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Exposure to chronic stress early on during development has important deleterious conse-
quences later in life, reducing important components of individual fitness such as survival
and future reproduction. In this study, we evaluate the factors associated with physiologi-
cal response to stress in fledgling Lesser Kestrels Falco naumanni, paying particular atten-
tion to the potential role of individual genetic diversity. For this purpose, we used
heterophil ⁄ lymphocyte ratios (H ⁄ L ratio) as a haematological stress indicator and typed
the analysed individuals at 11 highly polymorphic microsatellite loci, which allowed us
to estimate their genetic diversity. We found that the H ⁄ L ratio decreases with fledgling
physical condition, suggesting that this parameter is a good indicator of nutritionally
based physiological stress. Physiological response to stress was higher in males than in
females and this effect was independent of physical condition, suggesting that the
observed pattern is due to inherent sexual differences in the factors influencing H ⁄ L
ratios. Finally, the H ⁄ L ratio was positively associated with the genetic diversity of off-
spring. Previous experimental studies have found that individuals with higher genetic
diversity show increased levels of circulating glucocorticoids, which in turn are directly
responsible for increasing H ⁄ L ratios. On this basis, we suggest that a positive effect of
genetic diversity on corticosterone levels may explain the observed association between
H ⁄ L ratios and individual heterozygosity. Overall, this study highlights the utility of leu-
cocyte profiles to study stress in wild bird populations and poses an interesting question
about the effects of individual genetic diversity on haematological response to stress.
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Exposure to long-term stress has deleterious conse-
quences, reducing important components of indi-
vidual fitness such as survival and future
reproduction (Merino et al. 2006). Especially
important are stresses that occur in early develop-
ment as they can ultimately have severe conse-
quences later in life (Lobato et al. 2005, Blas et al.
2007). Stress during early-life stages frequently
occurs in species with parental care due to the con-
straints on the quantity of food that parents can

supply relative to the energy demand of their off-
spring (Suorsa et al. 2004, Arriero et al. 2008).
Apart from food shortage, a number of other
extrinsic factors such as parasitism, sibling aggres-
sion, predator presence, temperature and human
disturbance have been identified as important
stressors in animal populations (e.g. Merino et al.
2002, Davis et al. 2004, Suorsa et al. 2004, Lobato
et al. 2005, Arriero et al. 2008). Intrinsic character-
istics of individuals can also influence their physio-
logical response to stress, including sex, age,
reproductive status and individual genetic diver-
sity (Kristensen et al. 2002, Merino et al. 2002,
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Pedersen et al. 2005, Davis & Maerz 2008).
Reduced genetic diversity due to inbreeding, foun-
der ⁄ bottleneck effects and ⁄ or small population
size, may affect the physiological response to stress
if genes that affect stress tolerance are also affected
by reduced genome-wide heterozygosity, or if the
expression of partly deleterious recessive alleles
disturbs cellular homeostasis and protein regula-
tion (Kristensen et al. 2002, Pedersen et al. 2005).
Further, there is some evidence that reduced
genetic diversity decreases the competitive ability
and aggressiveness of individuals and this can ulti-
mately result in higher levels of stress (Meagher
et al. 2000, Tiira et al. 2003, 2006). However, the
possible effects of individual genetic diversity on
physiological response to stress have been hitherto
rarely investigated and the scarce studies published
on the topic are based on laboratory species
(Kristensen et al. 2002, Pedersen et al. 2005).

