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Sexual isolation is a key component of reproductive isolation, involving mate choice among mature adults. While
there are various statistics for estimating sexual isolation from mating frequencies, their ability to produce unbiased
estimates varies considerably, depending on the particular situation. We investigated, under different biological sce-
narios, the estimation properties (statistical bias, efficiency, root mean square, statistical test) of 12 statistics com-
monly used in the literature for measuring sexual isolation. 

 

Yule’s Q

 

, 

 

V

 

, 

 

YA

 

 (and related indices) and 

 

I

 

PSI

 

  are revealed
to be the most efficient, with the smallest biases and root mean square deviations. 

 

Yule’s Q

 

, 

 

YA

 

 and 

 

I

 

PSI

 

 show better
estimation properties when using infinite sample sizes, while 

 

I

 

PSI

 

 is preferable using smaller sample sizes. Other sta-
tistics investigated should be avoided, at least within the range of conditions considered. Regarding the parametric
test of hypothesis, the best alternative is 

 

YA

 

. We discuss the advantages and drawbacks of the various estimators,
and propose 

 

I

 

PSI

 

 as the safest for biological sample sizes. © 2005 The Linnean Society of London, 
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INTRODUCTION

 

Sexual isolation is a consequence of the mating strat-
egy of a particular species, where it seeks to avoid
mating with individuals from different species (Gil-
bert & Starmer, 1985). It may occur because natural
selection favours any evolutionary strategy that
impedes the waste of time and energy of producing
unsuccessful (low fitness) progeny (‘reinforcement’

 

sensu

 

 Dobzhansky, 1937). Sexual isolation can origi-
nate as the by-product of ecological (adaptive) evolu-
tion of traits related to mating behaviour (Schlutter,
2001), or simply as a consequence of the genetic diver-
gence of geographically isolated populations (Turelli,
Barton & Coyne, 2001).

The mechanism of sexual isolation results from
mate choice, the individual preference for choosing a
particular pair type instead of others. This preferen-

tial mating can also occur within species, producing:
(1) assortative mating, when there is an excess of
similar pair types (i.e. they are more frequent than
might be expected by chance), or (2) disassortative
mating, when there is an excess of dissimilar pair
types (O’Donald, 1980). According to this view, sexual
isolation can be responsible for the existence of poly-
morphisms within species (phenotypes, morphs,
ecotypes, or incipient species). There is an implicit
assumption that it can finally lead to full prezygotic
reproductive isolation.

Sexual isolation can be inferred from mating pat-
terns observed in the wild or in laboratory conditions
(multiple choice experiments) using a number of
different statistical methods (reviewed by Gilbert &
Starmer, 1985; Rolán-Alvarez & Caballero, 2000)
based on comparing the relative frequency of similar
and dissimilar pair types. There is an obvious interest
in quantifying sexual isolation, as it can be fundamen-
tal to testing different evolutionary models (Tregenza,



 

308

 

A. PÉREZ-FIGUEROA 

 

ET AL

 

.

 

© 2005 The Linnean Society of London, 

 

Biological Journal of the Linnean Society, 

 

2005, 

 

85

 

, 307–318

 

Pritchard & Butlin, 2000; Tregenza, 2002). In two
classic studies, Coyne & Orr (1989, 1997) estimated
sexual isolation for different pairs of 

 

Drosophila

 

 spe-
cies. They found that it evolves faster than postzygotic
reproductive isolation, as sympatric pairs of species,
less genetically divergent, showed stronger sexual iso-
lation estimates than allopatric pairs. This represents
a support of the reinforcement hypothesis (Coyne &
Orr, 1997; Turelli 

 

et al

 

., 2001; but see Endler, 1989).
There have been a few reviews on the estimation

properties of statistics of sexual isolation. Marín
(1991) pointed out that it is not possible to obtain
unbiased estimates of sexual isolation from a single
experiment if both mate choice (the cause of sexual
isolation) and mating propensity (a tendency for dif-
ferent phenotypes/genotypes to intrinsically mate
more frequently than others) are working together.

