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Summary 

1. So far, no measure exists to quantify sexual segregation in animal populations. 
Studies on segregation have relied on ecological measures of overlap and association 
to estimate the degree of segregation. 
2. However, existing ecological measures of overlap and association are stochastically 
related to sex ratio, population density or group size. These stochastic relations can 
lead to confounding results, making the existing measures unsuitable for quantitative 
studies on segregation. 
3. In the present paper a new measure of segregation, the 'segregation coefficient', is 
suggested, which is free of stochastic relations. 
4. The segregation coefficient is suitable for quantitative studies on segregation. It 
also makes possible, for the first time, comparisons between the degree of social 
segregation and the degree of habitat or spatial segregation in a population of animals. 

Key-wvords: grouping pattern, habitat overlap, social association, spatial distribution, 
ungulates. 
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Introduction 

In many group-living animals, males and females tend 
to form separate social groups (e.g. birds, Weeden 
1964; macropods, Johnson & Bayliss 1981; ungulates, 
Main & Coblentz 1990; seals, Kovacs et al. 1990). 
This is termed 'social segregation'. Social segregation 
is often accompanied by sex differences in habitat use 
('habitat segregation') and area use ('spatial seg- 
regation') (see Main & Coblentz 1990 for a review in 
ungulates). Such sex differences in habitat and area 
use can cause important differences in foraging and 
other forms of behaviour, as well as in performance 
and survival of the sexes (Clutton-Brock et al. 1982; 
Owen-Smith 1993). Social, habitat and spatial seg- 
regation are therefore of considerable ecological con- 
cern. 

Many studies have examined the environmental fac- 
tors that cause or influence segregation, particularly 
in ungulates (e.g. Geist & Petocz 1977; Clutton-Brock 
et al. 1987; DuToit 1995). Some of these have esti- 
mated the degree of habitat or spatial segregation 
using Schoener's (1968) measure of overlap (Clutton- 
Brock et al. 1987; McCullough et al. 1989; Villaret & 
Bon 1995); others have used the percentage of animals 
of one sex in uni-sex groups (vs. the percentage of 
animals of that sex in mixed-sex groups) to quantify 
social segregation (Nievergelt 1981; Hillman 1987; 

Owen-Smith 1993). However, neither measure is suit- 
able to measure segregation, because both depend on 
sex ratio, population density or group sizes. I call this 
the problem of 'stochastic relations'. 

To illustrate this problem, consider a population 
with no social segregation (i.e. the sexes associate ran- 
domly) and with constant group sizes. The expected 
value of the percentage of males in uni-sex groups is: 

proportion of males in the population(g'ot'l size-i) 

x 100% 

(see Appendix for details). Therefore, if the male pro- 
portion in the population was 0.5 and groups con- 
sisted of two animals each, 50% of males would be 
expected to be in uni-sex groups; if groups consisted 
of four animals each, only 12.5% of males should be 
found in uni-sex groups; and if the proportion of males 
in the population then dropped to 0.3, a mere 2.7% 
of males should be left in uni-sex groups. Conse- 
quently, the percentage of animals in uni-sex groups 
does not reliably reflect the degree of social segre- 
gation. A similar problem arises when Schoener's 
(1968) measure of overlap is used to quantify habitat 
or spatial segregation: it varies in a complex way with 
sex ratio and density of animals, even in the absence 
of segregation (see Appendix). 

The aim of the present paper is to propose a measure 
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of the degree of segregation that is stochastically inde- 
pendent of sex ratio, population density and group 
sizes. This measure (the 'segregation coefficient') is 
appropriate for quantitative studies of social, spatial 
and habitat segregation in animals. 

The segregation coefficient (SC) 

SOCIAL SEGREGATION 

Before proposing a measure of the degree of segre- 
gation, it is first necessary to define what is meant by 
a smaller or a larger degree of segregation. I therefore 
begin by defining 'degree of segregation', using social 
segregation as an example. I then introduce a measure 
(the segregation coefficient SCsocial) which, by using 
data on group composition, estimates the degree of 
social segregation in a population. Finally, I gen- 
eralize the definition of the segregation coefficient so 
that it can be used for measuring the degrees of habitat 
and of spatial segregation. 

