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6. Instituto Superior de Psicologia Aplicada, Rua Jardim do
Tabaco 34, 1149–041 Lisboa, Portugal;
7. Department of Biology, University of Washington, Seattle,
Washington 98195

Submitted July 31, 2007; Accepted April 15, 2008;
Electronically published August 25, 2008

Online enhancement: appendix.

abstract: Tropical bird species usually have lower testosterone (T)
levels during breeding than temperate species. However, the potential
mechanisms behind the positive interspecific correlation between T
and latitude remain unexplored. In a comparative study of more
than 100 bird species, we examined whether social constraints during
male-male competition arising from migration and breeding syn-
chrony are responsible for the latitude effects. Species that breed at
higher latitudes are more likely to migrate and experience more
intense intrasexual competition upon spring arrival than nonmigrant
species from lower latitudes. Additionally, species from higher lati-
tudes cope with shorter breeding seasons and thus with more syn-
chronous breeding, which selects for high T titers via increased male-
male conflicts. Accordingly, peak T levels were associated with
migration and the duration of the egg laying period that reflects
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breeding synchrony. Because migration and breeding synchrony were
related to latitudinal distribution, they appear to be important com-
ponents of the latitude effects on T. A multivariate model controlling
for covariation of predictor variables revealed that latitude remained
the strongest predictor of peak T. Therefore, selection due to mi-
gration and breeding synchrony may partially cause the latitude ef-
fect, but other geographically varying factors may also play a role in
mediating peak T levels at different latitudes.

Keywords: aggression, androgens, evolution, phylogeny, steroid hor-
mones, territorial conflicts.

Testosterone (T) is an important steroid hormone that
regulates morphological, physiological, and behavioral
control of reproduction in males of many vertebrate taxa
(Schulkin 1998). Birds are by far the most studied organ-
isms for the neuroendocrine aspects of reproductive be-
havior in natural contexts, and circulating levels of T have
been suggested to serve as the physiological basis for sexual
selection (Ketterson and Nolan 1992; Wingfield and Farner
1993; Garamszegi et al. 2005). Laboratory and field ex-
periments have repeatedly revealed that higher T levels can
enhance mating success via the expression of secondary
sexual characters, the intensity of mate guarding or sperm
production, and the extension of home ranges and ter-
ritories (e.g., Silverin 1980; Watson and Parr 1981; Moore
1984; Wingfield 1984a; Hegner and Wingfield 1986; Marler
et al. 1988; Schwabl and Kriner 1991; Ketterson et al. 1992;
Beletsky et al. 1995; Saino and Møller 1995; Hunt et al.
1997; Raouf et al. 1997). Temporal variation in T levels
may be particularly important in male-male competition
(Wingfield et al. 1990a). Aggressive behaviors during for-
mation of hierarchies or territory establishment when in-
dividuals frequently challenge each other stimulate rapid
rises in plasma concentrations of androgens (Wingfield
1984b; Hirschenhauser and Oliveira 2006). Accordingly,
seasonal breeding involving intense male-male competi-
tion often drives a correlation between high T levels and
periods of social instability, while long-term pair bonds or
the lack of territoriality is often associated with lower T
levels during breeding (Wingfield et al. 1987).
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Another typical interspecific correlate of T titers is lat-
itudinal distribution (Hunt et al. 1995), a consistent trend
that persists across a variety of New and Old World species
of birds (Goymann et al. 2004; Garamszegi et al. 2005).
Birds breeding at tropical latitudes usually have low plasma
T levels throughout the breeding season, while temperate
birds tend to have elevated levels peaking during a short
period (e.g., Levin and Wingfield 1992; Hunt et al. 1995;
Wingfield et al. 1997; Hau et al. 2000; Wikelski et al. 2003),
although some tropical birds can have levels comparable
with those of temperate species (Moore et al. 2002; Goy-
mann et al. 2004). The latitudinal trend is even obvious
at the intraspecific level, when the comparison is made
between tropical and temperate populations of the same
species (Rodl et al. 2004; Goymann et al. 2006).

