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Manipulating sex ratio to increase population growth:
the example of the Lesser Kestrel
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Introduction

Abstract

Small or decreasing populations call for emergency actions like, for example,
captive breeding programs. Such programs aim at rapidly increasing population
sizes in order to reduce the loss of genetic variability and to avoid possible Allee
effects. The Lesser Kestrel Falco naumanni is one of the species that is currently
supported in several captive breeding programs at various locations. Here, we
model the demographic and genetic consequences of potential management
strategies that are based on offspring sex ratio manipulation. Increased population
growth could be achieved by manipulating female conditions and/or male attrac-
tiveness in the captive breeders and consequently shifting the offspring sex ratio
towards more female offspring, which are then used for reintroduction. Fragment-
ing populations into wild-breeding and captive-breeding demes and manipulating
population sex ratio both immediately increase the inbreeding coefficient in the
next generation (i.e. decrease N.) but may, in the long term, reduce the loss of
genetic variability if population growth is restricted by the number of females. We
use the Lesser Kestrel and the wealth of information that is available on this
species to predict the long-term consequences of various kinds of sex-ratio
manipulation. We find that, in our example and possibly in many other cases, a
sex-ratio manipulation that seems realistic could have a beneficial effect on the
captive breeding program. However, the possible long-term costs and benefits of
such measures need to be carefully optimized.

With lower N,, more genetic variability is lost from genera-
tion to generation (Frankham, Ballou & Briscoe, 2002). This

Various kinds of captive-breeding programs are used to
possibly prevent threatened populations from becoming
extinct (IUCN, 1987). Some of these programs are meant
to provide a refuge for ‘better times’ (Frankham er al.,
1986), but most aim at releasing additional individuals into
the wild in order to support declining populations and to
help prevent further losses of a population’s genetic diver-
sity (Lande, 1998; Holsinger, 2000). The strategy has to be
well considered, though, because captive-breeding programs
could potentially be harmful if the genetic consequences of
the various management options are not fully considered
(Ryman & Laikre, 1991; Wedekind, 2002b; Woodworth
et al., 2002; Linklater, 2003). In the following we assume
that the enhanced offspring survival in captivity and the
subsequent introduction of individuals into the wild have a
positive influence on population size and genetic diversity in
the long term.

The rate at which a population loses genetic variability
depends on N, the genetically effective population size.

loss is typically amplified in small populations by various
non-genetic factors that, taken together, can cause an
Allee effect (Courchamp, Clutton-Brock & Grenfell, 1999;
Stephens & Sutherland, 1999). For small populations, it is
therefore important to increase population growth rapidly.
In some cases, the number of offspring per female is one of
the limiting factors with regard to population growth. In
such a cases, it may be possible to amplify population
growth (and finally achieve an increase of N.) by manipulat-
ing offspring sex ratios and producing a higher ratio of the
reproductively limiting sex (Tella, 2001; Clout, Elliott &
Robertson, 2002; Wedekind, 2002a¢). Such manipulation
is often possible, either through non-invasive techniques
like changing sex-determining ecological or social factors
(Kamel & Mrosovsky, 2006; Robertson et al., 2006), or
through more invasive techniques such as hormone
treatment of embryos or sperm sexing before using assisted
reproductive technologies (Wildt & Wemmer, 1999;
Pukazhenthi et al., 2006). The aim is to lower the sex ratio,
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defined here as the proportion of males, and hence to
increase the production of females if they are the limiting
factor for population growth.

The Trivers and Willard hypothesis (Trivers & Willard,
1973) could explain some of the ecological or social factors
that can influence family sex ratio. The hypothesis assumes
that the sex with the higher variance in reproductive success,
that is the sex that is likely to experience higher competition
during sexual selection, is expected to be preferentially
produced by parents who are in good condition. This is
assuming that parental condition influences offspring con-
dition, which in turn determines their competitive abilities in
later sexual selection. Usually, this means that high-quality
males and/or high-quality females tend to produce more
sons than daughters (but there are interesting exceptions
from this rule; for a review, see Cameron, 2004).

In birds, sexual size dimorphism is widespread, and there
is much support for the Trivers and Willard hypothesis in
several species (Olsen & Cockburn, 1991; Kilner, 1998;
Albrecht & Johnson, 2002; Janota, Soukup & Thompson,
2002; Rathburn & Montgomerie, 2005), especially in most
falcons studied so far: the Lesser Kestrel Falco naumanni
(Tella et al., 1996a; Aparicio & Cordero, 2001), the Amer-
ican Kestrel Falco spaverius (Wiebe & Bortolotti, 1992;
Smallwood & Smallwood, 1998), the Peregrine Falco Falco
peregrinus (Olsen & Cockburn, 1991) and the European
Kestrel Falco tinnunculus (Dijkstra, Daan & Buker, 1990).
All these studies found that depending on their condition,
females bias the sex ratio of their offspring. Note that such a
female-biased sex-ratio is achieved without killing or with-
holding male progeny, that is without reducing the overall
number of offspring. Hence, sex ratio manipulation seems
possible in these species and could be used by managers to
increase population growth by increasing the frequency of
the reproductively more important sex.