Different parameters have been used to estimate
stress in free-living vertebrates (e.g. Vleck et al.
2000, Suorsa et al. 2003, 2004, Arriero et al. 2008,
Davis et al. 2008). One of the most popular meth-
ods of physiological stress assessment is the ratio of
heterophils to lymphocytes in peripheral blood
(Davis et al. 2008). This parameter has been sug-
gested as a good indicator of physiological response
to stress for several reasons. First, its levels are
known to rise in response to most stressors, includ-
ing infection, disease, food or water deprivation,
extreme temperatures, or exposure to novel social
conditions (Gross & Siegel 1983, Maxwell &
Robertson 1998, Suorsa et al. 2004). Secondly, the
heterophil ⁄ lymphocyte ratio is a good indicator of
chronic stress and it is less variable and longer last-
ing than other physiological parameters such as
plasma levels of corticosteroids (Davis et al. 2008).
Thirdly, the heterophil ⁄ lymphocyte ratio correlates
with other indexes of physiological stress such as
circulating levels of heat-shock proteins (Moreno
et al. 2002) and is sensitive to increased plasma
corticosterone levels (e.g. Morici et al. 1997, Davis
et al. 2000, Kranendonk et al. 2005, reviewed in
Davis et al. 2008). Finally, it is relatively inexpen-
sive and easy to determine using the traditional
white blood cell counts in blood smears, which can
be obtained without major disturbance of the
study populations (Vleck et al. 2000, Davis et al.
2008).

In this study, we analyse the factors associated
with stress during development in fledgling Lesser
Kestrels Falco naumanni, a colonial and hole-nesting

bird of prey in which both parents contribute to
incubation and parental care. We are particularly
interested in studying the association between indi-
vidual genetic diversity and physiological response
to stress, which to the best of our knowledge has
never been explored in any wild population (Davis
et al. 2008). For this purpose, we used hetero-
phil ⁄ lymphocyte ratios as a haematological stress
indicator and typed the analysed individuals at 11
highly polymorphic microsatellite loci, which
allowed us to estimate their genetic diversity.

METHODS

Study population and field procedures

The study was conducted in La Mancha, central
Spain (600–800 m asl), in an area covering approx-
imately 1000 km2 (Ortego et al. 2007a). During
the 2004 breeding season, we studied 22 Lesser
Kestrel colonies clustered in two localities sepa-
rated by 30 km: ‘Villacañas’ (39ª30¢N, 3ª20¢W; 16
colonies) and ‘Consuegra’ (39ª35¢N, 3ª40¢W; 6 col-
onies). Lesser Kestrels normally arrive at their
breeding grounds from their winter quarters in
Africa in mid-February or the beginning of March
(Calabuig et al. 2008). Egg-laying lasts from the
end of April to the first week of June (Aparicio &
Bonal 2002). They are primarily monogamous and
lay only one clutch per season (modal clutch size
in our study population = 4 eggs; range: 1–6 eggs)
with the exception of rare replacement clutches
(c. 0.5%), which were excluded from this study.
We located nest-sites before the onset of egg-laying
and each potential nest was regularly examined to
determine laying date. The laying date was defined
as the date the first egg was laid (Aparicio & Bonal
2002). Adults were trapped with a noose carpet or
by hand during incubation, measured and individu-
ally marked with metallic and coloured plastic
rings. To age adult birds that were not ringed as
nestlings we assumed that individuals captured for
the first time were in their first year if they pre-
sented yearling plumage or in their second year if
they presented adult plumage (e.g. Aparicio &
Cordero 2001, Foerster et al. 2003). Young were
marked at hatching with a waterproof felt-tip pen,
and they were banded 5–7 days later (for more
details on field methods, see Aparicio 1997).
During this early visit to the nest we estimated the
hatching order of the chicks according to the
observed mass hierarchy within the brood, which
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accurately reflects the hatching sequence (Aparicio
1997). Hatching order was encoded as first, middle
or last hatched eggs, allowing us to compare
hatching sequences among different clutch sizes
(e.g. Martínez-Padilla et al. 2004).

We captured a total of 302 adult Lesser Kestrels
(135 males and 167 females). Of these, 169 indi-
viduals were captured in the Villacañas subpopula-
tion (75 males and 94 females) and 133 in the
Consuegra subpopulation (60 males and 73
females). For the purpose of the present study we
have focused on 77 nests (180 fledglings) where
both parents were captured (43 nests with 120
fledglings in Villacañas subpopulation and 34 nests
with 60 fledglings in Consuegra subpopulation).

