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Morphological versus acoustic analysis: what is the most efficient
method for sexing yelkouan shearwaters Puffinus yelkouan?
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Abstract Sexing monomorphic seabirds is particularly
difficult, and available methods have various disadvan-
tages, such as seasonal non-applicability or stress induc-
tion. The yelkouan shearwater Puffinus yelkouan is a
poorly studied seabird endemic to the Mediterranean basin.
Ecological and biological data are needed for this species,
thus necessitating the development of appropriate field
methods. Here, we tested two methods for sexing yelkouan
shearwaters: the classical morphological method and a new
acoustic method. Morphological analysis demonstrated
sexual differences in head, leg and feather measurements,
with a high degree of overlap resulting in only 87.2%
accuracy. In contrast, acoustic analysis showed that the
highest value of the fundamental frequency (FC) and
duration of the clear note of calls did not overlap between
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males and females. Yelkouan shearwaters can be sexed
with 100% accuracy by measuring FC. If FC < 678.4 Hz,
the bird is female, while if FC > 678.4 Hz, the bird is male.
Other advantages of this method are its simplicity and non-
invasiveness, which are particularly important for a
potentially threatened species.
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Introduction

Sexing birds is crucial in many population dynamics
studies because it allows: (1) assessment of sex effects on
survival or dispersal, (2) evaluation of population dynam-
ics, since female numbers are frequent model parameters
(e.g., Cuthbert et al. 2001), and (3) identification of species
threats such as sex ratio disequilibria or sexual differences
in predation risk (e.g., Mougeot and Bretagnolle 2000).
Sexing monomorphic species such as most seabirds is
particularly difficult because the sexes do not have marked
differences in plumage, size or other particular physical
features. Some sexing methods for such species do exist,
but with obvious disadvantages, such as time-consumption,
cost (chromosome and hormone analyses), invasiveness,
low suitability in the field (molecular analyses, laparotomy
and laparoscopy; Edington 1989; Richner 1989; O’Dwyer
et al. 2006), short-time applicability, and the need for
specialized training and equipment (vent measurements
and sexual behaviour; Serventy 1956; Edington 1989;
Boersma and Davies 1987; Copestake et al. 1988; Swanson
and Rappole 1992; O’Dwyer et al. 2006). Finally, external
morphometric measurements have been developed as an
alternative method because they are reliable, fast, inex-
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pensive and usable during non-breeding seasons (Zavalaga
and Paredes 1997). Characteristics generally measured are
head and leg, feather lengths (wing and tail) and body
mass. External morphometric measurements have been
widely and successfully used to assist in sexing Procel-
lariiformes (e.g., Ristow and Wink 1980; Van Franeker and
Ter Braak 1993; Lorentsen and Rov 1994; Gonzalez-Solis
2004).

The yelkouan shearwater Puffinus yelkouan was long
considered to be a Mediterranean subspecies of the Manx
shearwater P. puffinus (Brooke 1990; Warham 1990). A
taxonomic revision, based on ecological, morphological
and genetic traits, recently elevated the yelkouan shear-
water to the rank of species, distinct from both the Manx
shearwater and the Balearic shearwater P. mauretanicus
(Bourne et al. 1988; Heidrich et al. 1998; Sangster et al.
2002a, b). This species is strictly endemic to the Mediter-
ranean basin, and the world population probably does not
exceed 15,000 pairs (Zotier et al. 1992). However, this
data-deficient species has been little studied and many gaps
remain in our knowledge of its ecology and status. Inves-
tigations on this species are thus needed, and methods for
field studies must be specifically developed or derived from
those used for closely relatedspecies.

In the Manx shearwater group, sexing by morphometry
is generally considered inefficient. Previous morphological
analyses have revealed a small number of sexually
dimorphic measurements and a poor or fair accuracy of
discriminant functions with <80% of birds correctly clas-
sified (Thompson 1987; Brooke 1990; Cuthbert and Davis
2002; Keitt et al. 2003; Bull et al. 2004, 2005), with the
notable exception of the Balearic shearwater (Genovart
et al. 2003). In a previous study, Zotier (1997) analysed
how morphological measurements vary with sex in the
yelkouan shearwater and concluded that measurement
overlap was too high to allow accurate sex determination.
However, statistical analyses used in this preliminary study
were not detailed, sample sizes were small and the number
of morphological measurements was limited. For these
reasons, we considered that further investigations on this
topic would be useful.

Breeding colonies of petrels and shearwaters show an
intensive call activity in darkness. This is considered to be
an adaptation for sexual advertisement, mate recognition
and territorial defense of burrows in the dark (Brooke
1978; James 1985; James and Robertson 1985a, b; Warham
1990; Bretagnolle et al. 1998). Procellariidae generally
have a poor vocal repertoire (Bretagnolle 1996). In some
species, and particularly in the Puffinus group, there is just
a major singular call composed of two parts, an inhalant
note and an exhalant one (Bretagnolle 1996; Jouventin and
Aubin 2000). In most petrels and shearwaters studied up to
now, a sexual voice dimorphism has been demonstrated
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(Ristow and Wink 1980; James 1984; James and Robertson
1985a, b; Brooke 1978, 1988; Taoka et al. 1989; Taoka and
Okumura 1990); in the Puffinus group, female calls are
generally harsher and lower pitched than male ones
(Brooke 1978, 1990; James and Robertson 1985a; Warham
1990, 1996). While this vocal criterion is commonly used
to sex petrels in the field (e.g., Bretagnolle and Lequette
1990; Bretagnolle and Thibault 1995), discriminant anal-
ysis on acoustic traits combined with molecular sexing has
never been used for unequivocally sexing birds from their
calls. To our knowledge, yelkouan shearwater calls have
never been analyzed and vocal sexual dimorphism has
never been verified.