Here, we use the Lesser Kestrel as an example for our
data-based model because it is a particularly well-studied
species. Much is known about its mating behavior and its
breeding ecology and physiology. The species shows a
strong sexual dichromatism, but only slight differences in
size between the sexes (Glutz von Blotzheim, Bauer &
Bezzel, 1987). It breeds colonially in a monogamous pair
bound, although extra-pair copulation and examples of
polygyny have been reported (Negro et al., 1996; Tella
et al., 1996b; Alcaide et al., 2005). This small falcon was
formerly a widespread species, distributed in most of south-
ern Eurasia, but its western Palaearctic population has
declined dramatically during the second half of the last
century and is now restricted to some countries around the
Mediterranean (Cramp & Simmons, 1982; Bustamante,
1997). The Lesser Kestrel is currently listed as a globally
threatened species (Tucker & Heath, 1994).

Aparicio & Cordero (2001) showed that skewed offspring
sex ratios occur in wild colonies of the Lesser Kestrel and
that the skews are dependent on the condition of the
parents. If the paternal condition is average, more daughters
are born, whereas parents in good or bad conditions
produce more sons. It was also observed that males seem to
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have a higher variance in reproductive success than females
because of occasional polygyny and because of extra-pair
mating (Kempenaers et al., 1992). This could explain the
condition-dependent sex ratio and is in line with the Trivers
and Willard hypothesis. Such a naturally occurring phe-
nomenon could be used to manipulate the sex ratio in
captive-breeding programs and therefore to increase the
number of females that can be released into the wild. One
way to decrease the sex ratio and gain more females could be
to lower the conditions of the females from optimal to
intermediate, which would not automatically reduce the
total number of fledglings (Aparicio & Bonal, 2002) but
may have detrimental effects on later offspring productivity
(Dijkstra et al., 1990; Tella et al., 1996a; Aparicio & Bonal,
2002; Laaksonen, Lyytinen & Korpimaki, 2004). Hormone
treatment is another option, as hormones play a role in sex
determination (Pike & Petrie, 2003) and have already been
used experimentally to alter offspring sex ratio in different
bird species (Correa, Adkins-Regan & Johnson, 2005; Love
et al., 2005; Pike & Petrie, 2006). A more indirect and
probably less interfering approach is the manipulation of
secondary sexual traits of male breeders. The gray wing
patch of male Lesser Kestrel for example is associated with
all variables related to reproductive performance including
the sex ratio of the offspring (Aparicio & Cordero, 2001).
These secondary traits could be manipulated to change
female perception of male attractiveness. Some studies on
birds have already successfully manipulated mate choice
and even offspring sex ratio by artificially changing the color
and brightness of plumage marks (Hill, 1991; Ballentine &
Hill, 2003; Pike & Petrie, 2005). According to Real (1991),
the perception of the attractiveness of a mate is most likely
not genetically determined but based on available refer-
ences. Therefore, providing more/less attractive males in an
adjacent cage could additionally manipulate female’s per-
ception of male attractiveness.

Here, we assume that sex-ratio manipulation is possible,
at least within the range of skews observed in the wild. We
use previously published data on one well-studied popula-
tion of Lesser Kestrel to analyze the genetic and demo-
graphic effects of sex-ratio manipulation in captive-breeding
programs and subsequent release of the offspring into the
wild.

The population model

The example: a well-studied population in
Spain

Our calculations are based on the data of Hiraldo ez al.
(1996) from a population in Southern Spain. This popula-
tion has been extensively studied for many years. It consists
of ¢. 1000 breeding pairs divided into 12 colonies. The sex
ratio of this population shows no deviation from 0.5 over
several years (Negro & Hiraldo, 1992). The main captive
breeding program that is currently performed on this
population has a capacity of around 18 breeding pairs (M.
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Alcaide, pers. comm.). These 18 pairs produce up to 100
fledglings per season, most of which are released into the
wild (M. Alcaide, pers. comm.). This reproductive rate
corresponds to other Spanish breeding programs for the
Lesser Kestrel that produce up to six fledglings per pair
(Pomarol et al., 2004).

Hiraldo et al. (1996) provide information about the
survival rates of adults (S,) and juveniles (S;), the probabil-
ities of reproduction for adults (C,) and yearlings (Cy) and
the number of sons (P,,) and daughters (Py) per reproducing
female and per breeding season (Fig. 1). Hiraldo et al.’s
(1996) work also suggests that, from an ecological point of
view, birds of this species can be treated as adults from their
second year on and survival rates do not differ between sexes
(see also Negro & Hiraldo, 1992).

As outlined above, an offspring sex ratio of 0.3 has been
observed in the wild to be linked to male wing patch size. We
therefore assume that a sex-ratio manipulation with a shift
from 0.5 to 0.3 is possible in captivity, too. In the following,
we use this ratio and a conservatively estimated number of
90 fledglings that are raised in captivity and are released into
the wild every year. We will also assume that adult survival
rates are the same for the wild and the captive populations,
although captive individuals are better fed and are therefore
expected to be of better condition than in the wild. In our
model, the survival also does not change with increasing
population size, because the populations are small com-
pared with historical times. In reality, a constant female
reproductive rate cannot always be assumed. The average
reproductive rate is likely to decrease over time at very
small population sizes due to various factors that cause an
Allee effect, and it is likely to decrease at very large
population sizes because of habitat restrictions. Also, the
average reproductive rate is likely to increase over time
in small populations that are growing out of the range
that is affected by the Allee effect. Nevertheless, our
assumption of constant reproductive rates may be fulfilled
in intermediate population sizes, and it is conservative in
small populations with regard to our main conclusions,
regardless of whether these small populations decrease or
grow.
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Use of the effective population size N,