We used pectoral thickness to estimate fledgling
and adult body condition (Aparicio 1997, Aparicio
& Cordero 2001). By ‘condition’, we mean the
value of a quantitative phenotypic trait that has a
strong influence on fitness (Aparicio & Cordero
2001). In Lesser Kestrels pectoral thickness is posi-
tively correlated with the probability of recruit-
ment of young and therefore it may be a realistic
measure of body condition in this species (Aparicio
1997, Aparicio & Cordero 2001). This trait has also
been used in previous studies as a measure of body
condition in several bird species (Bolton et al. 1991,
Newton 1993), and has been considered a more
reliable measure of condition than residuals of body
mass on tarsus length (Gosler & Harper 2000).
Moreover, it is easy to measure accurately on live
birds by using a portable ultrasonic meter, in this
case a Krautkrämer USM22F (accuracy 0.1 mm;
Hürth, Germany), especially designed to measure
animal tissues. An ultrasonic meter measures the
distance between a sensor (positioned in the pec-
toral muscle surface) and a material discontinuity
(in this case the sternum bone) using reflected
ultrasound. Breast feathers were soaked with alco-
hol and then carefully parted to place the sensor
on the skin surface at 7 mm from the sternum
(Aparicio 1997). This technique has been described
in detail and tested on Mute Swans Cygnus olor by
Sears (1988). The pectoral thickness of all the
chicks within a brood was measured when the old-
est sibling was 30 days old. Nestlings were sexed at
the age of 20–30 days by the colour of their tail
feathers and upper tail coverts. This method was
100% reliable, as assessed by the accuracy of sex
determination of offspring that were subsequently
recaptured in the following breeding seasons dis-
playing unequivocal sexual plumage dichromatism

(Aparicio & Cordero 2001). Adult and nestling
blood samples (100 lL) were obtained by veni-
puncture of the brachial vein and preserved in
�1.2 mL 96% ethanol at )20�C.

Leucocyte counts

A drop of blood from each chick within a brood
was smeared on individually marked microscope
slides when the oldest sibling was 30 days old (i.e.
close to fledging). Each smear was rapidly air-dried,
fixed with absolute ethanol and stained in the labo-
ratory with Giemsa’s solution (1 ⁄ 10) for 45 min.
The proportion of different types of leucocytes
was assessed on the basis of a count of 100 leuco-
cytes under oil immersion at ·1000 magnification
(Ortego & Espada 2007). Fields with similar densi-
ties of erythrocytes were scanned for all individuals
(Lobato et al. 2005). We also recorded the number
of fields scanned during the leucocyte count as well
as the number of red blood cells per field. This
allowed us to estimate leucocyte concentrations by
calculating the number of leucocytes observed per
2000 erythrocytes (e.g. Horak et al. 1999, Ortego
& Espada 2007).