However, latitudinal distribution per se is not the direct
cause of differences in T levels. There may be several im-
portant ecological factors that vary from the equator to-
ward the poles (Blackburn and Gaston 1996; Arnold and
Owens 1998; Cardillo 2002; Hawkins et al. 2003; Turner
2004), which remain to be carefully examined in associ-
ation with hormone levels. The latitude effect is usually
interpreted as the consequence of differences in the sta-
bility of the social environment, with which birds have to
cope at a given latitude (Hunt et al. 1995). In the tropics,
especially in lowland tropical rainforests, several species
live in stable and saturated environments and may breed
throughout the year, resulting in a higher tendency of
asynchronous nesting and low rates of extrapair paternity
(Kunkel 1974; Stutchbury and Morton 2001). On the other
hand, species breeding at temperate latitudes frequently
have short reproductive seasons that synchronize repro-
ductive attempts and thus enhance competition between
males for access to females or territories. Such short and
synchronous breeding corresponds to shorter periods of
elevated T (Hunt et al. 1995; Wingfield et al. 1997). At
the very extremes, penguins with an antarctic distribution
typically have very limited time available for breeding,
which involves bursts of high T titers (Groscolas et al.
1986; Chèrel et al. 1994; Mauget et al. 1994; Jouventin and
Mauget 1996). Consequently, the most evident candidate
for the latitude effect is breeding synchrony that drives
intense male-male competition. However, it should be
noted that not all tropical species inhabit benign environ-
ments. Frequent predation, dry seasons, flooding, and ad-
aptation to high altitudes provide unfavorable situations
for breeding, which can result in breeding synchrony and
thus competition for territories favoring elevation of T
(Goymann et al. 2004).

Here we propose another mechanism that may also me-
diate the latitude effect via male-male interactions: mi-
gration. Migration is a phenomenon by which animals
avoid harsh conditions during a certain period of the year

(Berthold 2001; Alerstam et al. 2003). Birds show typical
migration patterns as they move toward wintering sites at
lower latitudes, where they experience favorable conditions
to survive outside the breeding season. As wintering con-
ditions become more demanding at higher latitudes, spe-
cies breeding closer to the poles should be more likely to
migrate than species from lower latitudes (Martin and
Wiebe 2004). In addition, migration involves intense male-
male competition. Males of migrant species have to es-
tablish territories very quickly after arrival, because they
have to complete the breeding attempt in time to allow
preparation for autumn migration (Lozano et al. 1996;
Hasselquist 1998; Kissner et al. 2003; Rubolini et al. 2005;
Kokko et al. 2006). The need for fast territory establish-
ment implies intense competition for food, space, and
mates, all of which select for higher levels of androgen
concentrations (Wingfield et al. 1990a). As the importance
of strict timing of migration increases toward the poles,
steroid hormone concentrations that enable individuals to
cope with the increasing frequency of social challenges
should be associated with migration. Therefore, if there is
a relationship between latitude and migration and between
migration and intensity of sexual selection via male-male
conflicts, migration can potentially drive a relationship
between latitudinal distribution and T levels.

In this comparative study of 121 avian species, we ex-
amine the constraints of breeding synchrony and migra-
tion as potential components producing the latitude effect
on peak T levels during breeding. We collected information
on T concentrations from the literature while recording
latitudinal distribution and migration behavior for each
population sampled. We also collected information on the
duration of the egg laying period, which may mirror the
degree of breeding synchrony. First, we separately exam-
ined the relationship of T with breeding latitude, migra-
tion, and laying period. We predicted that latitude and
migration would be positively related and laying period
negatively related to T levels. Second, we tested whether
migration or breeding synchrony or both are responsible
for the latitude effects. Accordingly, we predicted rela-
tionships between latitude and these predictor variables.
In addition, a statistical model that simultaneously in-
cluded latitude, migration, and our estimate of breeding
synchrony should reveal no effect for latitude if the chosen
predictors entirely explained the latitude effect. On the
other hand, if there were remaining variance due to lati-
tudinal distribution to be explained, latitude should be a
significant predictor of T when migration and egg laying
period were controlled. Finally, we assessed the importance
of the potentially confounding effect of mating system and
similarity in phenotype among species due to common
ancestry. For any pattern to be robust, we predicted the
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relationship with T levels to be independent of these con-
founding factors.

