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In sexually monomorphic animal species it is difficult to sex unknown individuals. The most widely used
method of sexing in those cases is discriminant analysis. In species that are socially monogamous and
have biparental care, however, there exists another method which utilises the intra-pair difference in the
trait used in sexing. Equations for calculating the fraction of wrongly sexed individuals using both meth-
ods are given and used to show that the latter method is more exact than discriminant analysis. The advan-
tages and limits of both methods are compared. Field data from the kittiwake (Rissa tridactyla) are used
to exemplify the intra-pair comparison method, and to test the assumptions underlying this method for
this species. Among other things, it is shown that kittiwakes display random mating with respect to
head+bill length. Sexing kittiwakes at Horngya, northern Norway, by intra-pair differences in head+bill

length gives correct results in 96% of the cases.
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INTRODUCTION

In many animal species, sexes are indistinguishable by morpho-
logical characters. These sexually monomorphic species repre-
sent a problem for studies which need to sex the individuals
investigated without dissecting them. A common solution to this
problem is the calculation of discriminant functions using bio-
metry (Sokal & Rohlf 1995): one or more biometric measures
are taken in the field, which are afterwards put into discriminant
functions published for the respective species. Depending on
whether the variable resulting is above or below zero, animals
are assigned to one or the other sex.

Many studies have referred to discriminant analyses as the
method used in sexing animals. However, many of those studies,
viz. the ones in which the mates of the individuals measured
were known, could have used an alternative method. This
method (hereafter referred to as intra-pair comparison) consists
simply of assigning the larger individual of any pair to be a
member of the larger sex and vice versa. The aim of this paper
is to compare the accuracy of these two methods.

This is accomplished using computer simulation. Furthermore
an example of the method is given using field data of the kitti-

wake (Rissa tridactyla). Gulls and terns (Laridae) are an exam-
ple of a sexually monomorphic taxon. Although this means that
the sexes are indistinguishable by plumage, males are often
slightly larger than females (see e.g., Croxall 1995, Székely et al.
2000), so that biometric characters such as head+bill length can
be used in sexing (Coulson et al. 1983). For the kittiwake,
Barrett et al. (1985) have described a discriminant function for
distinguishing sexes by head+bill length. Using this method,
they reported that 87% of kittiwakes at Horngya in northern
Norway could be sexed correctly. In this paper, I calculate the
proportion of correctly sexed kittiwakes using intra-pair com-
parison.

MATERIAL AND METHODS

Assuming (1) random mating with respect to the trait used in
sexing and (2) a normal distribution of this trait in both sexes,
the fraction fpair of wrongly sexed individuals using intra-pair
comparison can be calculated by summing for all size classes of
the larger sex the proportions of members that are mated with
individuals larger than themselves:
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The fraction fy;. of wrongly sexed individuals using a discrim-
inant function, presupposing the second of the above assump-
tions (normal distribution), is obtained by averaging the propor-
tion of individuals of the larger sex that are smaller than the dis-
criminant value and the proportion of individuals of the smaller
sex that are larger than the discriminant value:

(Equation 1)

fd:;ﬁ [G(ul,cl,(i—o.S)-Ax)-Ax]% > [6(1e,6.,(j=0.5)-5x)-ax]  (Equation2)
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In both equations, i and j are integer variables; L and ¢ are the
mean and standard deviation of the trait used in sexing, sub-
scripts (1 and s) indicate the larger and the smaller sex; Ax is the
breadth of the intervals used in the calculation; and G is the func-
tion of the Gaussian distribution:
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G(W,0,x) = N (Equation 3)
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Xgiscr denotes the discriminant value in Equation 2. If more than
one character is used in sexing, x is simply replaced by the score
of the discriminant function (¥ 7\1- x;; Sokal & Rohlf 1995).
For very small Ax, what Equation 1 does is to calculate the pro-
portion of pairs in which the usual size relationship is reversed.
Equation 2, on the other hand, calculates the proportion of indi-
viduals lying “on the wrong side” of X ;...