Genotyping and genetic diversity
estimates

We genotyped Lesser Kestrels across 11 highly poly-
morphic microsatellite markers: Fp5, Fp13, Fp31,
Fp46-1, Fp79-4, Fp86-2, Fp89 (Nesje et al. 2000),
Fu1, Fu2 (J.H. Wetton unpubl. data), Fn1-11 and
Fn2-14 (Ortego et al. 2007b, see Ortego et al.
2007c for microsatellite details). All individuals
were genotyped at all 11 microsatellite markers. We
used QIAamp DNA Blood Mini Kits (QIAGEN,
Hilden, Germany) to extract and purify genomic
DNA from the blood samples. Approximately 5 ng
of template DNA was amplified in 10-lL reaction
volumes containing 1· reaction buffer (67 mM
Tris-HCL, pH 8.3, 16 mM (NH4)2SO4, 0.01%
Tween-20, EcoStart Reaction Buffer; Ecogen,
Madrid, Spain), 2 mM MgCl2, 0.2 mM of each
dNTP, 0.15 lM of each dye-labelled primer (FAM,
HEX or NED) and 0.1 U of Taq DNA EcoStart
Polymerase (Ecogen). All reactions were carried out
on a Mastercycler EpgradientS (Eppendorf, Ham-
burg, Germany) thermal-cycler. The PCR pro-
gramme used was 9 min denaturing at 95�C
followed by 30 cycles of: 30 s at 94�C, 45 s at the
annealing temperature (Ortego et al. 2007b, 2007c)
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and 45 s at 72�C, ending with a 5-min final elonga-
tion stage at 72�C. Amplification products were
electrophoresed using an ABI 310 Genetic Analyser
(Applied Biosystems, Foster city, CA, USA) and
genotypes were scored using GENESCAN 3.7
(Applied Biosystems). We used two metrics to esti-
mate individual genetic diversity of both parents
and offspring: (i) uncorrected heterozygosity (HO),
calculated as the proportion of loci at which an
individual is heterozygous; (ii) heterozygosity by
loci (HL), a microsatellite-derived measure that
improves heterozygosity estimates in open popula-
tions by weighting the contribution of each locus to
the homozygosity value depending on their allelic
variability (Aparicio et al. 2006). HL is calculated
as follows: HL ¼ ðREhÞ=ðREh þ REjÞ, where Eh and
Ej are the expected heterozygosities of the loci that
an individual bears in a homozygosis (h) or hetero-
zygosis (j) state, respectively (Aparicio et al. 2006).
It should be noted that HL shows higher values in
homozygous individuals and thus this index is nega-
tively associated with individual genetic diversity
(Aparicio et al. 2006). HO and HL were calculated
using CERNICALIN, an EXCEL spreadsheet available on
request.

Statistical analyses

We examined the factors influencing hetero-
phil ⁄ lymphocyte ratio using a generalized linear
mixed model (GLMM) implemented with the GLI-
MIX macro of SAS (SAS Institute 2004). GLMMs
allow analyses of data where the response variable
is determined by both random and fixed effects.
Heterophil ⁄ lymphocyte ratio in fledgling Lesser
Kestrels was analysed using a normal error structure
and an identity link function. As explanatory vari-
ables we fitted into the model genetic terms (off-
spring and maternal and paternal genetic diversity)
and all non-genetic parameters (covariates: fledgling
pectoral thickness, hatching order, fledgling age, lay-
ing date, brood size, maternal and paternal pectoral
thickness and age; fixed factor: fledgling sex). The
identities of natal colony and subpopulation were
included as random effects to control for the poten-
tial non-independence of physiological stress within
colonies and localities, in the manner of a rando-
mized complete block design to avoid pseudorepli-
cation (Krackow & Tkadlec 2001). Given that
siblings were not independent among themselves,
we also included brood identity nested within col-
ony identity (i.e. higher-level factor; for the ratio-

nale of the model, see Singer 1998) as random
effect. Initially, the GLMM was constructed with
all explanatory terms fitted, including first-order
interactions and quadratic effects to account for
potential nonlinear relationships. The final model
was selected following a backward procedure, by
progressively eliminating non-significant variables
(P < 0.05). The significance of the remaining
variables was tested again until no additional
variable reached significance. The result is the
minimal most adequate model for explaining
the variability in the response variable, where only
the significant explanatory variables are retained.
Denominator df were computed using Satterthwa-
ite’s method. This method provides a numerical
approximation of ddf, so the reported ddf are not
necessarily whole numbers (SAS Institute 2004).
Hypotheses were tested using F-statistics and all
P-values refer to two-tailed tests.

RESULTS

The heterophil ⁄ lymphocyte ratio was higher in
males than in females (Table 1; Fig. 1) and
decreased with fledgling physical condition esti-
mated by pectoral thickness (Table 1; Fig. 2a). The
heterophil ⁄ lymphocyte ratio was negatively associ-
ated with fledgling heterozygosity by loci (HL;
Table 1; Fig. 2b) and positively associated with
uncorrected heterozygosity (HO: F1,172 = 5.51,
P = 0.020). This GLMM accounted for the 21.5%
of the original deviance. None of the other param-
eters, quadratic terms or interactions between
independent variables was significant (P > 0.05).
The relationship between HL or HO and the het-
erophil ⁄ lymphocyte ratio was also significant when
each metric was included alone in the model
(HL: F1,172 = 4.32, P = 0.039; HO: F1,173 = 4.97,
P = 0.027), so that the association observed was
not due to interactions among independent vari-
ables. We also analysed whether heterozygosity
correlates with pectoral thickness to explore possi-
ble indirect effects of genetic diversity on the het-
erophil ⁄ lymphocyte ratio. After controlling for
random effects (colony identity, nest identity and
subpopulation), we found no significant association
between HL (F1,167 = 0.01, P = 0.965) or HO