However, not all statistics are biased to the same
extent when trying to estimate sexual isolation under
differential mating propensities and type frequencies.
Gilbert & Starmer (1985) compared the resampling
properties of five estimators (

 

joint isolation index

 

,

 

Yule’s V

 

, 

 

Yule’s Q

 

, 

 

YA

 

 and 

 

Chi-square

 

). Rolán-Alvarez &
Caballero (2000) compared the asymptotic (infinite
population) properties of these estimators and a new
one, 

 

I

 

PSI

 

. The results indicate that some estimators,
such as the 

 

joint isolation index

 

, should be avoided (due
to extreme bias for differential marginal frequencies
and differential mating propensities), whereas others,
such as 

 

Yule’s V

 

, 

 

YA

 

 and 

 

I

 

PSI

 

, behave relatively well.
These reviews, however, did not consider the effect

of resampling population frequencies, a key factor
when estimates of sexual isolation are obtained with
data from the wild. In the present study we extend the
comparison of estimation properties to a larger set
(12) of sexual isolation statistics, investigating their
asymptotic bias, their bias from resampling of mating
pairs and population frequencies, as well as other esti-
mation properties.

 

MODEL AND STATISTICAL PROPERTIES OF 
THE ESTIMATORS

D

 

ESCRIPTION

 

 

 

OF

 

 

 

THE

 

 

 

BASIC

 

 

 

MODELS

 

 

 

AND

 

 

 

THE

 

 

 

STATISTICS

 

 

 

COMPARED

 

Previous evaluations of sexual isolation statistics from
mating frequency data (Gilbert & Starmer, 1985;
Rolán-Alvarez & Caballero, 2000) have assumed a
multiple choice framework in which some types or
morphs of a particular taxa are placed together to
mate for a period of time (see Knoppien, 1985). This
framework has been developed to ascertain dimorphic
traits in dioecious and polygamous species, but can be
easily extended to multiple polymorphism as well to
wild populations (see e.g. Rolán-Alvarez 

 

et al

 

., 1999;

Cruz 

 

et al

 

., 2004). It can also stand for complete (all
possible combinations of pairs) no-choice experiments,
where single pairs are allowed to mate (see Arnold

 

et al.

 

, 1996; Nosil, Crespi & Sandoval, 2002).
The notations used to define the various statistics

are listed in Table 1A. Let 

 

A

 

 and 

 

B

 

 be the frequencies
of two given morphs of males, and 

 

A

 

¢

 

 and 

 

B

 

¢

 

 the cor-
responding frequencies of females, in a particular nat-
ural or laboratory population. After a given period of
time the observed number of mates for every particu-
lar male and female morph is 

 

aa

 

, 

 

ab

 

, 

 

ba

 

 and 

 

bb

 

,
respectively, for a total number 

 

t

 

.
Different sexual isolation estimators used in the lit-

erature are listed in Table 2, using the notation of
Table 1A. Some of these estimators, such as 

 

YA

 

, 

 

DI

 

, 

 

W

 

i

 

and 

 

Z

 

i

 

, are algebraically related and would be
expected to show rather similar statistical behaviour.
Most of them, however, fail when there are existing
zeros in cells 

 

ab

 

 or 

 

ba

 

 of the mating table, the only
exception being the 

 

YA

 

 index, which includes a correc-
tion for these cases (see Ringo, Dowse & Lagasse,
1986). The 

 

Ti

 

 index was modified from Tilley, Verrel &
Arnold  (1990) to be used in the present study, as it
was originally developed on the assumption of equal

 

Table 1.

 

A, notation used for describing a typical multiple
choice experiment. 

 

A

 

 and 

 

B

 

, 

 

A

 

¢

 

 and 

 

B

 

¢

 

 are the male and
female frequencies, respectively, of the two morphs studied.
The observed number of copulating pairs is 

 

t

 

, with 

 

aa

 

, 

 

ab

 

,

 

ba

 

 and 

 

bb

 

, the observed number of copulating pairs for
every male and female combination. B, notation used for
simulating the frequencies of mating pairs (see text). 

 

W

 

and 

 

C

 

 are, respectively, the mating propensity of each
morph and sex, and the choice coefficient of each mating
type studied.

A Females 

A' B'

Males A aa ab aa + ab

B ba bb ba + bb

aa + ba ab + bb

t = aa + ab + ba + bb

B Mate
propensity 

WA' WB'

WA CAA CAB

Choice
coefficients

WB CBA CBB
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marginal frequencies (see below) in the mating table.

 

Co

 

 and 

 

Me

 

 indices are complementary and therefore
their properties are identical. Thus, only one (

 

Co

 

) will
be analysed henceforth. It should be noted that all
the statistics analysed range from 

 

-

 

1 to 

 

-

 

1, except 

 

Co

 

(–

 

•

 

 to 1) and 

 

Ti

 

 (–

 

•

 

 to 

 

•

 

).
The 

 

PSI

 

 statistic estimates mate choice coefficients
for each type of mating pair (Rolán-Alvarez & Cabal-
lero, 2000). For example, for the 

 

ab

 

 cell, it is calculated
as

 

PSI

 

 statistics for all mating pairs can be combined in
a single statistic using any of the previous indices and,
for this purpose, Rolán-Alvarez & Caballero (2000)
have suggested the 

 

joint isolation index

 

, as this is a
very intuitive and simple statistic widely used in the
literature. Thus, 

 

I

 

PSI

 

 can be obtained as shown in
Table 2. We also considered the inclusion of 

 

PSI

 

 coef-
ficients in other statistics (Yules’s 

 

Q

 

 and 

 

YA

 

) but
focused on 

 

I

 

PSI

 

.