DEFINITION OF THE DEGREE OF SOCIAL 
SEGREGATION 

Social segregation is the association of males and 
females in separate groups. Degree of social seg- 
regation can only be measured for the part of the 
population that socializes, because solitary animals 
separate from other animals of their own sex as much 
as from animals of the opposite sex. Thus, in the case 
of solitary animals, the concept of intersexual social 
segregation does not apply. Note, however, that a 
population of solitary animals can still be inter- 
sexually segregated in respect to habitat use (i.e. habi- 
tat segregation) or spatial use (i.e. spatial segregation), 
if the ranges of animals overlap. 

Social segregation can range from 'no segregation' 
(if no animals segregate, i.e. males and females meet 
randomly in groups) to 'complete segregation' (if all 
animals segregate, i.e. males and females are found in 
completely separate groups). In between, the sexes are 
'partially segregated': a proportion of animals segre- 
gate, while the remaining proportion does not. The 
result is that males and females are found less often 
with animals of the opposite sex than would be 
expected at random, but at least some males and 
females are found in mixed-sex groups. 

More specifically, in the case of 'no segregation' the 
number of males per group and the number of females 
per group follows a random distribution (e.g. a 
binomial or a hypergeometrical distribution). There- 
fore, a maximum number of groups has a proportion 
of males which is equal to the overall male proportion 
in the population (p); but some groups by chance show 
higher or lower proportions of males (see Fig. la). 

In the case of 'complete segregation', males are 
found in purely male groups (the male proportion in 
the groups is Pl = 1) and females in purely female 

groups (the male proportion in the groups is po = 0). 
The resulting frequency distribution of the proportion 
of males per group is shown in Fig. Id. 

In the case of partial segregation, only a proportion 
of animals in the population segregates. Because these 
animals segregate from animals of the opposite sex, 
this is equivalent to them aggregating with animals of 
their own sex (Gerard & Richard-Hansen 1992). The 
segregating animals can be said to form uni-male and 
uni-female 'core'-groups. Since segregation seems to 
be a voluntary and not a forced process (e.g. Clutton- 
Brock et al. 1987; Prins 1987), uni-male and uni- 
female core-groups can be joined freely by non-seg- 
regating animals of the opposite sex. Thus, the remain- 
ing animals in the population (which do not segregate) 
can be expected to join uni-female or uni-male core- 
groups at random. This leads to a large number of 
male-biased groups (i.e. the uni-male core-groups 
joined by non-segregating animals) and of female- 
biased groups (i.e. the uni-female core-groups joined 
by non-segregating animals), while groups with a med- 
ium proportion of males (p) become low in number. 
The result is that the frequency distribution of the 
proportion of males per group has two peaks: one at 
a low proportion of males (po; po < p) and one at a 
high proportion of males (pl; Pi > p) (illustrated in 
Fig. lb,c; see Appendix for mathematical details). It 
also makes intuitive sense: if the animals segregate by 
one* criterion (i.e. sex), the population separates into 
two 'kinds' of groups. 

It follows that the 'degree of segregation' in a popu- 
lation is larger, the larger the proportion of females 
that segregate (so) and of males that segregate (sl) (and 
thus, the further po and Pi are from the overall male 
proportion in the populationp; compare Fig. la-d). I 
therefore define the degree of segregation in a popu- 
lation as the product of so and sl: so x sl. 

Defined in this way, the 'degree of segregation' has 
the following useful properties: (i) so x s, can range 
from 0 (if no males and females segregate) to 1 (if 
all males and females segregate). (ii) The decision of 
females to segregate and the decision of males to seg- 
regate contribute equally to the degree of segregation 
so x sl, irrespective of sex ratio. (iii) The proportion 
of animals of each sex that decide to segregate (so and 
sl) is stochastically (but not necessarily ecologically) 
independent of sex ratio, group size and population 
density. Therefore so x s, is also stochastically inde- 
pendent of these quantities. (iv) so x s, is biologically 
relatively easy to interpret - it is the square of the 
geometric mean proportion of animals which seg- 
regate (so and sl). (v) Although so x s, is a theoretical 
quantity (because it cannot be directly determined in 

* In some populations a further criterion might be impor- 
tant for social segregation: whether females are accompanied 
by young or not (Komers, Messier & Gates 1993). In this 
case social segregation between males and females with 
young and between males and females without young should 
be investigated separately. 
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(a) (b) 