Purely demographic models can potentially be misleading
with respect to the genetic variability that a population loses
over time. We therefore use the effective population size N,
that describes the size of an ideal population that loses
genetic variation at the same rate as does the real population
and corrects, among other factors, for unequal numbers of
males and females in the population (Hartl & Clark, 1997).
In order to take the effects of a sex-ratio manipulation into
account, we use the correction (Hartl & Clark, 1997)

4Ny Ne

Ne=—"— 1
Nm + N¢ (1)

If the number of eggs and offspring is a limiting factor for
population growth, changing the sex ratios towards more
females will enhance population growth. This will even-
tually have a positive effect on N, determined by

1 1/1 1 1 1 )
M‘?(Wﬁﬁm*”'*ﬁ,) @
where ¢ is the number of generations since the start of the
manipulation and N; is the effective population size at
generation 1 (Hartl & Clark, 1997). This equation takes the
reduction of genetic variability that occurs in the first
generations following the sex ratio manipulation into ac-
count.

When we split a population into wild breeders and captive
breeders, we increase the variation in reproductive success
because the captive breeders will, on average, have a higher
reproductive success than the wild breeders. This so-called
Ryman-Laikre effect (Ryman & Laikre, 1991) has, for itself,
a negative effect on N,, which is taken into account by

2
1 X, X2

cap W
Ne Neaw ' New ®)
where X, and x,, are the relative contributions of offspring
from the captive and wild population, respectively, Necap the
number of breeders in the captive population and N, the
sex-ratio-adjusted number of wild breeders (Ryman &
Laikre, 1991; Utter, 2003). In the following, we assume that

Parameter Mean SD
S, Sa
Sa 0.7101 0.0726
Sj 0.3409 0.1200
Ca
] Ca 0.9250 0.0811 Figure 1 Population model with separation of
gender and age classes (juvenile, j; yearling, y
Cy 0.3847 0.0716 and adult, a). The corresponding values (mean
and standard deviation) for survival rates (S),
P, P 0.9321 0.1828 proportion of females breeding (C) and male
(Py) and female (P;) progeny per reproductive

female are taken from Hiraldo et al. (1996).
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the breeding stock in captivity is a subsample of the wild
population, as proposed by Miller & Kapuscinski (2003),
and that outbreeding depression and adaptation to captivity
does not occur or can be neglected.

In order to introduce environmental stochasticity, the
following life-history parameters were considered as ran-
dom variables with a normal distribution (see also the model
published by Hiraldo et al. (1996): survival rates (.S),
proportion of females breeding (C) and male (P,,) and
female (Py) progeny per reproductive female. In each simu-
lation, the annual value of the listed parameters is given by
the following equation:

x(i) = x + (sd) (4)

where x is the mean value of any given parameter, s is its
standard deviation and d is a random value from a normal
distribution with mean 0 and standard deviation 1.

Shifting the sex ratio towards more females could nega-
tively influence the reproductive success of females who have
to share a male (e.g. due to a reduction in clutch size, a
reduced reproduction probability or reduced offspring sur-
vival). We therefore included a parameter x that can vary
from 0 to 1 in the model. Females who share a male have a
juvenile survival of xSj. The number of females with such a
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reduced survival is 2(Ny—Ny,) for sex ratios <0.5 and 0 for
sex ratios >0.5.

We start our simulations with a total population of 2000
individuals, 72% of which are adults and 28% yearlings. In
each generation, 18 pairs are taken for the captive-breeding
program. For our calculations, we assume that birds that
are born in captivity are introduced as yearlings into the
wild population. As the manipulated sex ratio of these
introduced birds shifts the sex ratio of the wild population
slightly towards more females, we correct N, of the wild
population for unequal sex ratio [Eq. (1)]. This step is not
necessary for the captive population as the sex ratio of these
breeders is always 0.5. To take the Ryman—Laikre effect into
account, we use [Eq. (3)]. The development of N, over time is
then calculated with [Eq. (2)]. Including all the available life-
history parameters (Hiraldo et al., 1996) then enables us to
predict the long-term consequences for the population
depending on various management strategies.

Results

Starting a captive-breeding program immediately reduces
N, because of the Ryman-Laikre effect [Eq. (3); see the
starting points of lines in Fig. 2]. After some generations,
however, the supplementation of the wild population by
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—ae—Captive breeding, 0.5 sex ratio kS

——Captive breeding, 0.3 sex ratio k3
-—==No captive breeding g

Effective population size Ne
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12345678 91011121314151617181920 212223242526 27 2829 30
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12345678 01011121314151617 18 1920 2122 2324 2526 27 2829 30

Number of generations
Figure 2 Predicted development of the effective population size (Ne) of the population in Southern Spain that we used as an example. The
population starts with a total of 2000 adults, of which 36 are used for a captive-breeding program from which 90 yearlings per generation are
released into the wild. The curve with triangles shows the effect of continuous manipulation of the offspring sex ratios in the captive program (sex
ratio=0.3), the curve with circles corresponds to sex ratio=0.5 and the remaining curve with no symbols corresponds to a population without
supportive breeding. Every point is the mean and standard error of 1000 simulation runs. Panels a —d show the N, with different levels of k, which
stands for the reduction in reproductive output for females that share males because of a shift in the sex ratio towards more females. The decline
of the N, to 1800 after the first generation of manipulation results from the extraction of 36 individuals for the breeding stock [the Ryman-Laikre
effect; see Eq. (3)].