The finite breadth of the intervals Ax accounts for the fact that
no variable is known with infinite precision, i.e. for observer-,
weather-related measuring errors, reading-off accuracy etc.
Equations 1 and 2 are conservative in assuming that these errors
always lower the precision of the sexing method (i.e., that mea-
surements of individuals of the larger sex are always too small,
and vice versa).

The precision of sexing by intra-pair comparison and by discri-
minant function was simulated by calculating f,,;, and f;q. for a
number of values of -l assuming 6;=0, and Ax=1% of L.

To test the two assumptions underlying Equation 1 for one
species, I collected head+bill lengths from a total of 252 kittiwake
breeding pairs during the breeding seasons 1995 and 1996 on the
island of Horngya (70° 22’ N, 31° 10" E), northern Norway. Birds
were caught using noose-poles. Head+bill length was measured
with specially adapted callipers as described by Coulson et al.
(1983) and Barrett et al. (1985). The head+bill length could be
read off with an accuracy of 0.5 mm. However, the repeatability
of measurements is a quite different matter from reading-off accu-
racy (Barrett et al. 1989). I therefore checked gauge repeatability
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of head+bill lengths by comparing the two measurements of the
94 birds that had been caught and measured in both years.

Because the birds used were part of a demographic research
project and killing them would thus have been detrimental to
this project, they could not be sexed using dissection. Instead,
birds were sexed using intra-pair comparison of head+bill
length, assigning the largest bird to be male. This seemingly
introduces a circular argument, but can actually only bias the
results in two ways. First, the sexing method may somewhat
underestimate the proportions of small males and large females,
and thus slightly bias both means and variances of head+bill
lengths in both sexes. However, this should not in itself lead to
distributions closer to normality within the assumed sexes than
within the real sexes. Second, the sexing method might make
the mating pattern inferred less random (or, to be precise, more
disassortative) than the real pattern. To investigate this possi-
bility, I repeated the calculation of the regression of head+bill
lengths (se below), constraining the sample to pairs in which
the identity of the male was beyond reasonable doubt (i.e.
head+bill length of one bird >93mm).

In 56 of the 131 breeding pairs captured in 1995, the birds
retained their mates and were caught in the subsequent year as
well. 26 of the 1995 breeding pairs divorced, i.e. at least one of
the birds was caught breeding with a new mate in 1996. In order
to obtain statistically independent observations (cf. Machlis et al.
1985), I calculated the mean of both measurements for all birds
measured twice. If a bird had different mates in 1995 and 1996,
both of these mates were also represented by a single value, viz.
the mean of their head+bill lengths. This procedure resulted in a
sample size of n=173 observations. As it is probably also defend-
able to use pairings as statistically independent observations, i.e.
to count those birds twice that had different mates in both years,
I repeated the calculation of the regression of head+bill lengths
(se below) for this enlarged sample (1n=196).

The assumption of random mating can be tested (a) by plotting
head+bill lengths of the female against the ones of their mates; or
(b) by analysing the variance of the differences in head+bill
lengths between mates. The rationale of the latter method is that



assortative mating narrows down (and disassortative mating
expands) the range of within-pair differences in head+bill lengths,
compared to random mating. To carry out this method, observa-
tions from the pool of the 173 statistically independent data points
were re-ordered, mimicking either perfectly assortative mating,
perfectly disassortative mating, or random mating. While one re-
ordering of measurements was enough to simulate assortative and
disassortative mating (mating the smallest female with the small-
est/largest male, respectively, etc.), I re-sampled several times
without replacement (n=12 000) in order to obtain a reliable sim-
ulation of random mating, randomising “mate choice” in each
replicate using a random generator. This method creates a null dis-
tribution, which also allows to give the expected standard devia-
tion of the variance of the differences in head+bill lengths between
mated kittiwakes.

