary to predictions of the indirect-competition 
hypothesis, neither males nor females increased their 

year 

Fig. 3 Degree of habitat (solid line) and 1000 x 1000 m spatial (dotted 
line) segregation in each year in spring in the four blocks; the vertical 
lines denote the start of the differential culling regime 

use of Agrostis/Festuca grassland significantly in spring 
(Mann-Whitney tests; males: W, = 47, m = 5, n = 8, 
P > 0.08, n.s.; females: W, = 39.5, m = 5, n = 8, 
P > 0.5, n.s.; Fig. 2). The proportion of males on 
Agrostis/Festuca grassland in block 3 did not increase 
significantly relative to males in block 1 (Mann-Whit- 
ney test: Wx = 34, m = 5, n = 7, P > 0.4 one-tailed, 
n.s.; Fig. 4a: note that there was not even a trend in the 
data) or in block 2 (Mann-Whitney test: W, = 46, 
m = 5, n = 8, P > 0.05 one-tailed, n.s.; Fig. 4b); 
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Fig. 4 Proportion of males on Agrostis/Festuca grassland each year in 
spring in block 3 relative to that of males in block 1 (a), block 2 (b) 
and block 4 (c); the vertical lines denote the start of the differential 
culling regime 

however, it did so relative to males in block 4 (Mann- 
Whitney tests: Wx = 51, m = 5, n = 8, P < 0.01 
one-tailed; Fig. 4c). The degree of habitat segregation 
in block 3 did not differ significantly between 1981- 
1991 and 1992-1996 (Mann-Whitney test: W, = 38.5, 
m = 5, n = 7, P > 0.4, n.s.; Fig. 3: note that there 
was not even a trend in the data), although a decrease 
in degree of habitat and spatial segregation was 
predicted for block 3 by the indirect-competition 
hypothesis (see Table 1). Moreover, the degree of spa- 
tial segregation even increased significantly between 
1981-1991 and 1992-1996 (Mann-Whitney test: 
Wx = 45, m = 5, n = 7, P < 0.05; Fig. 3). 

Block 4. control block with no cull 

In spring, males and females in block 4 did not change 
their use of Agrostis/Festuca grassland significantly in 
1992-1996 relative to 1981-1991 (Mann-Whitney tests; 
males: W, = 31.5, m = 5, n = 8, P = 1.0, n.s.; fe- 
males: W, = 39.5, m = 5, n = 8, P > 0.5, n.s.; Fig. 2). 
Degrees of habitat and spatial segregation also did not 
differ significantly between 1981-1991 and 1992-1996 in 
block 4 (Mann-Whitney tests; habitat segregation: 
W, = 36, m = 5, n = 7, P > 0.5, n.s.; spatial segre- 
gation: W, = 322, m = 5, n = 7, P > 0.1, n.s.; see 
Fig. 3). These results were as expected (Table 1), since in 
block 4, the culling regime had not been changed. 

Comparisons between blocks 
after the experimental manipulation 

After the start of the differential culling regime, the sit- 
uation between blocks with respect to male and female 
selectivity for Agrostis/Festuca grassland did not differ in 
spring from the situation before the start of the differ- 
ential culling regime (Fig. la,b). Degree of habitat seg- 
regation decreased in control block 2 (equal cull of both 
sexes) and increased in control block 4 (unculled) rela- 
tive to that in other blocks (Fig. Ic). As a result, the 
degree of habitat segregation no longer differed between 
block 1 (reduction in male numbers) and block 2 (pair- 
wise comparison: a = 0.0085; block 1-block 2: z= 
1.84, P > 0.06, n.s.), but degree of habitat segregation 
in block 4 was now significantly higher than in block 1 
(z = 3.06, P = 0.0022) and experimental block 3 (re- 
duction in female numbers) (z = 3.06, P = 0.0022). 
The degree of spatial segregation still did not differ 
significantly between blocks (Friedman test: Fr = 4.8, 
n = 5, k = 4, P > 0.1; Fig. Id). 