I~~~~~~ ~~~~~~~~~~~~~~~~ - 1- o p 1 ? PO P P1 1 

I I Po = .P1 =P P PO Pi -P 

So =S1=o P -p 

s1 =(P-PO) /p So =(p1 -P)/( 1 -p) 

(c) (d) 

I I . I I 
O Po p P1 1 pO = p P =1 

P-PO PI-P pp =p P1-P=1-p 

I~ ~~~~~ I 
p 1-p si=1 So=1 

Si =(P-PO) /p So =(Pi -P)/( 1 -p) 

Fig. 1. The frequency of groups with different proportions of males at various degrees of social segregation. (a) no segregation; 
(b) small degree of partial segregation; (c) large degree of partial segregation; (d) complete segregation. For further explanations 
see Appendix. 

a population), its magnitude can be estimated. This is 
done in the next section. 

A MEASURE OF THE DEGREE OF SOCIAL 

SEGREGATION 

A practical measure of the degree of social segregation 
has to estimate the value of so x s1 in a population 
from data on group composition. The social seg- 
regation coefficient SCsocial provides such a measure: 

Scscil I__N 
k xi.Y, q SCsociai = 1- *X Y ZY 1 eqn 1 

where xi is the number of males in the ith group; yi is 
the number of females in ith group; nj is the group size 
of the ith group (uiz = xi + yJ); k is the number of 

groups with at least two animals; Xis the total number 
of males sampled (excluding solitary animals); Y is the 
total number of females sampled (excluding solitary 
animals); and N is the total number of males and 
females sampled (N = X + Y). 

SCsociai takes a value of 0 in the case of no seg- 
regation and of 1 in the case of complete segregation. 
In the case of segregation, SCsociaj is an estimate of the 
theoretical value so x s1 (see Appendix). Since so x s1 
is independent of sex ratio, population density and 
group sizes (see above), the expected value of SCsociaj 
is as well. SCsocial is therefore suitable as a measure of 
the degree of social segregation and can be used for 
quantitative investigations. However, it is important 
that sample sizes are large enough. The method is 
based on the assumption that xi is approximately 
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binomially distributed (see Appendix). If the total 
population from which the sample is taken contains 
more than 100 females and 100 males, one can safely 
assume that the inaccuracy caused by this approxi- 
mation is smaller than 0.01. Depending on the 
required accuracy, sampling smaller populations 
might be problematic. The sample size N, which is 
taken from the population, is also important. On N 
depends the estimate of the male proportion in the 
population (p) and of 

k 
Xi Yi 

Crawley (1993) suggests a minimum sample size of 
30 for modelling binomially distributed data. Since 
SCsocial is based on the product of xi and yi, rather 
than on xi and yi alone, minimum sample sizes have 
to be rather larger for the segregation coefficient. I 
suggest that X and Y should both exceed 30. 

While the expected value of SCsocial is independent 
of sex ratio, population density, group sizes and sam- 
ple sizes, the variance of SCsocial is not. It is therefore 
impossible to give a general theoretical frequency dis- 
tribution for SCSocial (or for other measures of overlap 
or association). When comparing the degree of seg- 
regation between species, populations or treatments, 
I recommend the use of non-parametric tests. 

HABITAT SEGREGATION 

The measure of the degree of habitat segregation is 
analogous to the measure of the degree of social seg- 
regation: 

SChabitat = lz W eqn 2 

where zi is the number of males in the ith habitat type; 
wh is the number of females in the ith habitat type; m 
is the number of males and females in the ith habitat 
type (mi = zi + wi); 1 is the number of habitat types 
which are used by at least two animals; Z is the total 
number of males sampled; W is the total number of 
females sampled; and M is the total number of males 
and females sampled (M = Z + W). 

Like SCsocial, the expected value of SChabitat is stoch- 
astically independent of sex ratio, population density 
and the density of use of the various habitat types (i.e. 
of mi). Note that solitary animals are included in the 
measure, if they overlap in habitat use with other 
animals. 

A further advantage of SC is that for the first time, 
the degree of social segregation and the degree of 
habitat segregation are directly comparable. It is 
shown in the Appendix that SCsOCjai and SChabitat are 
expected to be equal if the sexes segregate with respect 
to habitat types, but associate socially at random 

within habitat types (see Fig. 2a); and that SCsocia, is 
expected to be larger than SChabitat if the sexes seg- 
regate socially within habitat types as well as with 
respect to habitat types (see Fig. 2b). 