(F1,167 = 0.01, P = 0.907) and fledgling pectoral
thickness. Finally, we explored whether a particu-
lar locus significantly influenced the association
between heterophil ⁄ lymphocyte ratio and individ-
ual genetic diversity. After removing any single

ª 2009 The Authors

Journal compilation ª 2009 British Ornithologists’ Union

562 J. Ortego et al.



locus from the calculation of HL and HO, the rela-
tionship between both measures of heterozygosity
and heterophil ⁄ lymphocyte ratio always remained
significant (Table 2). Of the 11 markers used, only
one (Fp79-4) revealed an individual significant
association with heterophil ⁄ lymphocyte ratio. How-
ever, after applying sequential Bonferroni correc-
tion for multiple tests no single locus effect
remained significant.

Finally, we analysed whether the relationship
between heterophil ⁄ lymphocyte ratio and physical
condition, sex and individual genetic diversity was

Table 1. GLMM for the heterophil ⁄ lymphocyte ratio in fledgling

Lesser Kestrels (normal error and identity link function) in

relation to multilocus genetic diversity of parents and offspring

(HL) and non-genetic terms (covariates: fledgling pectoral

thickness, hatching order, fledgling age, laying date, brood

size, maternal and paternal pectoral thickness and age; fixed

factor: fledgling sex). Parameter estimates ± se for the levels

of fixed factor were calculated considering a reference value of

zero for the ‘female’ level in the variable ‘sex’.

Estimate ± se Test P

Explanatory terms

Intercept 1.236 ± 0.238

Sex )0.084 ± 0.034 F1,159 = 6.15 0.014

Fledgling pectoral

thickness

)0.075 ± 0.025 F1,128 = 9.19 0.003

Heterozygosity

by loci (HL)

)0.348 ± 0.138 F1,175 = 6.33 0.013

Rejected terms

Fledgling age F1,161 = 0.02 0.883

Hatching order F1,117 = 3.56 0.062

Laying date F1,65.4 = 0.16 0.689

Brood size F1,83.8 = 3.04 0.085

Maternal HL F1,49.9 = 0.45 0.507

Paternal HL F1,49.3 = 0.88 0.351

Maternal pectoral

thickness

F1,50.3 = 0.24 0.626

Paternal pectoral

thickness

F1,46.8 = 0.03 0.863

Maternal age F1,49.3 = 1.04 0.313

Paternal age F1,37.5 = 0.05 0.824

Covariance parameter estimates

Subpopulation 0 – –

Colony identity 0.002 ± 0.003 Z = 0.66 0.255

Brood identity 0.012 ± 0.007 Z = 1.89 0.029

Figure 1. Heterophil ⁄ lymphocyte ratio (mean ± se) for male

and female fledgling Lesser Kestrels. The heterophil ⁄ lympho-

cyte ratios are expressed as statistical residuals obtained after

controlling for other influential variables (see Table 1).

Figure 2. Relationship between heterophil ⁄ lymphocyte ratio

and (a) fledgling pectoral thickness and (b) heterozygosity by

loci (HL). The heterophil ⁄ lymphocyte ratios are expressed as

statistical residuals obtained after controlling for other influen-

tial variables (see Table 1).
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particularly mediated by a specific third association
between these variables and lymphocyte or hetero-
phil concentrations. We found that lymphocyte
concentration was not associated with individual
genetic diversity (HL: F1,171 = 2.80, P = 0.096;
HO: F1,171 = 3.04, P = 0.083), sex (F1,170 = 0.02,
P = 0.875) or pectoral thickness (F1,112 = 1.77,
P = 0.186). On the other hand, heterophil concen-
tration was negatively associated with fledgling
pectoral thickness (F1,125 = 10.50, P = 0.002) and
was higher in males (F1,165 = 5.02, P = 0.026).
However, heterophil concentration was not corre-
lated with individual genetic diversity (HL: F1,174 =
2.63, P = 0.107; HO: F1,174 = 3.11, P = 0.080).