Animal Conservation 10 (2007) 236-244 © 2007 The Authors. Journal compilation © 2007 The Zoological Society of London 239



Sex ratio management in a falcon

Increase of Nein per cent

Initiay population Size

Figure 3 Change of N, after 20 generations (in per cent, compared
with initial Ne, x=1). The upper area shows the effect of the
manipulated sex ratio; the lower area shows the effect of no sex-ratio
manipulation. Areas of increased N, are shown in dark gray, and those
of decreased N, in light gray. The initial population=initial wild
population + captive population. Every intercept point on the areas is
the mean of 500 simulation runs.

offspring from the captive population can compensate for
this initial loss of genetic variability. In our example, this
compensation is reached after six generations of captive
breeding and supplementation, assuming an average 0.5
offspring sex ratio in captivity (Fig. 2), but it can take longer
if offspring sex ratio is manipulated in captivity (depending
on k; Fig. 2).

Under the assumptions we made here (Fig. 1) and with an
average offspring sex ratio of 0.5 in captivity, introducing 90
fledglings per year from the captive-breeding program into
the wild population can only reduce but not stop the decline
of the population (Fig. 2). However, manipulating the
offspring sex ratio in the captive population towards a
relatively higher number of daughters can lead to an
increase of N, over time (Fig. 2a). This compensatory effect
is, however, strongly affected by «, that is by the relative
reproductive success of females who share a male: x close to
one leads to beneficial effects of a sex-ratio manipulation
(Fig. 2a), while a x of around 0.75 neutralizes any positive
effects of a sex-ratio manipulation (Fig. 2b), and lower k
leads to an increased population decline as a consequence of
the sex-ratio manipulation, compared with original sex
ratios (Fig. 2¢ and d).

With any sex-ratio manipulation, we expect an initial
decrease of N, in the manipulated situation because of the
negative effects of the deviation from a 0.5 sex ratio [Eq. (1)].
However, this loss turned out to be small and beyond
visibility in Fig. 2, because the manipulation in the captive
population has only a slight effect on the overall sex ratio in
the wild population (in Fig. 2, the total sex ratio in the wild
population decreases from 0.5 to about 0.49 after the first
generation of sex ratio manipulation and levels off at
around 0.47 after several generations). Hence, the popula-
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tion growth that is induced by the sex-ratio manipulation
turns out to compensate rapidly for the initial slight loss of
N,, at least at high « (Fig. 2).

Figure 3 shows the relative deviation over 20 generations,
that is the increase or decrease of N, over such a time period,
in relation to various initial and captive population sizes for
both management scenarios, sex ratio manipulated to 0.3
(upper area) and a sex ratio of 0.5 (lower area). Regardless
of whether the net benefit of a captive-breeding program is
positive or negative after 20 generations, a sex-ratio manip-
ulation from 0.5 to 0.3 in captive families always results in a
higher N, than no manipulation when x = close to 1 (Fig. 3).
Figure 3 also shows that under our model assumptions
(Fig. 1) and k = 1, manipulating the sex ratio to 0.3 in the
captive population with, for example, 40 breeding pairs
would be sufficient to stop the decline of a population that
started at a population size of 2700, whereas without sex-
ratio manipulation, 50 pairs would be necessary to achieve
the same result (Fig. 3).

Discussion

We studied the long-term effects of a management option
that has recently been suggested for species where offspring
sex ratio is dependent on female condition and/or female’s
perception of male quality. In such species, manipulation of
offspring sex ratios may be possible in captive-breeding
populations and may increase the number of females that
can be released. This could eventually increase N, in the wild
if female number is a limiting factor for population growth
(Tella, 2001; Clout et al., 2002; Wedekind, 2002a). As an
example, we used data from an extensively studied popula-
tion of the Lesser Kestrel to estimate the long-term quanti-
tative effects of sex-ratio manipulation in an existing
captive-breeding program. Manipulated sex ratios of 0.3
seem possible in this species (see ‘Introduction’). We found
that if the reproductive output of females who share a male
does not decline below around 25% as compared with
females who do not have to share a male, a manipulation
that leads to an average offspring sex ratio of 0.3 in the
current captive program could not only increase N, but even
stop a predicted further decline of the wild population and
lead to some population recovery. Hence, offspring sex-
ratio manipulation in captivebreeding programs should be
considered as a possibility that may significantly improve
the situation of a declining population. We use the Lesser
Kestrel as an example; the possible long-term consequences
of comparable management options in other small or
declining populations could be analyzed analogously.