SPATIAL SEGREGATION 

Spatial segregation is the segregation of the sexes 
between areas. It is based on the number of animals 
in spatial quadrats (grid squares) taken from map 
references. Spatial segregation is very similar to habi- 
tat segregation, because both kinds of segregation 
reflect differences in the use of the environment by the 
two sexes. By using grid squares, spatial segregation 
has the advantage that it is based on an objective 
criterion, while the classification of habitat types is 
likely to be more subjective. However, spatial seg- 
regation does not contain as much information about 
the environmental criterion for segregation of the 

(a) 

(b) 

Fig. 2. Relationship between social and habitat segregation. 
The diagrams depict the distribution of 10 social groups of 
two animals between two habitat types (A: open and B: 
hatched). The degree of habitat segregation is the same in 
both diagrams: 6 females and 4 males are in habitat A and 4 
females and 6 males are in habitat B. In (a) the sexes segregate 
between habitat types, but form groups within habitats at 
random, therefore E(SCsociaj) = E(SCbabitat). In (b) the sexes 
segregate between habitat types and additionally segregate 
socially within habitat types; therefore E(SCsoiai) > 
E(SChabitat). 
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sexes, as does habitat segregation. It is therefore best 
if habitat and spatial segregation in a population are 
studied at the same time. The formula for SCsp,jalj is: 

c I'ajbi 
SCspatial = 1-A B _, c'-1 eqn 3 

where a, is the number of males in the ith grid square; 
bj is the number of females in the ith grid square; c1 is 
the total number of animals in ith grid square 
(cj = ai + bj); r is the number of grid squares with at 
least two animals; A is the total number of males 
sampled (excluding males which are alone in a grid 
square); B is the total number of females sampled 
(excluding females which are alone in a grid square); 
and C is the total number of males and females sam- 
pled (C = A + B). 

Like SCsocial and SCh,abitat, the expected value of 
SCspatial is stochastically independent of sex ratio, 
population density and the density of use of the vari- 
ous grid squares (i.e. of cj). Solitary animals are again 
included in the measure, if they overlap in range use 
with other animals. A comparison between social and 
spatial segregation is possible in the same way as 
between social and habitat segregation. 

Discussion 

Segregation between the sexes in animals can have 
important implications for conservation and man- 
agement decisions. Consequently, the ecological 
causes of segregation have been intensely studied, par- 
ticularly in ungulates (see Main & Coblentz 1990 for 
a review). However, previous studies have been limited 
by the problem of measuring the degree of segregation 
quantitatively. 

This limitation can be demonstrated by studies of 
ungulate segregation. For ungulates, three main 
hypotheses have been suggested to explain spatial and 
habitat segregation: (i) one sex is more sensitive to 
adverse weather conditions and seeks different, more 
sheltered areas than the other sex (Geist & Petocz 
1977; Clutton-Brock et al. 1987; Miller & Litvaitis 
1992); (ii) one sex is more sensitive to predation risks 
and seeks safer areas (e.g. Shank 1985; Bon et al. 
1995); and (iii) males, because of their larger body 
size, are inferior in indirect competition to females and 
are therefore forced into marginal habitats (Clutton- 
Brock et al. 1987). To test between these hypotheses, 
the degree of spatial and habitat segregation in popu- 
lations of ungulates should be measured and the 
influence of weather conditions, predator pressure and 
competitor density on the degree of segregation 
should be investigated. In addition, comparisons of 
the degree of segregation between different ungulate 
populations, under a variety of different ecological 
conditions, would help to clarify the situation. 
However, to test correlations and to make com1- 
parisons has not been possible with existing ecological 

measures (e.g. Dice 1945; Schoener 1968; Dixon 1994), 
since these measures are stochastically dependent on 
sex ratio, population density or group sizes (see 
Appendix). Using these measures, natural fluctuations 
in sex ratio, population density or group sizes in a 
population lead to fluctuations in the measured (but 
not in the real) degree of segregation. Such fluc- 
tuations conceal possible correlations between the 
degree of segregation and weather conditions or pred- 
ator pressure. Thus, studies investigating the influence 
of weather or predation on segregation (Geist & 
Petocz 1977; Shank 1985; Bon et al. 1995) have restric- 
ted their investigations to determining whether one 
sex is found in better sheltered or in safer areas. These 
studies have not been able to examine (and therefore 
to predict) how weather or predation influence the 
actual degree of spatial and habitat segregation. For 
similar reasons, comparisons of the degree of seg- 
regation between different ungulate populations and 
species have not been possible, because sex ratio, 
population density and group sizes are likely to differ 
between populations and species. 