 

A

 

SYMPTOTIC

 

 

 

PROPERTIES

 

 

 

OF

 

 

 

THE

 

 STATISTICS

In principle, sexual isolation should be related exclu-
sively to mate choice: the mating preferences of one
sex with respect to the different types of the other sex
(Gilbert & Starmer, 1985). These preferences are
quantified by the mate choice coefficients (C in
Table 1B) and therefore sexual isolation statistics
should estimate the relative importance of the two
diagonals of mate choice coefficients in the mating
table. In practice, however, different mating propensi-
ties (W in Table 1B) as well as population frequencies
of the mating types (A, A¢, B and B¢ in Table 1 A) may
bias the sexual isolation estimates (Gilbert & Starmer,
1985; Casares et al., 1998; Rolán-Alvarez & Caballero,
2000). Thus, we studied the efficiency of the statistics
in estimating the mate choice coefficients under dif-
ferent scenarios, including a variety of mate choice sit-
uations, different mating propensities of the morphs
and changes in marginal frequencies.

We used an orthogonal combination of four sets of
marginal morph frequencies and four sets of mate pro-
pensity coefficients (see Table 3), covering a wide

PSI
ab t

aa ab ab bb
ab = ¥

+( ) ¥ +( )
.

Table 2. The different statistics of sexual isolation stud-
ied, presented as a function of data from a multiple choice
experiment (notation from Table 1A)

1I, Merrel: Merrel (1950); V, Q, c2: see Gilbert & Starmer
(1985); YA: Ringo et al. (1986); Co: Coyne & Orr (1989); DI:
Hollocher et al. (1997); Wi: Goux & Anxolabehere (1980); Zi:
Erhman & Petit (1968); Ti: modified from Tilley et al.
(1990). IPSI from Rolán-Alvarez & Caballero (2000).

Estimator1 Formula 

Joint isolation
index (I ) 

Merrel’s isolation
distance (Me) 

Yule’s V (V )

Yule’s Q (Q) 

Chi-square (c2) 

YA index (YA) 

Coyne & Orr (Co) 

Hollocher et al. (DI )

Wi (Wi) 

Levene’s joint
isolation index (Zi) 

Tilley et al. (Ti)

IPSI  index (IPSI) 

t
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I

--+=
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abba
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+
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Table 3. Parameter sets used to investigate the estimation
properties of different sexual isolation indices. The choice
coefficients used in the different scenarios are described in
the text

 A A¢ B B¢

Morph
Frequencies

Equal 0.5 0.5 0.5 0.5
Unequal 1 0.2 0.5 0.8 0.5
Unequal 2 0.2 0.2 0.8 0.8
Unequal 3 0.2 0.8 0.8 0.2

Mate propensity
coefficients WA WA¢ WB WB¢

Neutral 1 1 1 1
Selected 1 1 1 0.1 1
Selected 2 1 1 0.5 0.5
Selected 3 1 0.5 0.5 1
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range of possibilities. In addition, 11 combinations of
choice coefficients were used, taking CAA = CBB = 1 and
CAB = CBA with values of 1, 0.8181, 0.6666, 0.5384,
0.4286, 0.3333, 0.25, 0.1765, 0.1111, 0.0526 and 0. The
joint isolation index (I) used on these combinations of
choice coefficients renders values of a theoretical iso-
lation index I = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9 and 1, respectively, covering the whole range of
scenarios, from no isolation (I = 0) to complete
isolation (I = 1). Thus, a total of 176 different
scenarios (combinations of morph frequencies, mate
propensities and choice coefficients) were assessed. All
these scenarios can potentially bias sexual isolation
estimates.

The efficiency of the different statistics in estimat-
ing sexual isolation with large (infinite) sample sizes
was investigated by calculating the asymptotic bias of
the statistics (the difference between the a posteriori
and the a priori sexual isolation) in every scenario.
The a posteriori sexual isolation estimate in each of
the scenarios was calculated using each particular
estimator and the expected frequencies of mating
pairs (the expected values of aa, ab, ba and bb in
Table 1A). For example, the expected frequency of ab
is A ¥ WA ¥ B¢ ¥ WB ¥ CAB. The a priori sexual isolation
estimate was calculated using each particular estima-
tor and the true mate choice coefficients for every
scenario (e.g. CAB; Table 1B).