In the present study, we investigate sexual dimorphism
in the yelkouan shearwater from both morphological and
vocal points of view and compare the ability of the two
approaches to distinguish sex. Our final aim is to propose a
simple and efficient method to sex yelkouan shearwaters in
the field.

Methods
Molecular sexing

A blood sample (ca. 0.2 ml) was taken from the leg vein of
each captured bird, using a 1-ml syringe. Samples were
stored in absolute ethanol (0.5 ml) for several weeks at fresh
temperature (ca. 4°C) before analysis. DNA was extracted
from ethanol-preserved whole blood using a salting-out
extraction protocol (Bruford et al. 1998). DNA concentra-
tion was quantified on a 0.8% agarose gel. In each reaction
set, negative as well as positive controls were included to
assess the reliability of the method. According to the method
described by Fridolfsson and Ellegren (1999), we performed
PCR using primers 2550F (5GTTACTGATTCGTCTAC-
GAGA3’) and 2718R (5ATTGAAATGATCCGTGCTT
G3’) to sex our samples. PCR products were separated by
electrophoresis in 2% agarose gels stained using ethidium
bromide and visualized under ultraviolet light. This method
has proved successful on a wide range of bird species,
including Procellariiforms (Fridolfsson and Ellegren 1999,
2000). Sex determination is based on the detection of a
constant size difference between two homologous sex-
linked genes, CHD1-W and CHD1-Z. The CHD1-W frag-
ment is found in both sexes, while the CHD1-Z fragment is
female-specific. Since PCR products vary in size, sex was
determined as one band in males and two bands in females.

Morphological analysis

Adult yelkouan shearwaters were captured in theirburrows
during the 2004 and 2005 breeding seasons in three colo-



J Ornithol (2007) 148:261-269

263

nies on Port-Cros and Porquerolles islands (Hyeres archi-
pelago, south-east France, 43°00N, 6°23E and 43°00N,
6°12E). Eleven measurements were taken (Fig. 1): (1) head
length: length from the cerebellum roof (=supraoccipital)
to the edge of the feather implantation on the culmen; (2)
bill depth at gonys: bill thickness of upper and lower
mandibles at the gonys; (3) minimum bill depth: minimum
bill thickness of upper and lower mandibles measured
vertically; (4) bill length: exposed culmen from the tip of
the hook to the edge of the feather implantation; (5)
nalospi: exposed culmen from the tip of the hook to the
nostril; (6) tarsus length: metatarsus length from the
depression in the angle of the intertarsal joint to the base of
the last complete scale before the toe diverges; (7) tarsus
height: minimum metatarsus height; (8) toe length: middle
toe length from the first scale of the middle toe to the base
of the nail on this toe; (9) tail length: central feather length
from the point of emergence from skin to tip; (10) wing
length: maximum flattened chord from carpal joint to the
tip of the longest primary; and (11) body mass. The five
head and the three leg measurements (Fig. 1) were taken
with a Dial caliper (+0.01 mm). The feathers (wing and
tail) were measured with a ruler (+0.5 mm) and body mass
was determined by using a 600-g Pesola balance (5 g).
Duplicate measurements of 36 birds were taken on two
occasions or successively to assess consistency of our results
(Barrett et al. 1989; Genovart et al. 2003). We tested reli-

Bill length

Minimum bill depth

Bill depth
at gonys

Tarsus length

Middle toe length

Tarsus height

Fig. 1 Head and leg measurements taken on yelkouan shearwaters
Puffinus yelkouan

ability of these two measurements by intraclass correlations
with 1,000 iterations to obtain a mean value of the Pearson
product-moment correlation coefficients for each parameter
(Pearson r). We measured and molecularly sexed 88 adult
yelkouan shearwaters to test inter-sexual differences using
unpaired #-tests for each measurement. We calculated the
percentage of sexual dimorphism for each measurement
with the formula described by Holmes and Pitelka (1968):
100 x (m—f)/m, where m is the mean value of the male
measurement and f the mean value of the female measure-
ment. Discriminant function analyses (DFA) were used to
determine firstly which measurements were most reliable,
and secondly whether a yelkouan shearwater could be
accurately assigned a sex using these measurements. Only
birds for which we had all the measurements (i.e. 86 birds)
were considered in stepwise DFA. We randomly selected 26
birds to form a validation sample. Three variables were not
included in DFA: body mass, because this can vary greatly
according to the time elapsed since the last food ingestion;
and minimum bill depth and bill length because they were
highly correlated to bill depth at gonys (r = 0.81) and to
nalospi (r = 0.87), respectively (Kerry et al. 1992). Wilks’
Lambda ratio was used as a criterion for variable selection.
According to the discriminant function (D) obtained, an
adult yelkouan shearwater was considered a male if D > 0
and a female if D < 0. The accuracy of the discriminant
function obtained with the reduced sample (60 birds) was
tested first in terms of the proportion of adults of known sex
that were classified correctly using all individuals included
in the analysis, second by a jackknife analysis (cross-vali-
dation; Lachenbruch and Mickey 1968), in which each
individual in the same sample was classified using a function
derived from the total sample excluding the individual being
classified (e.g., Chardine and Morris 1989; Amatet al. 1993;
Counsilman et al. 1994), and third by the classification of
the additional validation sample of 26 molecularly sexed
birds. We also compared measurements between the mem-
bers of 25 breeding pairs using paired student z-tests and
assessed how often the male was larger than the female. In
order to apply a multi-measurement approach, we calculated
the first axis of a principal component analysis based on all
biometric measurements. We used this value as a proxy of
the size of the bird and included this variable in the com-
parison of measurements between the members of breeding
pairs.