With respect to correlations between segregation 
and competitor density, existing ecological measures 
are even less useful. An observed correlation between, 
for example, female density and the degree of seg- 
regation (as measured by existing ecological measures) 
can be misleading. Such a correlation might be due to 
a competitive effect that females exert on males (and 
therefore on segregation); but it might also be due to 
purely stochastic relations between the expected value 
of the ecological measure on one hand and sex ratio 
and population density on the other (see Appendix). 
Studies which have investigated the influence of 
female competition on the degree of spatial and habi- 
tat segregation have therefore had to rely on more 
indirect means. For example, Clutton-Brock et al. 
(1987) found that with increasing hind density, male 
and female red deer (Cer vus elacphuts L.) on the Isle of 
Rum in Scotland used typical 'hind' areas relatively 
less and typical 'stag' areas relatively more. Clutton- 
Brock et al. (1987) suggested that increasing com- 
petition by hinds excluded males from 'hind' areas 
and restricted them to 'stag' areas. However, since no 
suitable measure of the degree of spatial and habitat 
segregation was available to the authors, it was not 
possible to decide whether the actual degree of spatial 
and habitat segregation increased. 

To enable quantitative investigations of the causes 
of segregation in animals, a measure of the degree of 
segregation is needed that is independent of stochastic 
relations. The present paper proposes such a measure: 
the 'segregation coefficient'. The segregation coeffi- 
cient estimates the product of the proportion of mzales 
which segregate and the proportion of females which 
segregate. Being stochaastically independent of sex 
ratio, population density and group size, the seg- 
regation coefficient is suitable for quantitative studies 
of the degree of social, habitat and spatial segregation 
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in freely moving animals. An important further 
advantage of the segregation coefficient is that it 
offers, for the first time, the possibility of quan- 
titatively comparing the degree of social segregation 
with the degree of habitat or spatial segregation in a 
population. 
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Appendix 

THE EXPECTED VALUE E(SCsoci,,) OF THE 

SOCIAL SEGREGATION COEFFICIENT SCs,cijz, 

1. In the case of no segregation (so = s, = so x sI = 
0), males and females meet in groups at random. Thus, 
y; (the number of females in the ith group) follows 
a hypergeometrical distribution*. If the population, 
from which the sample is taken, is large enough (see 
below), the hypergeometrical distribution approxi- 
mates a binomial distribution. yi can then be assumed 
to be approximately binomial distributed. The 
expected value of (xi x y1)/(n;- 1) for the ith group 
will therefore be: 

E Xi' *i I ! , . p l P(lP) li eqn 4 

where X is the total number of males in the population 
(excluding solitary, i.e. non-associating, males); y is 
the total number of females in the population (exclud- 
ing solitary, i.e. non-associating, females); v is the total 
number of animals in the population (v = X + y); and 
p is the proportion of associating males in the popu- 
lation (p = x/v); if sample sizes are large enough 
p - X/N. 

It follows from equation 4: 

* This applies only if individual animals in the population 
move between groups independently of other individuals. 
While this holds for the adult males of most species, females 
are known often to move together with relatives (e.g. Clut- 
ton-Brock et al. 1982, 1989). In such a case one should, if 
possible, treat units of associated related individuals, rather 
than individual animals, as independent counts for xi and yi. 
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E(il ni-i) P (1 -p) i=1n=p(1-p)N 

eqn 5 

Hence: 

E(SCsociai) = E(1 - Y iE1 7'i-k) 

N 
1-X yp(1-p)N=O. eqn6 x. Y 

2. In cases of complete segregation, all animals seg- 
regate (s0 = s, = s0 x sI = 1).There will be no mixed- 
sex groups and either y; or xi will always be zero. 
Hence: 