SAMPLING PROPERTIES OF THE STATISTICS

Under experimental conditions, the expectations for
every mating pair type can vary from one trial to
another simply because of sampling error. We incorpo-
rated stochastic (sampling) processes by resampling
105 times the expected frequencies of mating pairs by
Monte Carlo methods (Nooren, 1989). Zero values in a
cell of the mating table were substituted for 10-6, as
zero values produce errors in the calculation of many
indices (e.g. YA and related ones), but similar qualita-
tive results were obtained when 0s were replaced by
1s (not shown). For every simulated sample (20, 40,
60, 80 or 120 mating pairs) we calculated the a poste-
riori resampling estimate of sexual isolation averaged
over the 105 resamplings per statistic in the 176 dif-
ferent scenarios. Thus, a total bias was calculated as
the difference between (1) the averaged a posteriori
resampling estimate from simulations and (2) the a
priori sexual isolation estimate (obtained from the
mate choice coefficients, as explained above).

The former approach can be used under two differ-
ent evolutionary models. First, a laboratory model,
which can be applied to typical laboratory multiple
choice experiments. In this model, the number of indi-
viduals used in the experiment is directly controlled
by the researcher (morph frequencies are known) and

therefore only mating pairs are resampled in the anal-
ysis, as described above.

A second possibility occurs when sexual isolation
indices are applied to data obtained from natural
populations (see Rolán-Alvarez et al., 1999; Cruz
et al., 2004). In this case, the population morph fre-
quencies are unknown and therefore also suffer from
stochastic processes. Thus, in order to check the esti-
mation properties of the indices for studies conducted
in the wild, we repeated the above stochastic simula-
tions while resampling, in addition to the expected
mating pairs (20 in this instance), the frequencies of
the mating types (20 males and 20 females). We refer
to this situation as the natural model, and it was run
for identical scenarios to those outlined above for the
laboratory model.

For both models we also studied several estimation
properties of the different statistics, such as efficiency
(inverse of the sampling variance), and root mean
square deviation (RMS: square sampling bias plus
sampling variance).

STATISTICAL TESTS OF THE ESTIMATORS

Approximations to the sampling variance are known
for some statistics (I and IPSI, Yule’s Q, Yule’s V and YA;
see Gilbert & Starmer, 1985; Spieth & Ringo, 1983),
being used in classical t or chi-square tests of hypoth-
eses (Sokal & Rohlf, 1997). These sampling variances,
however, have been developed assuming infinite sam-
ple sizes and do not necessarily work properly at bio-
logical sample sizes.

Thus, we estimated the type I error (the probability
of false rejection of the null hypothesis) of a paramet-
ric t-test under the different sampling variances avail-
able for those statistics. We calculated the percentage
of the resampled sexual isolation estimates under the
laboratory model, which was significantly different
from the true (a priori) estimate. The resampled
estimate minus the a priori estimate divided by the
sampling standard deviation of the estimator was
compared to a t-value with one degree of freedom
(Sokal & Rohlf, 1997).

Another alternative to parametric inference for
poorly known statistics is bootstrapping, which works
better for unbiased statistics that do not show asym-
metry in the resampling distribution (Efron, 1982).
Thus, we checked how the different alternative statis-
tics behave under bootstrapping regarding their
resampling (simulated) distribution.

RESULTS

The asymptotic bias is shown in Figure 1 for the dif-
ferent statistics under the range of scenarios investi-
gated. The figure shows the median of the biases, the
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25-75 percentiles, as well as the outliers. This allows
us to see whether or not the bias distribution is cen-
tred around zero as well as the range of biases across
scenarios. The DI, Wi and Zi indices are not shown
because their biases were identical to those of YA.
These results suggest that YA and Q are the best at
infinite sample sizes as they show no bias for any of
the scenarios studied.

IPSI and V showed a small bias in most scenarios. IPSI

was centred around zero with values ranging between
-0.07 and 0.05 for a 90% confidence interval. However,
V was biased on average. I and Co should be used with
caution. For example, the bias in Co  ranged between
-0.49 and 0.276 for the 90% confidence interval of the
bias distribution, while that of I ranged between -0.26
and 0.25 (see Fig. 1). Furthermore, Co was up to 50%
biased under those scenarios with the strongest mar-
ginal frequency and mating propensity effects.