Throughout the article, we assumed that species vari-
ation in peak T represents variation in the effectiveness of
the hormone. This is important because evolution of en-
docrine mechanisms may also operate, in theory, via target
sensitivity (e.g., the concentration or affinity of steroid
hormone receptors; Dufty et al. 2002), with which we
cannot deal because of lack of data. However, we can infer
that T titers measured in the blood are subject to selection
because they are repeatable within species (Garamszegi et
al. 2005), and previous comparative studies provided bi-
ologically meaningful correlations with a list of predictor
variables (Wingfield et al. 1990a; Hirschenhauser et al.
2003; Goymann et al. 2004; Garamszegi et al. 2005; Ket-
terson et al. 2005; Møller et al. 2005; Bókony et al. 2008).
This would not be the case if the relationship between T
and behavior were mediated by target sensitivity and were
independent of circulating hormone levels. In any case,
we aimed to investigate the latitude effect on T, which is
concerned with peak T levels by definition (Goymann et
al. 2004). Moreover, although some previous comparative
studies focused on social modulation of T levels above the
breeding baseline (i.e., responsiveness sensu Wingfield et
al. 1990a; Hirschenhauser et al. 2003), this article addresses
factors that regulate peak hormone levels independent of
baseline levels. We focused on peak T levels, because these
levels generally correspond to the physiological levels mea-
sured during the prebreeding (mating) period or territorial
challenges (Hirschenhauser et al. 2003), which is most
relevant for our working hypotheses. In addition, when
we aim to understand the latitudinal effect, that is, why
tropical birds tend to generally have lower T levels, we
need to use absolute hormone concentrations rather than
relative measures of responsiveness (Goymann et al. 2004).
A practical benefit of using peak levels is that such infor-
mation is available for the majority of species sampled,
while it is often difficult to extract information on breeding
baseline levels in a repeatable way (Garamszegi et al. 2005).

Methods

Data Set

We extracted data on circulating levels of mean peak T
(ng/mL) during breeding from the primary literature as
of December 31, 2006, using availability of data as the
primary selection criterion. Although previous compara-
tive studies reported summary tables for T levels for many
species (Wingfield et al. 1990a; Hirschenhauser et al. 2003;
Goymann et al. 2004; Garamszegi et al. 2005; Ketterson
et al. 2005; Møller et al. 2005; Bókony et al. 2008), we
avoided the mixture of data from these secondary sources

because they relied on different data collection methods
and criteria. Moreover, information for several additional
species became available in recent years. We combined data
on both passerines and nonpasserines, because any po-
tential differences between these groups are controlled for
in a phylogenetic context (see below). However, separate
analyses for passerines and nonpasserines revealed patterns
similar to those we report below for the combined data
(separated results for songbirds and nonsongbirds are
given in table A1 in the online edition of the American
Naturalist).

Studies differ in the intensity of sampling, and some
studies were made in captivity while others were field stud-
ies. Furthermore, Wingfield et al. (1990a), Goymann et al.
(2004), and Fusani et al. (2005) suggested that differences
in procedures among laboratories may increase noise in
the data. All studies, except one that relied on enzyme-
linked immunosorbent assay, (Deviche et al. 2006), used
radioimmunoassay procedures. Results from Goymann’s
lab indicated that the use of two different antibodies in
radioimmunoassay yielded the same T concentrations
(Goymann et al. 2006), so we assumed that differences
across studies due to differences in the antibodies used
caused only a minor error, if any. Wherever it was possible,
we used information on T levels that were separated from
5-a-dihydrotestosterone levels. We could not assess the
potential problem caused by inseparable hormone levels,
since cross-reactivity of antibodies was reported in too few
cases to interpret statistically. However, we presume that
errors due to methodological differences can be neglected
when the aim is to compare species, because multiple data
for the same species originating from different sources
potentially corresponding to different assay conditions re-
vealed that intraspecific variation is lower than interspe-
cific variation ( , , ). We alsoF p 3.439 df p 27, 38 P ! .001
verified that more sensitive assays did not produce sys-
tematically higher T measures, and we found that the min-
imum of concentrations that are still detectable in the
blood was unrelated to the measured peak T (assay sen-
sitivity in ng/mL, , , ). More-r p �0.128 N p 43 P p .414
over, we excluded data on captive populations and used
hormone levels from free-living animals only. In any case,
any heterogeneity in the data should produce random
noise and not systematic bias, because T levels were mea-
sured irrespective of the predictions of this study. In other
words, technical differences, if any, should be expected to
cause null results and not biologically meaningful corre-
lations. Note that this rationale is inherently applied in
previous comparative studies. Consequently, we consid-
ered that species-specific values are biologically meaningful
in the current interspecific context, and we thus used log10-
transformed peak T levels for the comparative analyses.

Theoretically, methodological differences between stud-
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ies raise the importance of standard T estimation. Recently,
Gerlach and Ketterson (2004, 2005) and Jawor et al. (2005)
introduced a method based on the gonadotropin-releasing
hormone challenge to produce short-term T increases that
are similar to those produced naturally in response to
social stimuli and that are repeatable in magnitude. An
anonymous reviewer suggested that this could be a prom-
ising method to apply in a range of species to assess in-
dividual and species variation in the capacity of T to re-
spond to different social and behavioral factors.