DISCUSSION

We have found that physiological response to
stress in fledgling Lesser Kestrels is higher in males
and decreases with fledgling physical condition.
Further, the heterophil ⁄ lymphocyte ratio is posi-
tively associated with offspring genetic diversity
estimated at 11 polymorphic microsatellite loci.
The negative association between heterophil ⁄ lym-
phocyte ratio and physical condition has been
observed previously in other bird species (Suorsa
et al. 2004, Alvarez et al. 2005, Lobato et al.
2005), suggesting that this parameter is sensitive
to food shortage and may be a good indicator of
nutritionally based physiological stress in nestlings
(Gross & Siegel 1983, Maxwell & Robertson 1998,
Moreno et al. 2002). It should be noted that

pectoral thickness decreases sharply with food
shortage, as indicated by the low values of pectoral
thickness found in several chicks, which usually fall
from their nests to the ground and often starve to
death because they are generally not fed further by
their parents (J.M. Aparicio unpubl. data). As is
found in several other altricial bird species, our
results suggest that some fledgling Lesser Kestrels
are food limited and this is reflected in physiologi-
cal stress during development. Analyses of specific
leucocyte concentrations indicate that the associa-
tion between fledgling pectoral thickness and het-
erophil ⁄ lymphocyte ratio may be driven by
heterophil proliferation in individuals with poor
physical condition (Davis et al. 2008).

Physiological response to stress was higher in
males than in females and this effect was indepen-
dent of physical condition. It should be noted
that males and females within a brood do not
differ in pectoral thickness before fledging (paired
t-test, t80 = 0.334, P = 0.739), suggesting that the
observed pattern is due to inherent sexual differ-
ences in the factors influencing heterophil ⁄ lym-
phocyte ratios. Further, Lesser Kestrels show no
sexual size dimorphism (Aparicio & Cordero
2001) and thus differences between the sexes in
heterophil ⁄ lymphocyte ratios do not result from
the larger sex being less susceptible to poor rearing
conditions (Lobato et al. 2008).

It is generally accepted that males are more sus-
ceptible to parasites due to physiological causes
(interaction between hormones and immune sys-
tem), and this could increase physiological
response to stress particularly in that sex (Merino
et al. 1998). However, we have not found a sex-
biased pattern of infestations by the ectoparasite
Carnus haemapterus (J. Ortego unpubl. data) and
nestling Lesser Kestrels do not show patent infec-
tions by blood parasites before fledging (Ortego
et al. 2008), suggesting that the observed pattern is
not the result of sex-biased parasitism. This result
may be due to differences between the sexes in
their resistance to stress: for example, if males sur-
vive better than females under stressful conditions
(Aparicio & Cordero 2001). In this context Merino
et al. (2002) found that male Barn Swallows
Hirundo rustica only showed higher levels of
heat-shock proteins than females when comparing
uninfected individuals, which also suggests that
intersexual differences in physiological response to
stress are mediated by intrinsic parameters other
than parasites. Differences between the sexes in

Table 2. Tests for the effects of single locus and general

heterozygosity (all loci, measured as HL and Ho excluding the

locus being considered) on heterophil ⁄ lymphocyte ratio of

fledgling Lesser Kestrels. Table shows P-values.

Locus

HL HO

Single locus General Single locus General

Fp5 0.636 0.014 0.605 0.014

Fp13 0.786 0.013 0.763 0.013

Fp31 0.164 0.036 0.163 0.036

Fp46-1 0.138 0.031 0.136 0.035

Fp79-4 0.035 0.044 0.031 0.036

Fp86-2 0.557 0.016 0.546 0.017

Fp89 0.943 0.009 0.995 0.009

Fu1 0.522 0.017 0.553 0.017

Fu2 0.528 0.003 0.567 0.006

Fn1-11 0.129 0.037 0.120 0.033

Fn2-14 0.725 0.014 0.629 0.017
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levels of circulating corticosterone may be the
underlying cause of the observed sexual pattern of
heterophil to lymphocyte ratios, although to the
best of our knowledge such differences in corticos-
teroids concentrations have not yet been reported
in nestlings (Schwabl 1999, Sockman & Schwabl
2001).