E(Z xi) Y 0 eqn 7 

therefore: 

E(SCsocial) = 1. eqn 8 

3. In the case of partial segregation, a total number of 
females (s0 x y) in the population and a total number 
of males (s, x X) in the population segregate into uni- 
sexed core-groups. The remaining, non-segregating 
animals join these core-groups at random. Of the total 
number of non-segregating animals [(1 -s0) x y + 
(1-s1) X X]) one part {o x [(1-s0) x y+(1-sl) x 
X]} joins uni-female core-groups and the other part 
{(1-o) x [(1-so) x y+(1-sS) x X] joins uni-male 
core-groups. This occurs randomly. Thus, it can be 
assumed that the number of non-segregating animals 
joining uni-female core-groups (i.e. segregating 
females), is proportional to the proportion of seg- 
regating animals that are female. In other words: 

S0 * )+ eqn 9 

So.*yJ+ s1 * X 

Therefore, the total number of animals (v0) in groups 
surrounding uni-female core-groups (i.e. 'female- 
based' groups) is expected to be: 

Vo= so* + 
o' - 

1-so) *)+(-S1)*X] 
sO *y+sI * % 

= * v eqn 10 
So *y+s1 *X 

whereby the total number of segregating females in 
female-based groups (Y)o) is: 

To = So x uJ, eqn 1Oa 

the total number of non-segregating females in female- 
based groups (Yo) is: 

and the total number of non-segregating males in 
females-based groups (Xo) is: 

Xo = sO .0 (1-Si)X -eqn lOc 
So + sI *X 

The situation in male-based groups is analogous. For 
the moment I will concentrate on female-based 
groups. Within each individual female-based group a 
number of animals (Hoi) are segregating animals (and 
they are therefore female; yoi = noi) and a number of 
animals (noi) are non-segregating animals. The num- 
ber of animals in each group, which are non-seg- 
regating animals, will be random. Therefore, the prob- 
ability (f,0j(no,)) that, in the ith female-based group of 
size noi (n1oi = Ho;+ n01), noi animals are non-segregating 
animals, is hypergeometrical: 

Vo A o o-IJ A 

^, V10i j no - 1iJo 

f0j(/i) 
= eqn 11 

where vo is the total number of non-segregating ani- 
mals in female-based groups (vo = xo+ )o); vo is the 
total nuAmber of segregating animals in female-based 
groups (vo = TO); and vo is the to,tal number animals in 
female-based groups (vo = vo + vO). 

Of the noi non-segregating animals in the ith female- 
based group, a random number is male (Xoi) and a 
random number is female (Oi). Zoi and Yoj follow again 
a hypergeometrical distribution. The probability 
[g)7 ,-,,(yoj)], that Toi animals in the ith female-based 
group are female (if n0o animals are in this group, and 
if of these noi animals, n0i animals are non-segregating 
animals), is hence: 

0'iJ floi-Y'oiJ 
g57,0j{010io i) = Lj(ni) . eqn 12 

knoiJ 

Therefore, the probability [hJy0,,(1j)], that Yoj animals 
in the ith female-based group are female, is: 

(To (o 

h,lo0G 0i) = _OO (v)0)0i) = eqn 13 

knoi 

Now the expected value of (xoi y0o)/(no0 - 1) in the ith 
female-based group can be calculated. It is: 

E_oi_ J_oi_ Xoo A eqn 14 
noi - I vo(Vo - 1) nje 1 

If the sampled population is large enough, it is: 

E(Z^ xo: *Yoi) X o 1) N0 P ( )N 

~po (1-pO) ?Neqn 15 

where ko is the number of female-based groups that 
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were sampled; No is the observed number of animals 
in female-based groups; [if sample sizes are large No 0 

(vo/v) A N]; N is the observed number of animals; and 
po is the proportion of males in female-based groups 
(Po = Xo/Vo) 

The expected value of 

k1 

i= 11j - 

for male-based groups can be calculated in the same 
way. Hence: 

k Xi' Yi Xo TO X *N)I 

li, nv- I i- 

V V p o * (I1-po) * -* N+p, I* (Il-pl) * -* N 

eqn 16 

where XI is the total number of males in male-based 
groups; T, is the total number of females in male-based 
groups; v,j is the total number of animals in male- 
based groups; N, is the observed number of animals 
in male-based groups [if sample sizes are large: 
N, = (v /v) N]; and p, is the proportion of males in 
male-based groups (p, = XI/VI). 