Acoustic analysis

We molecularly sexed and recorded calls of 16 adult
yelkouan shearwaters within the three colonies on Port-Cros
and Porquerolles islands in March—April 2005 and 2006,
during the pre-laying and incubation periods. Because this
species is essentially vocal at night, the recordings were
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performed during darkness, between 2100 and 0300 hours
(French local time), using a Sennheiser MKH70 hyperdi-
rectional microphone (frequency response: 30-20,000 Hz +
1dB) connected to a numerical MARANTZ PMD 670
recorder (sampling frequency: 48 kHz). Each bird was
recorded when alone in its nesting burrow, with the micro-
phone placed on the ground near the burrow entrance. Calls
were first under-sampled at 22,050 Hz, and then analysed
with the SYNTANA analytic package (Aubin 1994) and
Avisoft SAS Lab Pro (Specht 2004). We analysed 284 calls
from the 16 recorded birds (181 calls from 10 males and 103
calls from 6 females with at least 10 calls per bird). A
majority of individuals were recorded several times during
the same session, the remaining birds being recorded on two
different dates. The call of the yelkouan shearwater is com-
posed of two notes: a noisy note with a harsh structure and a
clear note with visible harmonic series (a fundamental fre-
quency Fo and its multiples 2Fo, 3Fo...). In order to predict
sex by acoustic analysis, we chose four easily measured
parameters that were relatively insensitive to recording
conditions (Fig. 2). In the temporal domain (envelope
measurements), we measured (1) DN: the duration of the
noisy note, and (2) DC: the duration of the clear note. In the
frequency domain (spectrographic measurements: fast
Fourier transform with a window size of 2,048 points), we
measured: (3) FN: the highest frequency value of the fun-
damental of the noisy note, and (4) FC: the highest frequency
value of the fundamental of the clear note. We also calculated
the percentage of sexual dimorphism for each parameter.

Each bird was acoustically characterized by the means
of the four parameters measured on its different recorded
calls. For each parameter, sex comparisons were carried
out using unpaired student #-tests. To analyze sexual vari-
ation in calls and to identify which acoustic parameters
contributed the most to this variation, we performed a
stepwise DFA on the mean values of the four acoustic
parameters of the 16 birds tested.

All the required statistical assumptions were fulfilled
and analyses were performed using Statistica 6.0.
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Fig. 2 Sonagrams of a male (a) and a female (b) yelkouan
shearwater calls. Fo Fundamental frequency of the harmonic series,
DN duration of the noisy note, DC duration of the clear note, FN
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Results
Morphological analysis

The two sets of measurements of birds measured twice
were highly correlated (all Pearson r>0.79, all
P < 0.001), indicating that there were no systematic biases
in field measurements (mean percentage of variation be-
tween the two measurements <3% for all parameters).
Morphological measurements from the 88 molecularly
sexed adults revealed a sexual dimorphism (Table 1). The
means of all head measurements, tarsus length, middle toe
length and wing length were significantly larger in males
than females. The degree of sexual dimorphism was
highest for bill depth measurements and lowest for feather
measurements (wing and tail lengths).

The stepwise DFA applied to 8 variables of 60 adult
yelkouan shearwaters (31 males and 29 females) indicated
that bill depth at gonys (F; s¢ = 21.6, P < 0.001), nalospi
(Fi156 =127, P <0.001) and tarsus height (Fys¢ = 7.9,
P < 0.01) were the only significant variables and consti-
tuted the best predictive model (Wilks’ Lambda = 0.52,
}(2 =36.4, df =3, P <0.001). The discriminant function
(D;) obtained was:

D; = —23.96 4 2.24 bill depth at gonys
+ 0.55 nalospi — 1.43 tarsus height.