For our calculations, we assumed an adult sex ratio of 0.5
in the wild population. This is what is usually observed in
the Lesser Kestrel (Negro & Hiraldo, 1992; Hiraldo et al.,
1996), but adult sex ratios can sometimes be male biased in
wild populations of other species (e.g. due to higher female
mortality). In these cases, adding females to the population
may have a stronger positive effect on population growth
than our calculations suggest.
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We found that k, that is the reproductive success of
females who have to share a male with other females relative
to the reproductive success of females who do not have to
share their male, is a crucial factor that may largely decide
the success of a sex-ratio manipulation. Although the Lesser
Kestrel is usually described as a monogamous species,
deviations from perfect monogamy are possible. Polygyny
with shared paternal brood care, that is some males provid-
ing food to more than one female, and extra-pair copula-
tions (EPC) without shared brood care could be observed in
this species (Hiraldo, Negro & Donazar, 1991; Negro ef al.,
1996; Tella et al., 1996b; Alcaide et al., 2005). There are
observations that unpaired females tend to be more prone to
extra-pair copulations than paired ones (Negro, Donazar &
Hiraldo, 1992; Negro, 1997), that yearlings sometimes help
at the nest (Negro, 1997) and that unrelated chicks from
neighboring nests are adopted (Tella ez al., 1997). It may
even be possible that a sex-ratio manipulation leads to an
increased proportion of first-year males that breed with the
excess of females. Some of this behavioral plasticity may
compensate partly for the negative effects that can be caused
by a shifted sex ratio. As it is known from other species
that EPC and polygyny is related to availability of food
resources (Hamerstrom, Hamerstrom & Burke, 1985;
Simmons, 1988), (1) k needs to be determined under condi-
tions that experimentally control for the effects of food
resources but allow the birds to show their full behavioral
repertoire that may help them to partly compensate for any
negative effects, and (2) variation in habitat quality is a key
factor that determines the success of the proposed sex-ratio
manipulation.

The recent discussion about the management of the
Kakapo Stigops habroptilus provides another example of
how offspring sex-ratio manipulation may help a highly
endangered species to recover. The remaining semi-wild
population of Kakapo shows a highly skewed sex ratio of
two males to one female while population growth largely
depends on the number of reproductive females (Trewick,
1997). As in the Lesser Kestrel, the Kakapo has a condition-
dependent offspring sex ratio, with females in good condi-
tion producing relatively more sons than daughters. Clout
et al. (2002) and Tella (2001) therefore suggested that the
skewed sex ratio could be due to supplementary feeding,
although data from sub-fossil remains indicate a similar sex
ratio skew in pre-human times (Trewick, 1997). Neverthe-
less, the most recent study of Robertson er al. (2006)
provided evidence for the feeding effect and concluded that
the supplementary feeding regime needs to be changed in
order to increase the relative number of females in future
generations.

The Kakapo example suggests that non-invasive methods
may be possible and could be used to change sex ratios and
increase population growth. By doing so, however, we
change the demographic parameters that may have an
influence on breeding systems and life-history strategies
(Emlen & Oring, 1977). The sex ratio plays an important
role in the viability of a population (Jirotkul, 1999; Jiggins,
Hurst & Majerus, 2000; Steifetten & Dale, 2006) and under-
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standing its consequences is vital for conservation manage-
ment (Wildt & Wemmer, 1999; Ewen et al., 2001). Also,
captive-breeding programs always have to compensate for
the immediate negative effects of the Ryman—Laikre effect
they cause (Ryman & Laikre, 1991). We found that the
Ryman-Laikre effect can be very strong and has to be
appropriately combined with other negative consequences
of captive breeding (e.g. a k below 1) in order to fully
appreciate the immediate negative consequences of a cap-
tive-breeding program. These negative effects need to be
compensated by a program-induced population growth and
reduced loss of genetic variability to justify the captive
breeding. Our calculations outline the parameter space that
may lead to such an adequate compensation in terms of
demography and genetic variability.

The decline of populations usually has various causes. In
the case of the Lesser Kestrel, the main reason for the
previous population decline seems to be the degradation of
foraging habitats (Donazar, Negro & Hiraldo, 1993; Franco
et al., 2004; Ursua, Serrano & Tella, 2005), the spatial
relationship between foraging sites and the location of
colonies (Garcia et al., 2006; Rodriguez, Johst & Busta-
mante, 2006), and other factors that may sometimes make
the number of nesting cavities restrict population growth
(Negro & Hiraldo, 1993; Franco, Marques & Sutherland,
2005, but see Forero et al., 1996). For our present calcula-
tions, we assumed that individual survival rates and repro-
ductive success are not, or at least not strongly, reduced with
increasing population size, that is that a supplementation
from captive-breeding programs has a positive long-term
effect on population size (otherwise, there would not be
much reason to continue with any supplementation from
captive breeding). These assumptions may be justified in a
certain range of population sizes. We found that, under
these assumptions and at x close to 1, sex-ratio manipula-
tion in captive-breeding programs can potentially make the
difference between a further decline or a recovery of a
population.

Acknowledgements

This study was financed by the Swiss National Science
Foundation (SNF). We thank S.V. Edwards and R. Arlettaz
for support, and M. Alcaide, H. Kokko, S. Nusslé, B. von
Siebenthal, D. Urbach, M. Walker and the anonymous
reviewers for discussion or constructive comments on the
paper. T.L.L. was supported by a fellowship of the Studien-
stiftung des deutschen Volkes and CW by an SNF fellowship
and a Sarah & Daniel Hrdy visiting fellowship.