Finally, c2 and Ti appear to be not very useful esti-
mators, as they were not centred and showed the larg-
est variances of biases across scenarios. The inclusion
of PSI coefficients in other statistics (Yule’s Q and YA)
did not improve their performance, because their bias
was zero at infinite sample sizes. Overall, the best
choices are YA (and related statistics), Q and IPSI, as
they were unbiased on average, and showed zero or

very small variances across scenarios. Good asymp-
totic estimation properties do not guarantee, however,
a similar behaviour at biological (reduced) sample
sizes, as will be shown below.

We studied the sampling properties (using 20 mat-
ing pairs) of the sexual isolation indices under the
laboratory and natural models in the same scenarios
considered above. The total bias distribution across
scenarios for the different statistics is presented in
Figure 2 for both models, and the particular biases for
each of the simulation scenarios under the natural
model are shown in Table 4.

c2 and Ti did not work properly at reduced sample
sizes for any of the models and therefore their use
should be avoided. For example, the bias of c2 ranged
between -0.67 and 0 for a confidence interval of 90% of
the bias distribution. Co and I revealed high biases
under the natural and laboratory models, respectively.

Note that the biases shown by the statistics under the
different scenarios do not show very clear patterns
(Table 4). For example, Co showed a low bias for equal
morph frequencies and two mate propensity sets (cases
selected 1 and 2), but showed a large bias in case 3.
However, for the unequal set of morph frequencies it
performed poorly in case selected 2. The bias for dif-
ferent mating propensity effects but equal marginal fre-
quencies is particularly relevant, as this cannot be
experimentally avoided in multiple choice experiments.

Four indices (YA, Q, IPSI and V) showed the best
behaviour at reduced sample sizes under both models
and can therefore be considered as the most useful sta-
tistics for estimating sexual isolation at both reduced
and infinite sample sizes. However, the indices related
to YA (DI, Zi and Wi) are not recommended, as they
suffer from important resampling biases. They do not
correct for zeros in cells (the total bias was always
larger than two in these cases). The smallest bias
under both models was achieved by IPSI, which per-
formed better in most scenarios.

The inclusion of PSI coefficients in other statistics
(Yule’s Q and YA) did not improve the performance of
IPSI. In fact, the former showed somewhat larger aver-
age bias (0.034 for YAPSI; -0.012 for QPSI) and larger
standard deviation of the bias (0.054 for YAPSI; 0.038
for QPSI) than the latter (average IPSI = -0.009;
SD = 0.027). Henceforth, the discussion relates only to
the four statistics with the best performance: YA, Q,
IPSI and V.

Figure 3 shows the total bias of YA, Q, IPSI and V at
different levels of sexual isolation under the labora-
tory model. IPSI showed low general bias, whereas Q
and V showed substantial bias at intermediate values.
YA showed a nearly linear increase of bias except at
extreme isolation values, and could not be calculated
for YA = 1 because it is not possible to obtain the a pri-
ori estimate when a¢ = 0 (see Table 2).

Figure 1. Distribution of the asymptotic bias for the stud-
ied sexual isolation estimators over 176 different scenarios.
The boxes represent the 25–75th percentiles of the bias
distribution across scenarios. The vertical bars include all
cases with biases up to 1.5 times the biases limiting the
25–75th percentiles, and the dots represent further outli-
ers. Cases within vertical bars and dots represent 50% of
the bias distribution (percentiles 0–25 and 75–100).
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Figure 2. Distribution of the total bias (asymptotic and resampling biases) for the studied sexual isolation estimators
over 176 different scenarios under (A) the laboratory model (resampling only mating pairs), and (B) the natural model
(resampling both mated and unmated individuals). Boxes, vertical bars and dots as in Fig. 1.
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Table 4. Mean total bias across all isolation levels in every simulated scenario under the natural model. See Table 3 for
case legends. Range for YA, Q, IPSI, V, X2 and I is [-1, 1]. Range for Co is [-•, 1] and for Ti is [-•, +•]

Morph
frequencies

Mate
propensities YA Q

Sexual isolation statistics

IPSI V c 2 I Co Ti

Equal Neutral 0.04 -0.02 0.01 0.00 -0.13 0.00 -0.04 < -100

Unequal 1 0.06 –0.04 0.00 -0.06 -0.30 0.00 -0.04 -0.77
Unequal 2 Neutral -0.16 -0.23 -0.03 -0.14 -0.48 0.21 0.20 > 100
Unequal 3 0.21 0.04 -0.03 -0.10 -0.24 -0.27 < -100 > 100

Selected 1 0.02 -0.10 -0.03 -0.15 -0.44 0.00 -0.04 -0.77
Equal Selected 2 0.02 -0.05 0.01 -0.03 -0.28 0.07 0.05 -0.37