This discriminant function correctly classified 85.0% of the
adults included in the analysis sample (80.6% of males,
89.7% of females). Cross-validation (Jackknife) classified
adults with 80.0% accuracy (74.2% of males, 86.2% of
females). When we applied the discriminant function to the
validation sample (13 males and 13 females), 84.6% of the
birds were correctly classified (76.9 % of males, 92.3% of
females). The classification accuracies of the analysis
sample, cross-validation and validation sample were
similar, suggesting minimal sampling bias. The analysis
and validation samples were combined and we performed a

(b) Q

5.00kHz

Frequency(kHz)

0 Time (s) 2

DN DC

highest frequency value of the fundamental of the noisy note, FC
highest frequency value of the fundamental of the clear note
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Table 1 Body measurements of 88 sexed, adult yelkouan shearwaters Puffinus yelkouan (in mm, except body mass in g) and the percentage
sexual dimorphism for each measurement

Males Females

n Mean + SD Range n Mean = SD Range t % Dimorphism
Head 44 49.00 = 1.71 43.60-54.50 42 47.44 + 1.52 44.35-50.50 4.44%%* 32
Bill depth at gonys 46 8.09 + 0.45 7.00-9.25 42 7.55 £ 0.39 6.50-8.50 6.06%** 6.8
Minimum bill depth 45 7.40 = 0.57 5.80-8.80 42 6.80 = 0.43 5.80-7.80 5.49%%** 8.1
Bill length 46 37.01 = 1.24 34.30-39.75 42 3546 = 1.16 33.10-38.20 6.01%%* 4.2
Nalospi 46 29.67 = 1.29 27.05-32.40 42 28.12 = 1.14 25.50-30.50 5.24%%% 52
Tarsus length 46 48.46 = 1.33 45.70-52.40 42 4749 = 1.27 44.40-50.40 3.48*%%* 2.0
Tarsus height 45 6.65 + 0.46 5.60-7.95 42 6.57 £ 0.49 5.25-7.40 0.81 NS 1.2
Toe 45 49.04 = 1.55 46.40-52.20 42 47.46 = 1.41 44.30-50.80 4.96%** 32
Wing 46 24229 + 4.87 233.0-253.0 42 239.88 + 4.86 229.0-250.0 2.32% 1.0
Tail 45 86.51 = 4.29 75.0-97.0 42 85.80 + 3.51 80.0-95.5 0.83 NS 0.8
Mass 45 441.33 + 36.01 360.0-510.0 41 428.73 + 34.13 355.0-495.0 1.66 NS 29

Unpaired #-test values and levels of significance are also indicated for comparison between sexes in each variable

NS not significant
* P < 0.05; *** P < 0.001

new stepwise DFA with the total sample (86 birds). This
indicated that bill depth at gonys (F g; = 17.7, P < 0.001),
nalospi (£ g; = 10.3, P < 0.01), tarsus height (F, g, = 7.0,
P < 0.05) and toe length (Fg; = 4.1, P < 0.05) were the
only significant variables and constituted the best
predictive model (Wilks’ Lambda = 0.52, )(2 =529,
df=4, P<0.001). The discriminant function (D,)
obtained was:

D, =29.82 4 1.68 bill depth at gonys + 0.42 nalospi
— 1.02 tarsus height + 0.23 toe length.

This discriminant function correctly classified 87.2% of the
birds (84.1% of males, 90.5% of females). Cross-validation
(Jackknife) classified adults with 83.7% accuracy (79.5%
of males, 88.1% of females). The classification accuracies
of the analysis sample and the cross-validation were sim-
ilar, suggesting minimal sampling bias. The slightly greater
accuracy and the larger sample size used to perform D,
suggest it as the most useful function when sexing yelko-
uan shearwaters based on biometric measurements.

Measurement comparisons between the members of 25
pairs revealed that males were larger than females for only
up to 84% of the pairs analyzed (bill depth at gonys; Ta-
ble 2). The multi-measurements approach showed that the
male global size was larger for only 81% of the 21 pairs for
which we had all measurements.

Acoustic analysis

Vocalizations of all recorded yelkouan shearwaters
(n = 16) had the same acoustic pattern: a repetition of a

Table 2 Percentage of males larger than females and comparison of
variable means between sexes within pairs

Males larger (%) n t

Head 78 23 2.43%
Bill depth at gonys 84 25 4.57%%*
Minimum bill depth 75 24 3.85%%*
Bill length 80 25 3.60%%*
Nalospi 76 25 3.81%**
Tarsus length 68 25 2.33%
Tarsus height 63 24 1.47 NS
Toe 63 24 2.80%*
Wing 56 25 2.12%
Tail 63 24 1.02 NS
Mass 52 23 0.67 NS
Size 81 21 4.09%%**

Paired #-test values and levels of significance are also indicated
n Number of pairs examined, NS not significant
* P <0.05: ¥ P <0.01; ** P < 0.001

simple unit (= the call) composed of a noisy note and a
clear one (Fig. 2). The comparison of acoustic parameters
between sexes showed that all measured parameters dif-
fered significantly (Table 3). The highest percentages of
dimorphism were observed for parameters measured on the
clear note: DC (53.3%) and FC (48.5%). The ranges
(minimum and maximum values) of these parameters did
not overlap between males and females.