In a previous study, we assessed the potentially con-
founding effect of latitudinal distribution by using the
midpoint of northernmost and southernmost limits of
geographical range as estimated from distribution maps
published in standard ornithological handbooks (Gar-
amszegi et al. 2005). Here, we used more precise infor-
mation on latitudes as provided in the corresponding
source. From each article that we used to extract data on
T levels, we also collected latitudinal coordinates for the
study populations. In case it was not reported but the
locality of the study was exactly provided, we used a map
with a high resolution to obtain the associated latitudinal
information. We used absolute values of latitudinal co-
ordinates in our models (disregarding whether latitudes
were in the Northern or the Southern Hemisphere).

Unfortunately, the degree of breeding asynchrony—for
example, as reflected by the so-called breeding synchrony
index, which is the percentage of females fertile on any
given day during the breeding season (as defined by Kem-
penaers 1993)—is unknown for many species (we could
locate this information for 10 species in our sample). How-
ever, as a surrogate, we used the log10-transformed dura-
tion of the egg laying period in terms of the number of
months in the breeding season during which nests are
found with freshly laid eggs. Standard ornithological hand-
books usually report annual cycle diagrams (Cramp and
Simmons 1977–1994; Poole et al. 1993–2002), which show
the normal season for the occurrence of eggs, with margins
for early and late eggs. These diagrams generally corre-
spond to a large geographical area covering a considerable
proportion of the species’ range (Cramp and Simmons
1977–1994). On these diagrams, by considering both peak
and off-peak activities, we quantified the number of
months to the nearest 0.25 month reflecting the duration
of the egg laying phase. If analogous information was pre-
sented in the primary source of T data, we used this es-
timate in association with the studied population. We also
used other handbooks (Dementiev and Gladkov 1967;
MacLean 1988; Fjeldså and Krabbe 1990; Del Hoyo et al.
1992–2007; Higgins and Davies 1996; Grimmett et al.
1998) if we could not locate quantitative data on laying
period from the two main handbook sources. We assumed
that the duration of this period is negatively related to

breeding asynchrony, because if nest initiation attempts
are well distributed in time, nests with overlapping timing
are rare. We tested this assumption by using published
data on the breeding synchrony index (Stutchbury and
Morton 1995; Spottiswoode and Møller 2004), for which
we estimated the duration of the egg laying period as de-
scribed above (see table A2 in the online edition of the
American Naturalist). We found a significant negative cor-
relation between these traits ( , ,r p �0.550 N p 28 P p

; breeding synchrony index was arcsine–square root.002
transformed). Breeding synchrony and the duration of the
egg laying period may depend on the number of broods
produced during a season, as shown by their correlation
(synchrony index–number of broods: ,r p �0.455 N p

, ; duration of the egg laying period–number28 P p .015
of broods: , , ; number of broodsr p 0.615 N p 28 P ! .001
was log10 transformed). However, partial correlations in-
dicated that the duration of the egg laying period was a
better predictor of breeding synchrony than the number
of broods (synchrony index–duration of the egg laying
period: , , ; synchrony index–r p �0.385 N p 28 P p .011
number of broods: , , ).r p �0.177 N p 28 P p .255
Therefore, these analyses verified that the temporal dis-
tribution of egg laying attempts is a reliable measure of
breeding asynchrony in our comparative study.

In several cases, it was possible to determine the mi-
gration status of the studied population from the source
article, since it was clearly stated therein. Otherwise, we
relied on the exact geographical coordinates as described
above, which were overlaid on the distribution maps of
species. By doing so, we could precisely identify whether
the studied population belonged to migrant or resident
populations. We found four species for which both resi-
dent and migratory populations were analyzed. We provide
the mean values of peak T for these species, but we ex-
cluded them from the analyses to avoid the effect of un-
balanced distribution of data in the statistical models. Mi-
gration was used as a categorical variable in the analyses.