References

Albrecht, D.J. & Johnson, L.S. (2002). Manipulation of off-
spring sex ratio by second-mated female house wrens. Proc.
Roy. Soc. Lond. Ser. B-Biol. Sci. 269, 461-465.

Animal Conservation 10 (2007) 236-244 © 2007 The Authors. Journal compilation © 2007 The Zoological Society of London 241



Sex ratio management in a falcon

Alcaide, M., Negro, J.J., Serrano, D., Tella, J.L. & Rodri-
guez, C. (2005). Extra-pair paternity in the Lesser Kestrel
Falco naumanni: a re-evaluation using microsatellite mar-
kers. Ibis 147, 608—611.

Aparicio, J.M. & Bonal, R. (2002). Effects of food supple-
mentation and habitat selection on timing of Lesser Kestrel
breeding. Ecology 83, 873-877.

Aparicio, J.M. & Cordero, P.J. (2001). The effects of the
minimum threshold condition for breeding on offspring
sex-ratio adjustment in the lesser kestrel. Evolution Int. J.
Org. Evolution 55, 1188—-1197.

Ballentine, B. & Hill, G.E. (2003). Female mate choice in
relation to structural plumage coloration in Blue Gros-
beaks. Condor 105, 593-598.

Bustamante, J. (1997). Predictive models for lesser
kestrel Falco naumanni distribution, abundance and
extinction in southern Spain. Biol. Conserv. 80,

153-160.

Cameron, E.Z. (2004). Facultative adjustment of mammalian
sex ratios in support of the Trivers—Willard hypothesis:
evidence for a mechanism. Proc. Roy. Soc. Lond. Ser.

B — Biol. Sci. 271, 1723-1728.

Clout, M.N., Elliott, G.P. & Robertson, B.C. (2002). Effects
of supplementary feeding on the offspring sex ratio of
kakapo: a dilemma for the conservation of a polygynous
parrot. Biol. Conserv. 107, 13—18.

Correa, S.M., Adkins-Regan, E. & Johnson, P.A. (2005).
High progesterone during avian meiosis biases sex ratios
toward females. Biol. Lett. 1, 215-218.

Courchamp, F., Clutton-Brock, T. & Grenfell, B. (1999).
Inverse density dependence and the Allee effect. Trends
Ecol. Evol. 14, 405-410.

Cramp, S. & Simmons, K. (1982). Handbook of the birds of
Europe, the Middle East and North Africa. New York:
Oxford University Press.

Dijkstra, C., Daan, S. & Buker, J.B. (1990). Adaptive seasonal
variation in the sex ratio of kestrel broods. Functional Ecol.
4, 143-147.

Donazar, J.A., Negro, J.J. & Hiraldo, F. (1993). Foraging
habitat selection, land-use changes and population decline
in the Lesser Kestrel Falco naumanni. J. Appl. Ecol. 30,
515-522.

Emlen, S.T. & Oring, L.W. (1977). Ecology, sexual selection,
and the evolution of mating systems. Science 197,
215-223.

Ewen, J.G., Clarke, R.H., Moysey, E., Boulton, R.L., Cro-
zier, R.H. & Clarke, M.F. (2001). Primary sex ratio bias in
an endangered cooperatively breeding bird, the black-eared
miner, and its implications for conservation. Biol. Conserv.
101, 137-145.

Forero, M.G., Tella, J.L., Donazar, J.A. & Hiraldo, F. (1996).
Can interspecific competition and nest site availability
explain the decrease of lesser kestrel Falco naumanni
populations? Biol. Conserv. 78, 289-293.

Franco, A.M.A., Catry, 1., Sutherland, W.J. & Palmeirim,
J.M. (2004). Do different habitat preference survey meth-

T. L. Lenz, A. Jacob and C. Wedekind

ods produce the same conservation recommendations for
lesser kestrels? Anim. Conserv. 7, 291-300.

Franco, A.M.A., Marques, J.T. & Sutherland, W.J. (2005). Is
nest-site availability limiting Lesser Kestrel populations? A
multiple scale approach. Ibis 147, 657-666.

Frankham, R., Ballou, J.D. & Briscoe, D.A. (2002). Intro-
duction to conservation genetics. Cambridge: Cambridge
University Press.

Frankham, R., Hemmer, H., Ryder, O.A., Cothran, E.G.,
Soule, M.E., Murray, N.D. & Snyder, M. (1986). Selection
in captive populations. Zoo Biol. 5, 127-138.

Garcia, J.T., Morales, M.B., Martinez, J., Iglesias, L., De la
Morena, E.G., Suarez, F. & Vinuela, J. (2006). Foraging
activity and use of space by Lesser Kestrel Falco naumanni
in relation to agrarian management in central Spain. Bird
Conserv. Int. 16, 83-95.

Glutz von Blotzheim, U.N., Bauer, K.M. & Bezzel, E. (1987).
Handbuch der Vigel mitteleuropas. Wiebelsheim: Aula
Verlag.

Hamerstrom, F., Hamerstrom, F.N. & Burke, C.J. (1985).
Effect of voles on mating systems in a central Wisconsin
population of harriers. Wilson Bull. 97, 332-346.