The discriminant function obtained immediately at the
first step classified birds with 100% accuracy (Wilk’s
lambda = 0.03) with FC as discriminant variable
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Table 3 Acoustic parameters of recorded yelkouan shearwater calls (n = 16) and the percentage sexual dimorphism for each parameter

Male (n = 10) Female (n = 6) t % Dimorphism
Mean + SD Range Mean = SD Range

Temporal analysis

DN (s) 0.86 = 0.13 0.64-1.01 1.13 £ 0.24 0.90-1.47 2.95% 17.8

DC (s) 1.40 £ 0.18 1.12-1.75 0.70 £ 0.14 0.55-0.89 —8.22%** 533

Frequency analysis

FN (Hz) 550.6 = 62.0 434.5-668.3 433.7 + 33.6 369.6-463.2 —4.22%%% 20.8

FC (Hz) 893.1 £ 42.5 842.6-953.4 467.3 + 34.6 440.0-514.2 —20.68%*%** 48.5

Unpaired #-test values and levels of significance are also indicated for comparison between sexes in each parameter

DN Duration of the noisy note, DC duration of the clear note, FN highest frequency value of the fundamental of the noisy note, FC highest

frequency value of the fundamental of the clear note
* P < 0.05; ¥*¥* P < 0.001

(F1.15 = 427.6, P < 0.001). On this basis we can propose a
very simple acoustic method to unambiguously separate
males and females by considering only FC range values. To
separate sexes, we chose the middle value (678.4 Hz)
between the maximum female FC value (514.2 Hz) and
the minimum male FC value (842.6 Hz). Thus, if FC <
678.4 Hz, the call belongs to a female and, conversely, if
FC > 678.4 Hz, the call belongs to a male.

Discussion
Morphological dimorphism

The sexual dimorphism in morphological measurements that
we observed in this study contradicts the preliminary results
obtained by Zotier (1997) and the sexually monomorphic
status given to this species by Bull et al. (2004, 2005). This
can be explained by the small sample size or the different
geographic origins of samples in these studies. Morphometry
of the yelkouan shearwater demonstrated that females have
smaller bills, heads, legs and wings than males at both the
colony and within-pair levels. Sexual differences in head,
bill, leg and wing measurements are often observed in the
Manx shearwater group (Thompson 1987; Brooke 1990;
Cuthbert and Davis 2002; Genovart et al. 2003; Keitt et al.
2003). Differences were found for bill length (P. puffinus, P.
huttoni, P. mauretanicus), depth and width (P. huttoni, P.
mauretanicus), nalospi (P. mauretanicus), head + bill
length (P. puffinus, P. opisthomelas, P. mauretanicus), tarsus
length (P. puffinus, P. huttoni, P. opisthomelas, P. maure-
tanicus), middle toe and wing lengths (P. puffinus), head
length and width, and shoulder width (P. huttoni). As in other
Puffinus species, yelkouan shearwater sexual dimorphism
was >5% only for bill depth measurements (Genovart et al.
2003; Bull et al. 2005), and nalospi. It should be noted that
even if males are larger than females on average for some
measurements within pairs, males are not systematically the

@ Springer

largest shearwater in a pair (£84% of pairs according to the
measurements and 81% of pairs for the global size).

Vocal dimorphism

Usually, in Puffinus species, female calls are, contrary to
male calls, harsh and noisy (James and Robertson 1985a;
Bretagnolle 1996; Brooke 1978, 1988) and do not present a
clear part with visible harmonics (Brooke 1978). The
yelkouan shearwater deviates from this rule since males and
females share the same basic call structure: a noisy and a
clear note. This characteristic (clear part in males only)
cannot therefore be used to distinguish sexes in the species.
Nevertheless, our acoustic analyses showed that a clear
sexual vocal dimorphism does exist in this species. This
sexual vocal dimorphism appears at the level of the temporal
and the frequency domains. Effectively, we showed that the
highest frequency of the fundamental and the duration of the
clear note of female calls are lower than those of male calls.
Similar results have been shown in other Puffinus species.
For example, in the sooty shearwater P. griseus and the short-
tailed shearwater P. tenuirostris, female calls have a lower
frequency than male calls (Warham 1996). In the greater
shearwater P. gravis and the little shearwater P. assimilis, the
mean length of the unit call is higher for males than for
females (Brooke 1988; James and Robertson 1985a).

Sex determination

Bill depth, nalospi, tarsus height, head and toe length were
the best discriminant morphological measurements in the
yelkouan shearwater. Combining these measurements, we
obtained a discriminant function for sexing adults with
87.2% accuracy. The accuracy of this discriminant function
is higher than those reported for other species of the Manx
shearwater group (Brooke 1990; Cuthbert and Davis 2002),
except for the Balearic shearwater (Genovart et al. 2003).
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The use of the discriminant function reported in this paper
for sexing adult yelkouan shearwaters with morphological
measurements is easy, fast, inexpensive and minimally
stressful. However, studies on several seabirds have noted
geographic variation in morphometry (e.g., Bost et al.
1992; Granadeiro 1993; Guicking et al. 2004; Gémez-Diaz
et al. 2006). Morphometry of yelkouan shearwaters is
likely to vary geographically as this species is distributed
throughout the Mediterranean basin. Applicability to pop-
ulations other than the one from which the function was
performed must be tested and the performance of a dis-
criminant function for the entire breeding range of this
species may be necessary (Van Franeker and Ter Braak
1993; Bertelloti et al. 2002; Arnould et al. 2004).