Mating system can be associated with both T profiles
and latitudes (Wingfield et al. 1990a; Hirschenhauser et
al. 2003; Garamszegi et al. 2005); thus, it should be con-
sidered as a potentially confounding factor that may me-
diate a spurious correlation between the focal variables in
a correlative study. To estimate the variance in male social
mating success, we used mating system, which is the most
important determinant of T profile. We classified species
as being (1) monogamous, (2) regularly polygynous, (3)
lekking, (4) cooperatively breeding, (5) polyandrous, or
(6) promiscuous. This categorization was made on the
basis of descriptions in the original source or by using
other sources (Møller 1986, 1991; Davies 1991). Mating
system was used as a factor in the statistical models relying
on the raw species data. However, it is difficult to handle
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Figure 1: Interspecific relationship between peak testosterone (T) levels
(ng/mL) during breeding and latitudinal distribution. Filled circles are
for species from the Northern Hemisphere (latitude 1 0), and the cor-
responding regression line is dashed and has the equation y p 0.04 �

. Open circles and the dotted regression line represent species from0.01x
the Southern Hemisphere (latitude ! 0), and the corresponding equation
is . Crosses indicate species from the equator (latitudey p �0.15 � 0.01x
p 0). The solid line is the linear regression line as calculated from the
entire data set, and it has the equation . Vertical linesy p �0.02 � 0.01x
are for the major circles of latitude separating tropical, temperate, and
polar zones. The exclusion of the single outlier (lowest T corresponding
to Sula sula) does not change the conclusions.

multistate categories in relation to continuous variables in
a phylogenetic context (see Purvis and Rambaut 1995).
Moreover, sample size varied enormously across mating
system categories, with the majority of species falling in
the monogamous group. Therefore, to control for mating
system in the phylogenetic context, we tested our predic-
tions for monogamous species only, for which the largest
sample was available ( ). Hence, any effect of lat-N p 91
itude, breeding synchrony, or migration within this group
should act independently of social mating system to the
extent that we deal with this latter effect statistically in this
study. The entire data set is presented in table A3 in the
online edition of the American Naturalist.

Comparative Methods

We analyzed the predictions posed in the first section of
the article using statistical tests controlling for similarity
in variables of interest due to common ancestry, using
generalized least squares (GLS) models (Pagel 1997, 1999).
We used the computer program CONTINUOUS for the
analyses (Pagel 1997). The GLS approach controls for sim-
ilarity due to common descent, allows investigation of
correlated evolution between pairs of characters, estimates
ancestral states, examines random-walk versus directional
change models, assesses the tempo and mode of trait evo-
lution, and also estimates the importance of phylogenetic
corrections. The GLS model characterizes evolutionary
changes along each branch of a phylogenetic tree through
the variance components of traits (Martins and Hansen
1997; Pagel 1997, 1999). Hypotheses are tested with like-
lihood ratio statistics. This compares the log-likelihood of
the model corresponding to a null hypothesis (H0) with
that of the model for an alternative hypothesis (H1), where
the likelihood ratio p �2 loge(H0/H1). The likelihood ratio
statistic is asymptotically distributed as a x2 variate with
degrees of freedom equal to the difference in the number
of parameters between the two models. Models contain
three scaling parameters that can be used to scale branch
lengths in the tree (k), scale total (root to tip) path in the
tree (d), and assess the contribution of phylogeny (l). We
first assessed sequentially the contribution of scaling pa-
rameters k, branch length scaling factor, and l, phylogeny
scaling factor (recent simulations showed that the esti-
mation of d, the overall path length scaling factor, is biased
[Freckleton et al. 2002], and thus we avoided estimating
this parameter). Once an appropriate model with adjusted
scaling parameters had been selected, we studied the cor-
related evolution of traits of interest by comparing the
goodness of fit of model H0 fitted to the data by allowing
only independent evolution with the alternative H1 model,
which permits correlated evolution of the characters. We
present the phylogenetically corrected correlation coeffi-

cient between traits and the associated P values as given
by corresponding log-likelihood ratio statistics relying on
the most appropriate scaling parameters that had been
adjusted for the variables at hand. When we controlled
for potentially confounding factors, we entered these var-
iables together with the variables of interest in the same
model and assessed the significance of the correlated evo-
lution of the traits considered. If we found significant evi-
dence for correlated evolution, we calculated the partial
phylogenetic correlation for the relationship in question.
CONTINUOUS accepts binary data. If a single binary trait
(e.g., migration) is significantly correlated with a quanti-
tative trait (e.g., T), it should be interpreted as the mean
value of the quantitative trait for one group of the binary
trait being different from the mean of the other group of
the binary trait. However, since the approach has been
little tested with categorical variables, we also estimated
the effect of migration in a phylogenetic context by using
an alternative approach based on independent contrasts.
We used the Brunch procedure in the program CAIC to
identify all independent contrasts for nodes where tran-
sitions occurred in the discrete variable. At these nodes,
positive contrasts in T imply that they vary in the same
direction as migration. Using a one-sample t-test, we tested
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Figure 2: Interspecific relationship between peak testosterone (T) levels
during breeding and migratory behavior, as shown by the mean T levels
in migrant and resident species when latitudinal distribution is also con-
sidered. Filled columns are for temperate species, while open columns
represent tropical species. Numbers are sample sizes, and bars are stan-
dard errors.