It follows from equations I and 16: 

N 7X03'0O,N X IyNN 
E(SCsocial) 1 _ ( + I 

Vo ,0 V VI 'V / 

(XoYo1 Xi Y)~I -p 1p). X+ Xl eqn 17 
V0V1 VVV / 

Using equations 10, l Oa, l Ob, l Oc and analogue equa- 
tions for male-based groups, equation 17 can be 
reduced to: 

E(SCsocial) 1 1-(1 -sosi) = so sS. eqn 18 

COMPARISON BETWEEN THE DEGREE OF 

SOCIAL SEGREGATION AND HABITAT 

SEGREGATION 

1. If the sexes associate randomly into kj groups within 
the jth habitat type, the expected value of 

k. 

i=I y... v* 

will be: 

E(ZE iJjj-) =z- eqn 21 

where .yj is the number of males in the ith group within 
the jth habitat type; yfi is the number of females in the 
ith group within the jthhabitat type; n1j is the number 
of animals in the ith group within the jth habitat type 
(jj= 2x11+yj&); x1 is the total number of males within 

the jth habitat type ( = zj); yj is the numuber of females 
within the jth habitat type (= iiJ); and i1j is the total 

number of animals within the jth habitat type 
(71j = xi+J1) (= I1j). 

If the sexes segregate between habitat types, but do 
not additional segregate socially within habitat types, 
it follows from equation 21, that: 

(i=j (i I 71j-i)) = iE( i7j-) (Z - 

eqn 22 

Therefore, E(SCsocial) = E(SCQabitat). 

2. If the sexes segregate socially within the jth habitat 
type, the expected value of 

Z=l 71,- 

will be smaller than (xj )yj)/(n1- 1): 

E(t EX;;,l',) < XVYl 
- yJ eqn 23 

Therefore, E(SCsocial) > E(SChlabitat). 

THE STOCHASTIC RELATIONSHIP OF FOUR 

CURRENT ECOLOGICAL MEASURES TO MALE 

PROPORTION (p) AND TO MEAN GROUP SIZE 

(11) 

To demonstrate the problem, firstly a brief example 
of the expected value for each measure under specified 
conditions is given, and secondly two numerical exam- 
ples are shown to illustrate that the current ecological 
measures can lead to confounding results. Note that 
the coefficients given in the original papers have been 
transformed to match the conventions (i.e. the sym- 
bolism) used throughout the present paper. 

1. Dice's (1945) coefficient of association: 

k 

E Xi, Yi 
i= I 

A ~~~~k 

i= 1 

The expected value of A is: 

E(A) = 

PO (-PO) Y Il,h (01-1,h +P I * (I1-pI) *Y ltj* (71;j 

p. (1-p) * ni* (71j-1) 

eqn 24 

If the mean group size (n0, hi) or the variance of the 
group sizes (s~, 0s,,) of female-based groups and of 
male-based groups are different (which is likely to be 
the case), then E(A) is a function of n0, n,, s,go and ,. 

2. Schoener's (1968) coefficient of overlap: 
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1 k X, Yi 

For example in case of random association, and if 
ni = n for all i, then: 

E(O) = 1-max '(PI' 1 )! _(l-p)n I ) 

b = 0 ... (n1-l )) = function(ni,p). eqn25 

3. Dixon's (1994) segregation coefficient (assuming 
that within groups animals are distanced randomly to 
each other), for males: 

'S x.-j (,Xi- 1) 

ni-I 
y 

S = log X-1K 

For example, if so 1 s, 1 s, then: 

E(S) - logc I+ > ) function (p). eqn 26 

4. The percentage of males in uni-sex groups. For 
example, if group sizes are constant (ni = ii for all i) 
and k is the total number of groups, the expected 
number of groups with ii males (i.e. of uni-male 
groups), would be p"'k (assuming no segregation). 
Therefore, p"'k 1 males are expected in uni-male 
groups. Altogether there arep * k * ii males in the popu- 
lation. Thus, the expected percentage of males in uni- 
sex groups is 

p' k 1 
PM = - *100% = pI* 100%. 

p k ii 

5. Nutmerical examples to illustrate that the above 
four coefficients can lead to confounding results. 

Ex-vample 1. Does the degr ee of social segl egation differ 
betwveeni un7glalate species, wvhich live in openi or in closed 
habitats? 