Hartl, D.L. & Clark, A.G. (1997). Principles of population
genetics. Sunderland, MA: Sinauer.

Hill, G.E. (1991). Plumage coloration is a sexually selected
indicator of male quality. Nature 350, 337-339.

Hiraldo, F., Negro, J.J. & Donazar, J.A. (1991). Aborted
polygyny in the Lesser Kestrel Falco naumanni (Aves,
Falconidae). Ethology 89, 253-257.

Hiraldo, F., Negro, J.J., Donazar, J.A. & Gaona, P. (1996). A
demographic model for a population of the endangered
lesser kestrel in southern Spain. J. Appl. Ecol. 33,
1085-1093.

Holsinger, K.E. (2000). Demography and extinction in small
populations. In Genetics, demography and viability of frag-
mented populations: 55-74. Young, A.G. & Clarke, G.M.
(Eds). Cambridge: Cambridge University Press.

IUCN (1987). IUCN policy statement on captive breeding.
Gland, Switzerland: [IUCN.

Janota, S.M., Soukup, S.S. & Thompson, C.F. (2002). Male-
biased offspring sex ratio in the house wren. Condor 104,
881-885.

Jiggins, F.M., Hurst, G.D.D. & Majerus, M.E.N. (2000). Sex-
ratio-distorting Wolbachia causes sex-role reversal in its
butterfly host. Proc. Roy. Soc. Lond. Ser. B— Biol. Sci. 267,
69-73.

Jirotkul, M. (1999). Operational sex ratio influences female
preference and male—male competition in guppies. Anim.
Behav. 58, 287-294.

Kamel, S.J. & Mrosovsky, N. (2006). Deforestation: risk of
sex ratio distortion in hawksbill sea turtles. Ecol. Appl. 16,
923-931.

Kempenaers, B., Verheyen, G.R., Vandenbroeck, M., Burke,
T., Vanbroeckhoven, C. & Dhondt, A.A. (1992). Extra-
pair paternity results from female preference for high-
quality males in the blue tit. Nature 357, 494-496.

242 Animal Conservation 10 (2007) 236-244 © 2007 The Authors. Journal compilation © 2007 The Zoological Society of London



T. L. Lenz, A. Jacob and C. Wedekind

Kilner, R. (1998). Primary and secondary sex ratio
manipulation by zebra finches. Anim. Behav. 56,

155-164.

Laaksonen, T., Lyytinen, S. & Korpimaki, E. (2004).
Sex-specific recruitment and brood sex ratios of Eurasian
kestrels in a seasonally and annually fluctuating northern
environment. Evol. Ecol. 18, 215-230.

Lande, R. (1998). Risk of population extinction from
fixation of deleterious and reverse mutations. Genetica
102, 21-27.

Linklater, W.L. (2003). A novel application of the Trivers—
Willard model to the problem of genetic rescue. Conserv.
Biol. 17, 906-909.

Love, O.P., Chin, E.H., Wynne-Edwards, K.E. & Williams,
T.D. (2005). Stress hormones: a link between maternal
condition and sex-biased reproductive investment. Am.
Nat. 166, 751-766.

Miller, L.M. & Kapuscinski, A.R. (2003). Genetic guidelines
for hatchery supplementation programs. In Population
genetics: principles and applications for fisheries scientists:
329-355. Hallermann, E. (Ed.). Bethesda, MD: American
Fisheries Society.

Negro, J.J. (1997). Falco naumanni lesser kestrel. BWP Update
1, 49-56.

Negro, J.J., Donazar, J. & Hiraldo, F. (1992). Copulatory
behaviour in a colony of lesser kestrels: sperm competition
and mixed reproductive strategies. Anim. Behav. 43,
921-930.

Negro, J.J. & Hiraldo, F. (1992). Sex ratios in broods of the
lesser kestrel Falco naumanni. Ibis 134, 190-191.

Negro, J.J. & Hiraldo, F. (1993). Nest-site selection and
breeding success in the lesser kestrel Falco naumanni. Bird
Study 40, 115-119.

Negro, J.J., Villarroel, M., Tella, J.L., Kuhnlein, U.,
Hiraldo, F., Donazar, J.A. & Bird, D.M. (1996). DNA
fingerprinting reveals a low incidence of extra-pair
fertilizations in the lesser kestrel. Anim. Behav. 51,
935-943.

Olsen, P.D. & Cockburn, A. (1991). Female-biased sex
allocation in Peregrine Falcons and other raptors. Behav.
Ecol. Sociobiol. 28, 417-423.

Pike, T.W. & Petrie, M. (2003). Potential mechanisms of
avian sex manipulation. Biol. Rev. 78, 553-574.

Pike, T.W. & Petrie, M. (2005). Offspring sex ratio is related
to paternal train elaboration and yolk corticosterone in
peafowl. Biol. Lett. 1,204-207.

Pike, T.W. & Petrie, M. (2006). Experimental evidence that
corticosterone affects offspring sex ratios in quail. Proc.
Roy. Soc. Ser. B— Biol. Sci. 273, 1093-1098.