Selected 3 0.08 -0.01 0.00 -0.03 -0.16 -0.08 -27.42 26.62

Selected 1 0.05 -0.02 0.01 -0.03 -0.21 0.00 -0.04 -0.77
Unequal 1 Selected 2 0.08 -0.01 0.00 -0.03 -0.19 -0.08 -27.42 26.62

Selected 3 0.02 -0.05 0.01 -0.03 -0.28 0.07 0.05 -0.86

Selected 1 0.16 0.02 -0.02 -0.07 -0.23 -0.18 < -100 > 100
Unequal 2 Selected 2 0.02 -0.05 0.00 -0.03 -0.28 0.07 0.05 > 100

Selected 3 -0.11 -0.19 -0.03 -0.16 -0.48 0.16 0.15 -0.95

Selected 1 -0.09 -0.16 -0.02 -0.10 -0.42 0.15 0.14 -0.95
Unequal 3 Selected 2 -0.01 0.00 -0.03 -0.12 -0.35 -0.19 -45.82 45.01

Selected 3 0.08 -0.01 0.00 -0.03 -0.16 -0.08 -27.42 26.62

Mean 0.04 -0.06 -0.01 -0.07 -0.29 -0.01 -9.11 -10.86
SD  (0.10)  (0.08)  (0.02)  (0.05)  (0.11)  (0.13) (15.67) (16.91)
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Overall, the results suggest that IPSI is the best
choice for small sample sizes (Figs 2, 3), whereas YA
and Q (and, to a somewhat lesser extent, IPSI) are the
best choices for infinite sample sizes (Fig. 1). In order
to see how the bias evolves at different sample sizes,
we repeated the analyses for the laboratory model
using 20, 40, 60, 80 or 120 mating pairs. The results
are presented in Figure 4 and show that IPSI and V do
not change their total bias because of changes in sam-
ple size, although the latter showed a 3.5-fold larger
bias than the former. Biases for YA and Q were
reduced with larger sample sizes. However, at biologi-
cal sample sizes (say less than 100 mating pairs)  IPSI

remains the safest choice.
We also investigated other sampling properties of

the statistics, namely the efficiency (inverse of the
estimator variance), and the root mean squared
deviation (RMS), which combines the bias and the
sampling variance of the indices. For most indices, effi-
ciency showed a trend qualitatively similar to that for
RMS, so only results for the latter are shown. In the

laboratory model (Fig. 5), the smallest RMS devia-
tions were found for V at low and intermediate values
of sexual isolation, followed by IPSI . YA and Q showed
RMS deviations up to six times larger than those of V.
c2, I, Co and Ti always showed larger RMS deviations
than the former indices (not shown). The results for
RMS regarding the natural model were basically iden-
tical to those shown in Figure 5, except that Q and YA
were more sensitive to mating propensity effects (not
shown). In summary, the best indices regarding these
sampling properties in general were IPSI and V.

Finally, we compared the statistical test associated
with the best four estimators (V, Q, YA and IPSI) at two
different sample sizes. Figure 6 shows the true type I
error for an a of 0.05 with the parametric test for
different degrees of sexual isolation across different
scenarios under the laboratory model. In all cases the
true type I error was large (> 0.1) and this happened at
both reduced and relatively large sample sizes. This
points towards a relatively poor performance of all
these parametric tests, because a type I error higher

Figure 3. Distribution of total bias (asymptotic and resampling biases) for the studied sexual isolation estimators over
176 different scenarios under the laboratory model.
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than that determined a priori would produce a com-
mon erroneous rejection of the null hypothesis when it
is in fact true. The most extreme case is seen with Q,
for which a parametric approach should be definitively
avoided.

IPSI and V showed rather symmetrical bias distribu-
tions as well as the best sampling properties (see
Figs 1, 2). Therefore, they can be considered the most
appropriate for statistical inference based on boot-
strapping. We were able to estimate the true type I
error (a = 0.05) of these statistics when using a boot-
strap test of hypothesis (IPSI = 0.007; V = 0.001), which
suggests that this approach is more appropriate
(although more conservative) than the parametric
tests available.

DISCUSSION

A traditional method of studying mating behaviour
under laboratory conditions involves the employment
of multiple choice (Merrel, 1950). It is considered to
provide an experimental set-up close to that occurring
in nature. Males and females of at least two forms
(genotypes, ecotypes or incipient species) are placed
together and mating monitored for a certain period
(Knoppien, 1985). The pattern of mating can be used
to measure both sexual isolation and sexual selection
effects with a degree of statistical independence (Mer-
rel, 1950; Rolán-Alvarez & Caballero, 2000).