The heterophil to lymphocyte ratio increased
with offspring genetic diversity and this was not a
consequence of heterozygosity at any particular
locus, suggesting that genome-wide variability
underlies the observed correlation as it occurs for
other components of fitness (Ortego et al. 2007c,
2007d). Heterozygosity did not significantly corre-
late with the concentration of any leucocyte type,
indicating that a redistribution of both the relative
heterophil and lymphocyte concentrations, but not
the proliferation of a particular leucocyte type,
underlies the positive association between individ-
ual genetic diversity and heterophil ⁄ lymphocyte
ratio. This association was surprising as it would be
expected that fewer heterozygous individuals
would show a higher physiological response to
stress (i.e. a higher heterophil ⁄ lymphocyte ratio) if
reduced genetic diversity decreases their competi-
tive ability (Meagher et al. 2000, Tiira et al. 2003,
2006) or changes epistatic interactions between
genes and ⁄ or increases the expression of recessive
deleterious alleles and thus disrupts protein regula-
tion (Mitton & Grant 1984, Kristensen et al. 2002,
Pedersen et al. 2005). An explanation of our results
may be linked with the effects of genetic diversity
on levels of stress hormones, which in turn are
known to directly affect heterophil ⁄ lymphocyte
ratios (Davis et al. 2008). In this respect, previous
experimental studies have clearly demonstrated
that reduced genetic diversity decreases hormone
levels, including testosterone and corticosterone
(Kosowska & Zdrojewicz 1989, 1991). Given that
corticosterone increases the number of heterophils
and decreases lymphocyte counts (reviewed in
Davis et al. 2008), a potential association between
genetic diversity and circulating levels of corticos-
teroids may explain why genetically less diverse
individuals show lower heterophil ⁄ lymphocyte
ratios. Thus, we suggest that the observed associa-
tion does not necessarily mean that more heterozy-
gous individuals are more stressed but rather that a
third unmeasured interaction between genetic
diversity and hormone levels may have resulted in
increased heterophil ⁄ lymphocyte ratios in more
heterozygous offspring. In fact, increased genetic

diversity is likely to reduce the susceptibility to
environmentally induced stress, and future experi-
mental studies analysing the link between stress tol-
erance and heterozygosity ⁄ inbreeding levels may
help to clarify the observed association between
physiological response to stress and individual
genetic diversity (Keller & Waller 2002).

In summary, this study opens an interesting
question about the effects of individual genetic
diversity on physiological response to stress, which
has been overlooked in previous research. Further
studies directly analysing the association between
levels of stress hormones and individual genetic
diversity ⁄ inbreeding together with experiments
based on laboratory species could help to resolve
this interesting question in the future.

Primer sequences for microsatellite Fu1 and Fu2 were
kindly provided by Jon H. Wetton (Forensic Science
Service, UK). David Parkin, Rauri Bowie and two anony-
mous referees provided valuable comments on the man-
uscript. We manipulated and banded Lesser Kestrels
under licence from the Spanish institutional authorities
(Environmental Agency of the Community of Castilla-
La Mancha and the Ringing Office of the Ministry of
Environment) and we followed general ethical guidelines
for animal welfare and nature conservation. This work
received financial support from the projects: CGL2005-
05611-C02-02 ⁄ BOS (MEC), PAI05-053 (JCCM) and
PCI08-0130-3954 (JCCM). The study was funded by a
postdoctoral JAE-Doc (CSIC) contract (to J.O.) and a
predoctoral fellowship from the Junta de Comunidades
de Castilla-La Mancha ⁄ European Social Fund (to G.C.).
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