We tested whether males selected most strongly for 
Agrostis/Festuca grassland in spring in block 3 (where 
female numbers had been reduced) and least strongly in 
block 4 (where deer density was close to carrying 
capacity). We found that males in block 3 did not select 
significantly more strongly for Agrostis/Festuca grass- 
land than males in the other blocks (pairwise compari- 
sons: a = 0.0085; block 3-block 1: z = 2.20, P > 0.04, 
n.s.; block 3-block 2: z = 1.45, P = 0.14, n.s.; block 
3-block 4: z = 1.22, P > 0.2, n.s.; Fig. la). Moreover, 
males in block 4 selected even more strongly for 
Agrostis/Festuca grassland than males in the other 
blocks (Fig. la), although block 4 was the block in 
which indirect competition by females should have been 
most severe (see Materials and methods). These differ- 
ences between block 4 and the other blocks were signi- 
ficant for block 1 and block 2 (Friedman test: 
Fr = 14.0, n = 5, k = 4, P < 0.01; pairwise compar- 
ison: a = 0.0085; block 1-block 4: z = 3.43, 
P = 0.0006; block 2-block 4: z = 2.69, P = 0.0072). 
The results differ from the predictions of the indirect- 
competition hypothesis (Table 1). 
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Further, we tested whether degree of habitat and 
spatial segregation in spring was lowest in block 3 and 
highest in block 4. We found that degree of habitat 
segregation in block 4 was significantly higher than in 
block 3 (Friedman test: Fr = 13.8, n = 5, k = 4, 
P < 0.01; pairwise comparison: a = 0.0085; block 1- 
block 4: z = 3.06, P = 0.0022) and in block 1 
(z = 3.06, P = 0.0022), but did not differ significantly 
from block 2 (block 4-block 2: z = 1.22, P > 0.2, n.s.). 
Additionally, degree of habitat segregation was not 
significantly lower in block 3 than in block 1 and block 2 
(pairwise comparisons: a = 0.0085; block 3-block 1: 
z = 0, P = 1.0, n.s.; block 3-block 2: z = 1.84, 
P > 0.06, n.s.; Fig. Ic). Moreover, degree of spatial 
segregation did not differ significantly between blocks 
(see above; Fig. Id). Thus, the results were only partly as 
predicted by the indirect-competition hypothesis 
(Table 1). 

Finally, for the winter season, we tested whether 
males' selection for Agrostis/Festuca grassland was 
highest in block 3 and lowest in block 4 and whether 
degree of habitat and spatial segregation was lowest in 
block 3 and highest in block 4. In winter, after the start 
of the differential culling regime, males in block 3 did 
not select more strongly for Agrostis/Festuca grassland 
and males in block 4 did not select less strongly for 
Agrostis/Festuca grassland than did males in the other 
blocks, and the selectivity index for Agrostis/Festuca 
grassland by males did not differ significantly between 
blocks (Friedman test: Fr = 7.2, n = 9, k = 4, 
P > 0.05, n.s., Fig. la; note: females selected for 
Agrostis/Festuca grassland most strongly in block 4, 
followed by block 3 and then blocks 1 and 2, and the 
difference between blocks was significant: Friedman test: 
Fr = 14.6, n = 9, k = 4, P < 0.01; Fig. lb). Degree 
of habitat segregation differed significantly between 
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blocks (Friedman test: Fr = 9.5, n = 9, k = 4, 
P < 0.05; Fig. Ic: degree of habitat segregation was 
highest in block 3, followed by block 1, then block 4 and 
block 2). However, the differences were not as predicted 
by the indirect-competition hypothesis (Table 1): degree 
of habitat segregation in block 3 was not lowest, but was 
even slightly higher than in block 1 and block 4 (Fig. Ic) 
and significantly higher than in block 2 (pairwise com- 
parisons: a = 0.0085; block 3-block 2: z = 2.74, 
P = 0.0062), and degree of habitat segregation in block 
4 was not highest and did not differ significantly from 
degree of habitat segregation in any of the other blocks 
(pairwise comparisons: a = 0.0085; block 4-block 1: 
z = 0.18, P > 0.8, n.s.; block 4-block 2: z = 2.37, 
P = 0.0178, n.s.; block 4-block 3: z = 0.37, P > 0.7, 
n.s.). Furthermore, males in block 3 did not segregate 
less from females with respect to spatial use, and males 
in block 4 did not segregate more from females than in 
the other blocks (Fig. Id); the degree of spatial segre- 
gation did not differ significantly between blocks 
(Friedman test: Fr = 0.6, n = 9, k = 4, P > 0.2). 