Sexual selection (also known in this context as mat-
ing propensity) can be considered as contributing to
overall fitness (Andersson, 1994), and is estimated

from multiple choice experiments by comparing the
frequency of mated and unmated individuals (Merrel,
1950; Hartl & Clark, 1989). Sexual isolation can be
defined as the deviation from random mating in
mated individuals, which leads to assortative
(disassortative) mating when similar (opposite)
phenotypes mate more often than expected at random
(Merrel, 1950; Lewontin, Kirk & Crow, 1968; Spieth &
Ringo, 1983).

A classical strategy for the statistical partition of
these two effects is based on a chi-square or G-test
partition of mating components (Merrel, 1950) and,
more recently, by the use of PSS (pair sexual selection)
and PSI (pair sexual isolation) estimators for each
pair combination (Rolán-Alvarez & Caballero, 2000).
This partitioning has an evolutionary justification,
because these two components have different evolu-
tionary consequences: sexual selection changes gene
frequencies producing microevolution, whereas sexual
isolation is directly involved in speciation processes
(Lewontin et al., 1968).

Sexual selection and sexual isolation (effects) can
be originated, although not necessarily, by different
mechanisms. In laboratory multiple choice experi-
ments, the former can appear due to intrasexual com-
petition (mate propensity) or intersexual choice (mate
choice), whereas the latter is mainly caused by mate
choice. However, in the wild other mechanisms may
also contribute to this. Therefore, the causes of sexual
isolation cannot be safely inferred directly from any
single experiment on mating behaviour (Marín, 1991;
Casares et al., 1998).

Figure 4. Evolution of total bias (asymptotic and resampling biases) for different sample sizes for some sexual isolation
estimators over 176 different scenarios under the laboratory model.
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Here we have reviewed, so far as we know, all the
statistics of sexual isolation used in the literature
under a wide range of different biological scenarios,
in which the estimation of the mate choice coeffi-

cients can be confounded by two different processes:
asymmetrical marginal frequencies and differential
mating propensities. The first can be corrected in the
laboratory by using a balanced experimental design,
but it may provide a fundamental estimation prob-
lem for descriptive or experimental work conducted
in the wild. This can be of particular importance, for
example, when the two taxa being studied vary con-
siderably in their relative population densities. The
second process is very difficult to rule out, unless a
very well-known experimental model species is being
used.

A summary of the biases incurred by the different
statistics under the scenarios investigated is given in
Table 5. Some of the estimators (c2 and Ti) should be
straightforwardly avoided, as they are significantly
biased by asymmetrical marginal frequencies and dif-
ferential mating propensities at any sample size (see
also Gilbert & Starmer, 1985; Rolán-Alvarez & Cabal-
lero, 2000). They are so sensitive to this source of bias
that any study based on them should be approached
with caution or repeated using a more appropriate
estimator of sexual isolation (see Figs 1, 2).

Co and Me show typically moderate, but occasion-
ally very large, biases due to marginal frequencies and
differential mating propensities. In the natural model
they present extreme downward bias and thus should
not be used for studies in the wild (Fig. 2B). In addi-
tion, for half of the scenarios in the laboratory they

Figure 6. Type I error for some sexual isolation indices under different degrees of isolation. The bars represent the 95%
confidence intervals for the distribution over the 16 different combinations of scenarios from Table 3 under a laboratory
model.
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show moderate to large biases at any sample size
(Figs 1, 2A).

Co has been used in well known reviews of mating
behaviour in Drosophila (Coyne & Orr, 1989, 1997).
These authors found different patterns regarding
reproductive isolation in different species; one of the
most relevant trends detected was the observation
that prezygotic reproductive isolation was larger
among sympatric than allopatric species. This has
been considered to be one of the clearest supports for
the reinforcement hypothesis (Noor, 1999; Turelli
et al., 2001; but see Endler, 1989). The analyses used
balanced marginal frequencies in laboratory experi-
ments. However, the existence of mate propensity
effects cannot be ruled out systematically in all the
species tested, and even low to moderate biases (due to
confounding mate propensity in the experiments)
could affect the significance of the observed trends.

The magnitude of any possible bias can be checked
by reanalysing Coyne & Orr’s (1989, 1997) data with a
more reliable statistic, such as IPSI. This would serve to
verify that the conclusions of the analysis are not
flawed by biases in the estimates. Such reanalyses for
the works of Hollocher et al. (1997) and Arnold et al.
(1996), which used sexual isolation estimators possi-
bly biased by mate propensity, have been reported by
Rolán-Alvarez & Caballero (2000) and Rolán-Alvarez
(2004), respectively.