The assumption of normally distributed head-+bill lengths can be
tested by simple inspection of a frequency plot, or by using
appropriate statistical tests. I used the Shapiro-Wilk statistic W,
calculated in PROC UNIVARIATE of the SAS software package
(SAS Institute 1996).

All measures are given as means + 1 standard deviation.
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RESULTS

Comparison of the two methods

The proportion of correctly sexed individuals was larger for
intra-pair comparison than for discriminant analysis (Figure 1).
This result held irrespective of the magnitude of the difference
between the means of the sexes in the trait used in sexing,
though the proportions approached each other for cases in which
the means of each sex were either identical or very distinct. The
difference between both methods of sexing was greatest when
the mean difference between the sexes in the trait used in sexing
equalled 1.7 standard deviations of the trait (f,,;=12%,
Jaiser= 23%; cf. Figure 1).

Case study on kittiwakes from Horneya

The head+bill lengths of kittiwakes obtained are given in Table
1. The mean difference between two measurements of the same
bird in different years was 0.9 mm (median 1.0 mm, range
0.0-3.5 mm, 95% less than 2.5 mm, 90% less than 2.0 mm;
n=94). Inserting these variables into Equation 1 with Ax=1 mm

Figure 1
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of both methods.

Table 1. Head+bill lengths of mated kittiwakes, captured at Horngya, east Finnmark, in 1995 and 1996. The birds were sexed using intra-
pair comparison (see text). For birds measured in both years, “individual birds” refers to the mean of both measurements. Measurements
of “independent data points” do not necessarily refer to individual birds, but in 19 cases to means of two birds paired with the same mate

in different years (see Material and Methods).

Variable Sample size Mean Standard deviation
(mm) (mm)

Female head+bill length (individual birds) 185 88.9 1.6

Male head-+bill length (individual birds) 179 94.0 19

Female head+bill length (independent data points) 173 88.8 1.5

Male head+bill length (independent data points) 173 94.0 1.8
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(the median gauge repeatability), the resulting fractions of
wrongly sexed kittiwakes were f,,;=3% and f;.,=8%.

The slope of the regression line of the head+bill lengths of the
assumed females against the ones of their mates was not signif-
icantly different from zero (Figure 2). This result held also when
restricting the sample to pairs with undoubted males (slope
-0.03+0.08, t=-0.35, p>0.5, n=116, r2=0 .00), or when assuming
the 196 observed pairings to be statistically independent (slope
+0.0420.09, 1=0.49, p>0.5, r2=0.00).

The variances of the intra-pair differences in head+bill length
obtained by re-ordering the real data set mimicking assortative
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Figure 2

The relationship between head+bill lengths of paired kittiwakes
breeding at Horngya, east Finnmark, in 1995 and 1996. The slope
of the regression line (light grey) is +0.01+0.10 (¢=0.07, p>0.9,
n=173, r2=0.00), indicating random mating with respect to
head-+bill length.

(disassortative) mating, were clearly lower (respectively, larger)
than the observed one (Table 2). On the other hand, the observed
variance did not depart significantly from the one obtained by
random sampling (Table 2).

Measurements appeared to be more or less normally distributed
in both sexes (Figure 3). The respective statistics showed that
the distribution of head+bill lengths indeed did not differ signif-
icantly from normality in assumed females (W=0.98, p>0.2;
skewness —0.07). In assumed males, however, the distribution
was clearly (though not statistically significant at the 5% level:
W=0.97, p<0.1) departing from normality, and was skewed
towards larger values (skewness +0.21).

DISCUSSION
Comparison of the two methods

It can be seen from Figure 1 that sexing animals using intra-pair
comparison is more reliable than using the more widely used
method, viz. discriminant analysis. In cases where both sexes are
very similar with respect to the trait used in sexing, both meth-
ods perform poorly. Likewise, when the character used in sexing
approaches a disjunct distribution across sexes (right hand side
of Figure 1), the difference between the methods diminishes.