Comparison between degree of spatial 
segregation within Agrostis/Festuca grassland 
and that within other vegetation communities 

The degree of spatial segregation between the sexes was 
not higher within the high-competition Agrostis/Festuca 
grassland than within other habitat types but, rather, 
lower (Fig. 5; Wilcoxon tests: block 1: sample size too 
small for testing; block 2: T= 1, n = 8, P < 0.02, 
degree of spatial segregation lower within Agrostis/Fe- 

Fig. 5 Degree of 100 x 100 m spatial segregation within Agrostis/ 
Festuca grassland (solid line) and within all other vegetation 
communities (dotted line) in each block in each year in spring 
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stuca grassland than within other habitat types; block 3: 
sample size too small for testing; block 4: T= 11, 
n = 10, P = 0.1, n.s.). 

Discussion 

After female numbers had been reduced in the experi- 
mental block, males did not increase their use of 
Agrostis/Festuca grassland either in absolute terms or 
relative to males in two of the control blocks. The ob- 
served increase in Agrostis/Festuca grassland use by 
males in the experimental block relative to males in the 
unculled control block was most probably not a conse- 
quence of reduction of female numbers in the experi- 
mental block, since male use of Agrostis/Festuca 
grassland relative to male use in the unculled block in- 
creased also in the block with reduction in male numbers 
and in the block with equal cull of both sexes (Conradt 
1997). Thus, the results do not support the prediction of 
the indirect-competition hypothesis that a reduction in 
female numbers (and therefore in indirect competition 
through females) leads to an increase in use of high- 
quality forage habitat by males. Furthermore, the degree 
of habitat and spatial segregation between the sexes in 
the experimental block did not (as was predicted) de- 
crease after female numbers had been reduced. Thus, the 
predicted changes in habitat use pattern subsequent to 
the experimental manipulation were not observed, and 
the results did not support the indirect-competition hy- 
pothesis. 

After the experimental manipulation, blocks should 
have differed with respect to male selectivity for Agros- 
tis/Festuca grassland and degrees of habitat and spatial 
segregation. If female indirect competition had been 
responsible for sex differences in habitat use, the block 
with reduction in female numbers (in which indirect 
competition by females was reduced) should have been 
the block with the highest male selectivity for Agrostis/ 
Festuca grassland and the lowest degree of habitat and 
spatial segregation, while the unculled block (in which 
deer density was close to carrying capacity and indirect 
competition most intense; see Clutton-Brock et al. 1982) 
should have been the block with the lowest male selec- 
tivity for Agrostis/Festuca grassland and the largest de- 
grees of habitat and spatial segregation. The block with 
reduction of male numbers and the block with even cull 
of both sexes should have been intermediate with respect 
to selectivity and degrees of segregation. These differ- 
ences between blocks should have been particularly 
pronounced in winter, when food for deer is short and 
competition severe (Watson and Staines 1978). We 
found that in spring, degree of habitat segregation was 
highest in the unculled block, as predicted. However, so 
was male selectivity for Agrostis/Festuca grassland. 
Moreover, in the block with reduction in female num- 
bers, male selectivity for Agrostis/Festuca grassland was 
not significantly higher and degree of habitat segrega- 
tion not significantly lower than in the blocks with even 

cull of both sexes and with reduction in male numbers. 
Furthermore, the degree of spatial segregation between 
the sexes did not differ between blocks. Finally, in winter 
(the season in which we had expected the most pro- 
nounced effect of the experimental manipulation), none 
of the predicted differences between blocks were ob- 
served. We conclude that the differences between blocks 
with respect to male habitat use and degree of habitat 
and spatial segregation subsequent to the experimental 
manipulation also did not support the indirect-compe- 
tition hypothesis. 

The complete analysis of data was repeated defining 
only short Agrostis/Festuca grassland as high-quality 
forage habitat, since within Agrostis/Festuca grassland, 
the areas of short, young growth are of highest quality 
and are most intensely grazed (Clutton-Brock et al. 
1987). The results of this additional analysis did not 
differ from the principal analysis presented here (see 
Conradt 1997), and therefore are not given in the present 
paper but can be found in detail in Conradt (1997). 