The joint isolation index (I) is one of the most com-
monly used estimators in the literature, even if it
should not be used with asymmetrical marginal fre-
quencies (see Merrel, 1950; Gilbert & Starmer, 1985;
Marín, 1991) and/or large mating propensities (Gil-
bert & Starmer, 1985). The index does not function
correctly for experiments conducted in the wild
(Fig. 2B), and even employing a multiple choice labo-

ratory design shows moderate to large biases for 50%
of scenarios (Fig. 2A). It is, however,  intuitive and
simple, and this may be the reason for its prevalence
in the literature. For safe estimation it should be used
in the PSI coefficients rather than on the raw data.

Yule’s V shows quite good sampling properties
(Fig. 5), but fails somewhat regarding its asymptotic
properties (Figs 1–4). The estimates are slightly
biased downwards on average, but it can be still con-
sidered an useful alternative (Gilbert & Starmer,
1985). It has been used in descriptive studies con-
ducted in the wild (Rolán-Alvarez et al., 1999),
although in such circumstances the estimate is
expected to be slightly biased downwards (Fig. 2B).

The YA (and related DI, Wi and Zi) and Q statistics
do not show asymptotic bias. These indices are the best
alternatives if the sample size is larger than 100 mat-
ing pairs (Fig. 4) (Gilbert & Starmer, 1985). However,
they suffer from upward or downward biases, both for
the laboratory and natural models at biological sample
sizes (Figs 2, 4) (Goux & Anxolabehere, 1980), or show
estimation problems (Knoppien, 1985). DI, Wi and Zi,
however, should be avoided because they do not correct
for zero values within cells and therefore show extreme
total biases at biological sample sizes. YA also shows
some bias at small sample sizes (Fig. 4). The sampling
properties of Q are slightly better than those of YA and
related indices, but the parametric test available for Q
described by Gilbert & Starmer (1985) should be
avoided due to its large type I error.

Finally, IPSI has a very small asymptotic bias (a
maximum of 9%; Fig. 1) and it is the least biased alter-
native at reduced sample sizes under both laboratory
and natural models (Figs 2, 3). These useful properties
are maintained at any sample size, although YA and Q
work slightly better for more than 100 pairs (Fig. 4).

Table 5. Summary of the performance of sexual isolation statistics under different scenarios and sample sizes. Low
(< 0.05), Moderate (0.05–0.25), High (0.25–1), Very High (> 1)

Sexual isolation
statistics

Total bias

Scenarios Sample size

Unequal morph frequencies Mate propensity Small Large

YA moderate moderate moderate low
Q moderate moderate moderate low
IPSI low low low low
V moderate moderate moderate moderate
c2 high high high high
I high moderate high high
Co very high very high very high very high
Ti very high very high very high very high
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In general, IPSI can be considered as the safest alter-
native for estimating sexual isolation caused by differ-
ential choice coefficients. However, the parametric test
available for I (and consequently for IPSI) shows rela-
tively high type I errors, and thus bootstrapping
should be preferable to parametric inference.

PSI coefficients were also included in the other sta-
tistics (Yule’s Q and YA), but they performed slightly
less well (in terms of average and variance of bias)
than IPSI with reduced sample sizes. In addition, Yule’s
Q and, analogously, Ti, c2 and Co, do not show a direct
relationship with the degree of isolation. For example,
when the choice coefficients of CAB and CBA are half the
value of CAA and CBB in Table 1 and therefore the
asymptotic sexual isolation estimate for IPSI is exactly
0.5 for equal marginal frequencies and no mating pro-
pensity effects, Yule’s Q has a value of 0.8. The joint
isolation index on PSI is a more intuitive statistic and
should be preferred over Yule’s Q, YA and related
indices.

Population geneticists have traditionally broken
down mating behaviour into two statistically indepen-
dent mating components: sexual selection (mating pro-
pensity) and sexual isolation (Merrel, 1950). However,
because these two effects have different evolutionary
consequences and can also be caused (although not nec-
essarily) by different evolutionary mechanisms, it is
convenient to estimate them separately in practice. A
possible strategy would be to estimate the effects first
and then infer their causes later (Rolán-Alvarez &
Caballero, 2000; Cruz et al., 2004). An alternative
method might involve the development of precise
hypotheses of a series of factors interacting to produce
the observed levels of sexual isolation, and then testing
them by chi-square or likelihood methods (see
O’Donald, 1980; Tregenza et al., 2000; Tregenza, 2002).
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