In the acoustic analysis, we showed that DC and FC are
two key parameters that, even taken alone, allow the sexing
of adult yelkouan shearwaters with 100% accuracy. It seems
reasonable to assume that any investigator, after a short
training period in the field, could learn to determine yelko-
uan shearwater sex by hearing alone. However, to free
oneself from investigator aptitude, the most reliable way
remains to proceed with recorded signals. Thus, the stages of
the acoustic sexing method that we propose are as follows:
(1) record the bird, (2) make a spectrogram of the recorded
signal using any signal processing software providing a so-
nographic representation, (3) select a call which is composed
of the two kinds of note, and (4) measure on the sonogram
the highest frequency value of the fundamental of the clear
note (FC). According to the FC value, the sex is determined
(female: FC < 678.4 Hz and male: FC > 678.4 Hz). As this
acoustic parameter is very easy to measure, this acoustic
sexing method is particularly simple, efficient and can be
used throughout the year. Finally, this is the first 100%
reliable sexing method of a shearwater species without
individual manipulation, which is particularly important for
a potentially threatened species. However, it is not always
possible to wait for the spontaneous calls and to record them.

Zusammenfassung

Morphologische versus austische Analysen: Welche
Methode eignet sich am besten zur
Geschlechtsbestimmung des Mittelmeersturmtauchers
(Puffinus yelkouan)?

Die Geschlechtsbestimmung von monomorphen Seevogel-
arten bereitet erhebliche Schwierigkeiten und die
etablierten Methoden haben diverse Nachteile, wie
beispielsweise jahreszeitlich bedingte Nichtanwendbarkeit
oder Stresserzeugung. Der Mittelmeersturmtaucher (Puffi-
nus yelkouan) ist eine wenig untersuchte Seevogelart, die
im Mittelmeerbecken endemisch ist. Okologische und bi-

ologische Daten iiber diese Art sind dringend erforderlich
und dafiir ist die Entwicklung geeigneter Feldmethoden
unabdingbar. Im vorliegenden Fall haben wir zwei
Methoden zur Geschlechtsbestimmung des Mittelmeer-
sturmtauchers gegeneinander getestet: Die herkommliche
morphologische und eine neue akustische Methode. Mor-
phologische Untersuchungen zeigten geschlechtsspezifi-
sche Unterschiede in Kopf-, Bein- und Federmafien mit
einem groBen Uberschneidungsbereich und einer daraus
resultierenden Genauigkeit von lediglich 87,2%. Im Ge-
gensatz dazu zeigte sich bei bioakustischen Vergleichen
der Rufe, dass der Maximalwert der Grundfrequenz (FC)
und die Dauer der Basisnote sich bei Ménnchen und Wei-
bchen nicht iiberschnitt. Damit ldsst sich das Geschlecht
des Mittelmeersturmtauchers durch Messen des Grund-
frequenzwerts (FC) eindeutig bestimmen. Vogel mit einem
FC < 678,4 Hz sind Weibchen, wihrend Mainnchen in
einer Grundfrequenz von > 678,4 Hz rufen. Zusitzliche
Vorteile der bioakustischen Geschlechtsbestimmung liegen
in ihrer Einfachheit und darin, dass sie keinen direkten
Zugriff erfordert, was vor allem fiir eine potentiell ge-
fihrdete Vogelart von Bedeutung ist.

Acknowledgments Funds and support were provided by the Euro-
pean Union and the DIREN PACA through the granting of a Life
Nature project (ref. LIFEO3NAT/F000105), the Conseil Régional
PACA (contracts 2002-01625 and 2003-15028), the Port-Cros National
Park (contract 03 011 83400PC), a PhD fellowship offered to C. Curé
by BigMat Society and the Fundacion Banco Bilbao Vizcaya Argen-
taria. We are very grateful to the Director and managers of Port-Cros
National Park for granting permission and providing support to conduct
this research, and to all those from Port-Cros National Park, IMEP and
LPO PACA, who helped us during field work, especially S. Dromzée,
C. Boursier, C. Gutiérrez, G. Lienhardt, G. Saez and M. Lascéve. We
also thank Dr. K. Benchenane (College of France), the Cytogenetic
team (SESEP, Versailles, France), especially Dr. C. Mutti, A. Thai-
llandier and E. Mornet, and the INSERM Avenir of Caen (France)
headed by Pr. D. Vivien, for allowing and helping us to do a part of the
molecular analyses. We thank J. Gonzélez-Solis for the financial sup-
port of most molecular sexing analyses, the IRO (Barcelona, Spain) and
M.A. Peinado for laboratory facilities and technical support. We are
grateful to C.M. Suehs (US) for improving the English and to J. Gon-
zalez-Solis and an anonymous reviewer for their valuable comments on
the manuscript. The CRBPO (National Museum of Natural History,
Paris, France) provided us with rings. Licenses and permissions were
given by the prefecture of Var (authorisation No. 7/2004) and O. De-
horter (CRBPO) for capturing, handling and blood sampling. The
experiments comply with the current French laws.