Clutton-Brock et al. (1987) observed that male and 
female red deer on Rum not only used Agrostis/Festuca 
grassland to a different extent but, within Agrostis/ 
Festuca grassland, they used different sites. They sug- 
gested that the indirect-competition hypothesis could 
explain sex differences in site use within the same habitat 
type, as well as sex differences in habitat use. If their 
explanation were correct, one would expect a larger 
degree of spatial segregation within Agrostis/Festuca 
grassland than within other habitat types (Clutton- 
Brock et al. 1987). However, we found that degree of 
spatial segregation was not larger within Agrostis/ 
Festuca grassland than within other habitat types. We 
conclude that the indirect-competition hypothesis also 
fails to explain sex differences in site use within high- 
quality-forage habitat. 

This was the first experimental test of the indirect- 
competition hypothesis. The result that manipulation of 
female density (and thus of degree of indirect foraging 
competition through females) did not influence male 
habitat choice and degree of habitat segregation in red 
deer in a manner predicted by the indirect-competition 
hypothesis is supported by an observational study by 
Conradt (1997). In a different context, Conradt (1997) 
investigated the influence of natural fluctuations in stag 
and hind density over the past 20 years on the use of 
Agrostis/Festuca grassland by males and females in the 
unculled block. She found no negative influence of fe- 
male density on use of Agrostis/Festuca grassland by 
males or on degree of habitat and spatial segregation. 
This result held when she controlled for environmental 
conditions like weather and net production of Agrostis/ 
Festuca grassland. We conclude that the indirect-com- 
petition hypothesis does not explain sex differences in 
habitat use in red deer on the Isle of Rum. Because of 
the large scale needed for such an experiment, the num- 
ber of treatment blocks was small (n = 1) and the ex- 
periment could be criticized on the grounds that the 
situation in red deer on Rum might not be representative 
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for other populations or species. However, red deer are a 
typical sexually dimorphic grazing herbivore species with 
a large sex difference in body size (Clutton-Brock et al. 
1987), and sex differences in habitat use on Rum (Charles 
et al. 1977; Clutton-Brock et al. 1997) are representative 
for the rest of Scotland (Staines and Crisp 1978; Watson 
and Staines 1978; Osborne 1984). Moreover, the indirect- 
competition hypothesis was first conceived for red deer 
on Rum (Clutton-Brock et al. 1982). The negative result 
of the present experiment, therefore, suggests that the 
indirect-competition hypothesis is not the correct expla- 
nation for habitat segregation in herbivores. 

This result is surprising. Since sex differences in 
habitat use usually occur in herbivores that are sexually 
dimorphic, an explanation of habitat segregation based 
on the sex difference in body size seemed very convinc- 
ing. Furthermore, mathematical models have shown 
that sex differences in habitat use due to asymmetry in 
indirect competition are plausible (Illius and Gordon 
1987, 1992). Moreover, the indirect-competition hy- 
pothesis is a modification of the widely accepted Jar- 
man-Bell principle (Bell 1970; Jarman 1974), which 
holds that smaller ungulate species are more effective in 
grazing short, high-quality swards thereby forcing larger 
species onto lower-quality swards. Thus, it seemed 
plausible that the same principle could not only be ap- 
plied to differently sized species, but also to differently 
sized sexes of the same species. However, the relevant 
between-species differences in body size in Bell's (1970, 
1971) examples were up to eight times higher than the 
average between-sex differences in body size within rel- 
evant species (Conradt 1997), and we suggest that sex 
differences in body size within species are, in spite of 
theoretical considerations (Illius and Gordon 1992), not 
large enough for the Jarman-Bell principle to apply. 

Apart from being of interest to evolutionary theory, 
our result has further implications. Habitat segregation 
is often accompanied by sex differences in performance 
and survival (Clutton-Brock et al. 1982, 1985; Prins 
1987), and is, therefore, of relevance to game manage- 
ment and conservation issues. The indirect-competition 
hypothesis has been widely cited as a possible explana- 
tion of habitat segregation (Clutton-Brock et al. 1982, 
1987; Illius and Gordon 1987; Main and Coblentz 1990; 
Illius and Gordon 1992; Miquelle et al. 1992; Koga and 
Ono 1994; Main and Coblentz 1996; Main et al. 1996; 
Bleich et al. 1997) and has the potential to influence 
management decisions (e.g. Clutton-Brock and Loner- 
gan 1994; Clutton-Brock et al. 1997), since it suggests 
that high female densities have an unsymmetrically 
large, deteriorating effect on male forage habitat use and 
nutritional condition (Clutton-Brock et al. 1982, 1985, 
1987, 1997). The result of the present study that the 
indirect-competition hypothesis cannot explain habitat 
segregation is, therefore, important. 
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