This result is derived theoretically and is expected to hold when-
ever the assumptions underlying Equation 1 are met, i.e. the
character used in sexing is normally distributed, and mating is
random with respect to that character. Both assumptions are sen-
sible null hypotheses for most species, and can be readily tested
in cases of doubt. I performed one such test for the kittiwake,
and was able to confirm both assumptions (see below).

Other researchers can use Equation 1 to calculate the error rate of
this method of sexing for their respective species. Equation 1 is
computationally easy to implement (a programme carrying out cal-

Table 2. Variances of within-pair differences in head+bill lengths of mated kittiwakes in relation
to mating pattern. The real observation refers to kittiwakes captured at Horngya, east Finnmark,
in 1995 and 1996 (cf. Table 1, independent data points). This sample (n=173) was re-ordered,
mimicking perfect assortative, disassortative and random mating (see Material and Methods for
details). The observed variance departed less than 0.1 standard deviations from the variance
expected under perfect random mating. (The mean difference in head+bill lengths within a pair

was 5.2 mm in all cases.)

Mating pattern Source Constellations/iterations Variance (mm?)
Real observation 1 5.66
Assortative computer simulation 1 0.19
Disassortative computer simulation 1 1120
Random computer simulation 12000 5.69+0.43
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Figure 3
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culations of both fi,;;, and s, can be obtained from the author),
and does not require that only one character is used in sexing.

A further advantage of the intra-pair comparison method is that
it is far more robust against regional size differences or changes
in the size distribution of a given population over time.
Discriminant functions reported in the literature do not neces-
sarily apply to other populations of the same species (e.g. Barrett
et al. 1985), and do not even need to be constant over time. The
latter point is illustrated by a comparison of Barrett et al.’s
results (1985: Table 6; females 89.2 mmz+1.9 mm, n=36; males
94.5 mm=+1.8 mm, n=34) with Table 1: my study reports small-
er values for both sexes, the difference being as large as 1.5 mm
in males, though both studies were performed in the same popu-
lation. Such changes over time - in this case 15 years — clearly
demonstrate the limits of discriminant functions.

Obviously, the animals have to have established pair-bonds if
intra-pair comparison is to be applicable. This rules out those
species that are not socially monogamous or do not have
biparental care, but leaves for instance many taxa of birds.
However, even in species with pair-bonds, exceptions do occur,
especially when sex ratios are skewed. For a number of species in
which one sex is overrepresented, female-female “pairs”, male-
male “pairs”, triplets (e.g. female-female-male) etc. have been
reported (see Hunt 1980, Nisbet & Hatch 1999 and references
therein). There is, therefore, one case in which discriminant func-
tions are superior to intra-pair comparisons even when the species
has biparental care, viz. when the frequency of female-female
“pairs™ is higher than two times the difference between f,; and
Jdiser- Male-male “pairs”, being unable to produce eggs, do not
represent any problem because they can be readily identified.

Case study on kittiwakes from Horneya

Barrett et al. (1985) calculated a discriminant function for sex-
ing adult kittiwakes using head+bill length. The fraction of

wrongly sexed birds reported for the colony of Horngya was
13% (which departs somewhat from the 8% calculated above,
probably due to Barrett et al.’s small sample size). However, had
their sample been birds with known mates, at least 60% of the
birds that were sexed wrongly using the discriminant function,
could have been sexed correctly using intra-pair comparison —
while all pairs sexed correctly using the discriminant function
are necessarily sexed correctly using intra-pair comparison, too.
The assumptions inherent in Equation 1 were met by the sample
I investigated. First, Table 2, Figure 2, and the results from large
males show that mating was indeed random with respect to
head+bill length. Among Charadriiformes, assortative mating by
an aspect of bill size has only been reported for common terns
(Sterna hirundo; Coulter 1986), razorbills (Alca torda; Wagner
1999), and possibly from Atlantic puffins (Fratercula arctica;
Corkhill 1972, cf. Wagner 1999). Its absence in kittiwakes is evi-
dent from Figure 2, because head+bill lengths of mates were not
related. Assortative mating would have reduced the fraction of
wrongly sexed birds even more. Only disassortative mating
would have reduced the precision of the intra-pair comparison
method. However, for birds to mate disassortatively, the slope of
the regression line would have to be negative in Figure 2, and the
variance of within-pair differences in head+bill lengths would
have to be larger than 5.69 mm? (see Table 2), both of which is
clearly not the case in kittiwakes. Neither has it been reported
from any other seabird.