Data on group composition are available for four 
hypothetical species, which differ in the openness of 

the habitats they use (Table 1). The proportion of 
males in each species is the same, but mean group 
sizes are larger in species which live in open habitats 
(Jarman 1974; Thirgood 1996). Assume that in all four 
species 50% of males and 50% of females segregate 
socially (i.e. select to socialize with animals of their 
own sex) and the remaining 50% of animals associate 
randomly. Thus, the degree of social segregation is 
the same in the four species and does not differ 
between open and closed habitats. However, if one 
used Schoener's (1968) coefficient of overlap (0) or 
the percentage of males in uni-sex groups (PM) to 
measure the degree of social segregation, one would 
wrongly conclude that species in open habitats are less 
socially segregated (i.e. the sexes overlap more in the 
social groups which they use) than species in closed 
habitats (Table 1; group sizes are assumed to be con- 
stant). These two measure are not suited to compare 
the degree of social segregation between species which 
differ in mean group sizes. Similarly, if population 
densities per habitat differ, the two measures are not 
suited to compare the degree of spatial or of habitat 
segregation between species. 

Exvanple 2. Is the degree of social segregatio in c a 
species lowter wMhen nmale cden1sities ar e relatit'elv' io (cf. 
Tliirgood 1996)? 

Data of four hypothetical populations of red deer are 
examined (Table 2). The populations show the same 
mean group sizes, but differ in the proportion of 
males. Assume again that 50% of animals of either 
sex segregate socially and that there is no difference 
in the degree of social segregation between popu- 
lations with different relative densities of males. If one 
used the percentage of males in uni-sex groups (PM) 
to measure the degree of social segregation, one would 
wrongly conclude that social segregation is lower in 
populations with relatively fewer males (Table 2). On 
the other hand, if one used Schoener's (1968) 
coefficient of overlap (0) or Dixon's (1994) coefficient 
of male segregation (S), the (wrong) conclusion would 
be that social segregation is higher (i.e. overlap lower) 
in populations with a low proportion of males 
(Table 2). None of these three coefficients is suitable 
to compare the degree of social segregation between 

Table 1. Numerical values for degree of social segregation given by five ecological coefficients in the four hypothetical species 
of example 1 (see text for details) 

Mean 
group Male 

Species Habitat size proportion SC A 0 S PM 

1 Closed 2 0.4 0.25 0.75 0.30 0.26 55% 
2 Semi-closed 3 0.4 0.25 0.75 0.39 0.26 36% 
3 Semi-open 4 0.4 0.25 0.75 0.41 0.26 24% 
4 Open 5 0.4 0.25 0.75 0.46 0.26 17% 
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Table 2. Numerical values for degree of social segregation given by five ecological coefficients in the four hypothetical 
populations of example 2 (see text for details) 

Group 
sizes Male 

Population (constant) proportion SC A 0 S PM 

1 2 0.1 0.25 0.75 0.08 0.64 33% 
2 2 0.2 0.25 0.75 0.15 0.43 40% 
3 2 0.3 0.25 0.75 0.23 0.32 48% 
4 2 0.4 0.25 0.75 0.30 0.26 55% 

populations with different sex ratios. An analogous 
problem applies to comparisons of the degree of habi- 
tat or spatial segregation between populations. 

In the two examples, only the new segregation 
coefficient (SC) and Dice's (1945) coefficient of associ- 
ation (A) would have yielded correct answers (Tables 1 
and 2). Problems arise with Dice's (1945) coefficient 
of association when group sizes cease to be constant 
(see above), e.g. assume two populations with a male 
proportion of 0.4, in which 50% of animals segregate 

socially and groups are either of size 2 or 3. In the first 
population males prefer to be in the smaller groups, 
and in the second population males prefer to be in the 
larger groups. Dice's (1945) coefficient of association 
(A) would take the value of 0.77 in the first population 
and 0.66 in the second population, although the degree 
of social segregation is the same in both populations. 
Only SC is still reliable when group sizes fluctuate and 
when the sexes differ in group size preferences between 
populations. 
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