Pomarol, M., Carbonell, F., Heredia, G., Valbuena, E.,
Alonso, M. & Serrano, D. (2004). Cria en cautividad y
reintroduccion. In El cernicalo primilla en Andalucia: bases
para su conservacion: 100-113. Carmona, J.F.-P. (Ed.).
Sevilla: Consejeria de Medio Ambiente.

Pukazhenthi, B., Comizzoli, P., Travis, A.J. & Wildt, D.E.
(2006). Applications of emerging technologies to the study

Sex ratio management in a falcon

and conservation of threatened and endangered species.
Reprod. Fert. Dev. 18, 77-90.

Rathburn, M.K. & Montgomerie, R. (2005). Offspring sex
ratios correlate with pair-male condition in a cooperatively
breeding fairy-wren. Behav. Ecol. 16, 41-47.

Real, L.A. (1991). Search theory and mate choice. 2.

Mutual interaction, assortative mating, and equilibrium
variation in male and female fitness. Am. Nat. 138,
901-917.

Robertson, B.C., Elliot, G.P., Eason, D.K., Clout, M.N. &
Gemmell, N.J. (2006). Sex allocation theory aids species
conservation. Biol. Lett. 2, 229-231.

Rodriguez, C., Johst, K. & Bustamante, J. (2006). How do
crop types influence breeding success in lesser kestrels
through prey quality and availability? A modelling ap-
proach. J. Appl. Ecol. 43, 587-597.

Ryman, N. & Laikre, L. (1991). Effects of supportive breed-
ing on the genetically effective population size. Conserv.
Biol. 5, 325-329.

Simmons, R.E. (1988). Food and the deceptive acquisition of
mates by polygynous male harriers. Behav. Ecol. Sociobiol.
23, 83-92.

Smallwood, P.D. & Smallwood, J.A. (1998). Seasonal shifts
in sex ratios of fledgling American kestrels (Falco
sparverius paulus): the early bird hypothesis. Evol. Ecol. 12,
839-853.

Steifetten, O. & Dale, S. (2006). Viability of an
endangered population of ortolan buntings: the effect
of a skewed operational sex ratio. Biol. Conserv. 132,
88-97.

Stephens, P.A. & Sutherland, W.J. (1999). Consequences of
the Allee effect for behaviour, ecology and conservation.
Trends Ecol. Evol. 14, 401-405.

Tella, J.L. (2001). Sex-ratio theory in conservation biology.
Trends Ecol. Evol. 16, 76-717.

Tella, J.L., Donazar, J.A., Negro, J.J. & Hiraldo, F.

(1996a). Seasonal and interannual variations in the
sex-ratio of lesser kestrel Falco naumanni broods. Ibis
138, 342-345.

Tella, J.L., Forero, M.G., Donazar, J.A., Negro, J.J. &
Hiraldo, F. (1997). Non-adaptive adoptions of nestlings
in the colonial lesser kestrel: proximate causes and
fitness consequences. Behav. Ecol. Sociobiol. 40,

253-260.

Tella, J.L., Negro, J.J., Villarroel, M., Kuhnlein, U., Hiraldo,
F., Donazar, J.A. & Bird, D.M. (19965). DNA fingerprint-
ing reveals polygyny in the Lesser kestrel (Falco naumanni).
Auk 113, 262-265.

Trewick, S.A. (1997). On the skewed sex ratio of the Kakapo
Strigops habroptilus: sexual and natural selection in
opposition? Ibis 139, 652-663.

Trivers, R.L. & Willard, D.E. (1973). Natural-selection of
parental ability to vary sex-ratio of offspring. Science 179,
90-92.

Tucker, G.M. & Heath, M.F. (1994). Birds in Europe: their
conservation status. Cambridge: Birdlife International.

Animal Conservation 10 (2007) 236-244 © 2007 The Authors. Journal compilation © 2007 The Zoological Society of London 243



Sex ratio management in a falcon

Ursua, E., Serrano, D. & Tella, J.L. (2005). Does land irrigation
actually reduce foraging habitat for breeding lesser kestrels?
The role of crop types. Biol. Conserv. 122, 643—648.

Utter, F. (2003). Genetic impacts of fish introductions. In
Population genetics: principles and applications for fisheries
scientists: 357-358. Hallermann, E. (Ed.). Bethesda, MD:
American Fisheries Society.

Wedekind, C. (20024). Manipulating sex ratios for conserva-
tion: short-term risks and long-term benefits. Anim. Con-
serv. 5, 13-20.

Wedekind, C. (2002b). Sexual selection and life-history
decisions: implications for supportive breeding and the

T. L. Lenz, A. Jacob and C. Wedekind

management of captive populations. Conserv. Biol. 16,
1204-1211.

Wiebe, K.L. & Bortolotti, G.R. (1992). Facultative sex-ratio
manipulation in American Kestrels. Behav. Ecol. Sociobiol.
30, 379-386.

Wildt, D.E. & Wemmer, C. (1999). Sex and wildlife: the role
of reproductive science in conservation. Biodivers. Conserv.
8, 965-976.

Woodworth, L.M., Montgomery, M.E., Briscoe, D.A. &
Frankham, R. (2002). Rapid genetic deterioration in
captive populations: causes and conservation implications.
Conserv. Genet. 3, 277-288.

244 Animal Conservation 10 (2007) 236-244 © 2007 The Authors. Journal compilation © 2007 The Zoological Society of London