Second, although the distribution of male head+bill lengths
departed somewhat from normality, this does not underestimate
the fraction of correctly sexed birds because the distribution was
skewed to the right, and not to the left (Figure 3). That may mean
that the proportion of males that can be mistaken for females was
even smaller than if male head+bill lengths had been normally
distributed. Alternatively, it could be a consequence of the
method of sexing used (see Material and Methods). Further-
more, I found a clearly bimodal distribution of unsexed Kkitti-
wakes (hatched grey line in Figure 3) — in contrast to other stud-
ies (McGowan & Zonfrillo 1995) measuring kittiwakes outside
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the breeding season. Their findings most likely reflect the mix-
ing of birds of different localities during winter. This is a further
reason why sexing mated kittiwakes is more reliable, because
geographic variation in body size (e.g., Tatarinkova &
Shklyarevich 1978, Barrett et al. 1985) has no bearing during the
breeding season because of high degrees of philopatry in kitti-
wakes (but see Coulson & Neve de Mévergnies 1992).

Female-female “pairs” have been reported from the kittiwake
(involving 2% of the pairings; Coulson & Thomas 1985) and
from other Laridae, which tend to have female-biased sex ratios
(Nisbet & Hatch 1999 and references therein). This lessens the
proportion of correctly sexed individuals to approximately 96%.
Several triplets have been observed in the sample investigated
here (n=12). In all these cases it was possible to identify the male
member, partly based on sexings of other years.
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SAMMENDRAG

Kijennshestemmelse av monogame dyr ved hjelp av bio-
metriske mal bor baseres pd sammenligninger innen par

Mange dyrearter kan bare kjgnnsbestemmes ved disseksjon eller
ved hjelp av biometriske malinger. Nar man ma kjgnnsbestem-
me monogame dyr levende, er det best a basere seg pa forskjel-
ler innen par, dvs. simpelthen & anta at det stgrste dyret i paret
tilhgrer det stgrste kjgnnet. Jeg viser hvordan man kan beregne
feilprosenten ved kjgnnsbestemmelse vha. bade sammenligning
innen par (Ligning 1) og diskriminantfunksjoner (Ligning 2).
Ligning 1 bygger pé to antakelser, som enkelt kan overprgves
med feltdata: tilfeldig pardannelse mht. karakteren som blir
brukt i kjgnnsbestemmelsen, og normalfordeling av denne
karakteren i begge kjgnn. Under de fleste betingelser gir den
forstnevnte metoden en stgrre ngyaktighet enn diskriminant-
funksjoner (Figur 1). Bare i tilfeller der maken ikke er malt, eller
ved hyppig forekomst av hunn-hunn-"par” vil diskriminantfunk-
sjoner vare overlegne.

Jeg illustrerer metoden med feltdata av hekkende krykkjer pa
Horngya i @st-Finnmark (gitt i Tabell 1). Bare 4 % av fuglene vil
kjgnnsbestemmes feil vha. sammenligning av hode+nebb-leng-

16

de innen par, hvilket er en 60 % lavere feilkvote enn det man
oppnar ved bruk av den tilsvarende diskriminantfunksjonen.
Feltdataene stgtter antakelsene bak Ligning 1 for krykkje:
Pardannelse er tilfeldig mht. hode+nebb-lengde (bl.a. fordi
hode+nebb-lengder ikke er relatert innen par, Figur 2; jf. Tabell
2), og hode+nebb-lengde er omtrentlig normalfordelt i begge
kjonn (Figur 3).
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