References

Amat JA, Vifiuela J, Ferrer M (1993) Sexing chinstrap penguins
(Pygoscelis Antarctica) by morphological measurements. Colon
Waterbirds 16:213-215

Arnould JPY, Dann P, Cullen JM (2004) Determining the sex of little
penguins (Eudyptula minor) in northern bass strait using
morphometric measurements. Emu 104:261-265

Aubin T (1994) Syntana: a software for the analysis of animal sounds.
Bioacoustics 6:80-81

@ Springer



268

J Ornithol (2007) 148:261-269

Barrett RT, Peterz M, Furness W, Durinck J (1989) The variability of
biometric measurements. Ringing Migration 10:13-16

Bertellotti M, Tella JL, Godoy JA, Blanco G, Forero MG, Donézar
JA, Ceballos O (2002) Determining sex of magellanic penguins
using molecular procedure and discriminant functions. Water-
birds 25:479-484

Boersma PD, Davies EM (1987) Sexing monomorphic birds by vent
measurements. Auk 104:779-783

Bost CA, Jouventin P, Pincson du sel N (1992) Morphometric
variability on a microgeographical scale in two inshore seabirds.
J Zool (Lond) 226:135-149

Bourne WRP, Mackrill EJ, Paterson AM, Yésou P (1988) The
yelkouan shearwater Puffinus (puffinus?) yelkouan. Br Birds
81:306-319

Bretagnolle V (1996) Acoustic communication in a group of
nonpasserine birds, the petrels. In: Kroodsma DE, Miller EH
(eds) Ecology and evolution of acoustic communication in birds.
Cornell University Press, Ithaca, pp 160-178

Bretagnolle V, Genevois F, Mougeot F (1998) Intra and intersexual
function in the call of a non-passerine bird. Behaviour 135:1161-
1184

Bretagnolle V, Lequette B (1990) Structural variation in the call of the
Cory’s shearwater, Calonectris diomedea. Ethology 85:313-323

Bretagnolle V, Thibault JC (1995) Method for sexing fledglings in
Cory’s shearwaters and comments on sex-ratio variation. Auk
112:785-790

Brooke M de L (1978) Sexual differences in the voice and individual
vocal recognition in the Manx shearwater (Puffinus puffinus).
Anim Behav 26:622-629

Brooke M de L (1988) Sexual dimorphism in the voice of the greater
shearwater. Wilson Bull 100:319-323

Brooke M de L (1990) The Manx shearwater. Poyser, London

Bruford MW, Hanotte O, Brookfield JFY, Burke T (1998) Multilocus
and single-locus DNA fingerprinting. In: Hoelzel AR (ed)
Molecular genetic analysis of populations: a practical approach.
IRL Press at Oxford University Press, New York, pp 225-269

Bull LS, Bell BD, Pledger S (2005) Patterns of size variation in the
shearwater genus Puffinus. Mar Ornithol 33:27-39

Bull LS, Haywood J, Pledger S (2004) Components of phenotypic
variation in the morphometrics of shearwater (Puffinus) species.
Ibis 146:38-45

Chardine JW, Morris RD (1989) Sexual size dimorphism and
assortative mating in the brown noddy. Condor 91:868-874

Copestake PG, Croxall JP, Prince PA (1988) Use of cloacal sexing
technique in mark-recapture estimates of breeding population
size in Wilson storm petrel Oceanites oceanicus at South
Georgia. Polar Biol 8:271-279

Counsilman JJ, Nee K, Jalil AK, Keng WL (1994) Discriminant
analysis of morphometric characters as a means of sexing mynas.
J Field Ornithol 65:1-7

Cuthbert R, Davis LS (2002) The breeding biology of Hutton’s
shearwater. Emu 102:323-329

Cuthbert R, Fletcher D, Davis LS (2001) A sensitivity analysis of
Hutton’s shearwater: prioritizing conservation research and
management. Biol Conserv 100:163-172

Edington DG (1989) Behavioural and morphological sexing of the
Humboldt penguin (Spheniscus humboldti). Spheniscid Penguin
Newsl 1:14-20

Fridolfsson AK, Ellegren H (1999) A simple and universal method for
molecular sexing of non-ratite birds. J Avian Biol 30:116-121

Fridolfsson AK, Ellegren H (2000) Molecular evolution of the avian
CHDI1 genes on the Z and W sex chromosomes. Genetics
155:1903-1912

Genovart M, McMinn M, Bowler D (2003) A discriminant function for
predicting sex in the Balearic shearwater. Waterbirds 26:72-76

@ Springer

Goémez-Diaz E, Gonzalez-Solis J, Peinado MA, Page RDM (2006)
Phylogeography of the Calonectris shearwaters using molecular
and morphometric data. Mol Phylogenet Evol 41:322-332

Gonzalez-Solis J (2004) Sexual size dimorphism in northern giant
petrels: ecological correlates and scaling. Oikos 105:247-254

Granadeiro JP (1993) Variation in measurements of Cory’s shearwa-
ters between populations and sexing by discriminant analysis.
Ringing Migration 14:103-112

Guicking D, Fiedler W, Leuther C, Schlatter R, Becker PH (2004)
Morphometrics of the pink-footed shearwater (Puffinus creato-
pus): influence of sex and breeding site. J Ornithol 145:64—68

Heidrich P, Amengal J, Wink M (1998) Phylogenetic relationships in
Mediterranean and North Atlantic shearwaters (Aves: Procellar-
iidae) based on nucleotide sequences of mtDNA. Biochem Syst
Ecol 26:145-170

Holmes RT, Pitelka FA (1968) Food overlap among coexisting
sandpipers on Northern Alaska tundra. Syst Zool 17:305-318

James PC (1984) Sexual dimorphism in the voice of the British storm
petrel Hydrobates pelagicus. Ibis 126:89-92

James PC (1985) The vocal behaviour of the Manx shearwater
Puffinus puffinus. Z Terpsychol 67:269-283

James PC, Robertson HA (1985a) Sexual dimorphism in the voice of
the little shearwater Puffinus assimilis. Ibis 127:388-390

James PC, Robertson HA (1985b) The calls of male and female
Madeiran storm petrels (Oceanodroma castro). Auk 102:391-
393

Jouventin P, Aubin T (2000) Acoustic convergence between two
nocturnal burrowing seabirds: experiments with a penguin
Eudyptula minor and a shearwater Puffinus tenuirostris. Ibis
142:645-656

Keitt BS, Tershy BR, Croll DA (2003) Breeding biology and
conservation of the black-vented shearwater Puffinus opisthom-
elas. Ibis 145:673-680

Kerry KR, Agnew DJ, Clarke JR, Else GD (1992) Use of morpho-
metric parameters for the determination of sex of Adélie
penguins. Wildl Res 19:657-664

Lachenbruch PA, Mickey MR (1968) Estimation of error rates in
discriminant analysis. Technometrics 10:1-11

Lorentsen SH, Rov N (1994) Sex determination of Antarctic petrels
Thalassoica antarctica by discriminant analysis of morphomet-
ric characters. Polar Biol 14:143-145

Mougeot F, Bretagnolle V (2000) Predation risk and moonlight
avoidance in nocturnal seabirds. J Avian Biol 31:376-386

O’Dwyer TW, Priddel D, Carlile N, Bartle JA, Buttemer WA (2006)
An evaluation of three field techniques for sexing Gould’s petrels
(Pterodroma leucoptera) (Procellariidea). Emu 106:245-252

Richner H (1989) Avian laparoscopy as a field technique for sexing
birds and an assessment of its effect on wild birds. J Field
Ornithol 60:137-142

Ristow D, Wink M (1980) Sexual dimorphism of Cory’s shearwater.
11-Merill 21:9-12

Sangster G, Collinson JM, Helbig AJ, Knox AG, Parkin DT (2002a)
The specific status of Balearic and yelkouan shearwaters. Br
Birds 95:636-639

Sangster G, Knox AG, Helbig AJ, Parkin DT (2002b) Taxonomic
recommendations for European birds. Ibis 144:153-159

Serventy DL (1956) A method for sexing petrels in field observations.
Emu 56:213-215

Specht R (2004) SAVISOFT-SAS Lab Pro. Avisoft, Berlin

Swanson DA, Rappole JH (1992) Determining the sex of adult white-
winged doves by cloacal charateristics. North Am Bird Bander
17:137-139

Taoka M, Okumura H (1990) Sexual differences in flight calls and the
cue for sex recognition of Swinhoe’s storm petrels. Condor
92:571-575



J Ornithol (2007) 148:261-269

269

Taoka M, Sato T, Kamada T, Okumura H (1989) Sexual dimorphism
of chatter-calls and vocal sex recognition in Leach’s storm
petrels (Oceanodroma leucorhoa). Auk 106:498-501

Thompson KR (1987) The ecology of the Manx shearwater Puffinus
puffinus on Rhum, West Scotland. PhD dissertation, University
of Glasgow, UK

Van Franeker JA, Ter Braak JF (1993) A generalized discriminant for
sexing fulmarine petrels from external measurements. Auk
110:492-502

Warham J (1990) The petrels: their ecology and breeding systems.
Academic, London

Warham J (1996) The behaviour, population biology and physiology
of the petrels. Academic, London

Zavalaga CB, Paredes R (1997) Sex determination of adult Humboldt
penguins using morphometric characters. J Field Ornithol
68:102-112

Zotier R (1997) Biogéographie des oiseaux marins en Méditerranée et
écologie d’un Procellariiforme endémique: le puffin de médi-
terranée Puffinus yelkouan. EPHE Thesis, University Montpel-
lier II, France

Zotier R, Thibault JC, Guyot I (1992) Known population and
distribution of cormorants, shearwaters and storm petrels in the
Mediterranean. Avocetta 16:118-126

@ Springer



	Morphological versus acoustic analysis: what is the most efficient method for sexing yelkouan shearwaters Puffinus yelkouan?
	Abstract
	Introduction
	Methods
	Molecular sexing
	Morphological analysis
	Acoustic analysis

	Results
	Morphological analysis
	Acoustic analysis

	Discussion
	Morphological dimorphism
	Vocal dimorphism
	Sex determination

	Zusammenfassung
	Morphologische versus austische Analysen: Welche Methode eignet sich am besten zur Geschlechtsbestimmung des Mittelmeersturmtauchers (Puffinus yelkouan)?

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