whether the mean of these contrasts differed from 0, as
expected for correlated evolution of traits. Since the phy-
logenetic method does not allow insight on phylogeneti-
cally transformed data, for illustrative purposes, we present
figures based on raw species data.

We constructed a composite phylogenetic hypothesis
mainly based on information from Sibley and Ahlquist
(1990) derived from extensive studies of DNA-DNA hy-
bridization. This phylogeny for higher taxa was supple-
mented with additional information from other sources
to resolve relationships in taxa with many species (Nunn
et al. 1996; Patten and Fugate 1998; Kimball et al. 1999;
Searcy et al. 1999; Klicka et al. 2000; Arnaiz-Villena et al.
2001; Sato et al. 2001; Dimcheff et al. 2002; Donne-Goussé
et al. 2002; Friesen et al. 2002; Yuri and Mindell 2002;
Irestedt et al. 2004; James 2004; Thomas et al. 2004; Klicka
et al. 2005; Arbogast et al. 2006; de Kort and Clayton 2006).
We applied branch lengths from the tapestry tree of Sibley
and Ahlquist (1990) for higher taxonomic levels. Within
families, the distance between genera was set to 3.4 DT50H
units, and the distance between species within genera was
set to 1.1 DT50H units (see also Sibley and Ahlquist 1990;
Bennett and Owens 2002). The composite phylogeny is
available from the authors on request.

Results

Pairwise Correlations

Using the raw species data, there was a significant positive
relationship between latitude and peak T levels (r p

, , ; fig. 1). This latitude effect was0.424 N p 117 P ! .001
most apparent on the tropical-temperate axis, as shown
by the comparison of groups with sampling locality within
or outside the Tropic of Cancer and the Tropic of Cap-
ricorn ( ; tropical species,means � SE 1.438 � 0.219

, ; temperate species,ng/mL N p 40 3.276 � 0.291
, ; , , ; figs. 1–3).ng/mL N p 77 t p 5.329 df p 115 P ! .001

Focusing on the temperate region, the latitude effect
tended to be weakened ( , , ).r p 0.181 N p 77 P p .113
The relationship between latitude and T level was similar
when the Southern and Northern Hemispheres were con-
sidered separately (fig. 1). We controlled for the phylo-
genetic relationship of species and detected that the lati-
tude effect was not confounded by common ancestry
(phylogenetic correlation at , :k p 0.058 l p 0.666 r p

, ).0.355 P ! .001
We also found a significant relationship between T and

migration, since migrant species had higher titers than
resident species ( , , ; fig. 2). No-t p 3.916 df p 116 P ! .001
tably, average T level of species, for which reports were
available for both migratory and resident species, were
intermediate between the means of strictly migratory and

resident species ( : strictly migrants,means � SE 3.853 �
, ; strictly residents,0.494 ng/mL N p 36 2.122 � 0.209

, ; mixed, , ).ng/mL N p 82 2.154 � 0.259 ng/mL N p 3
Migration remained a significant predictor of peak T levels
when only temperate samples were considered (t p

, , ; fig. 2). When taking the phy-2.179 df p 77 P p .032
logenetic history of species into account, the relationship
between migration and T levels remained robust (phylo-
genetic correlation at , : ,k p 0.074 l p 0.599 r p 0.241

; when using independent contrasts: ,P p .008 t p 2.151
, ).df p 21 P p .043

The duration of the egg laying period was a significant
predictor of peak T. Longer periods reflecting a higher
degree of breeding asynchrony were associated with lower
hormone levels than were shorter periods ( ,r p �0.405

, ; fig. 3). That was also the case whenN p 111 P ! .001
only temperate species were considered ( ,r p �0.344

, ; fig. 3) and in phylogenetic analysesN p 79 P p .002
(phylogenetic correlation at , :k p 0.138 l p 0.650 r p

, ).�0.278 P p .003

Multivariate Models

We aimed to explain the latitude effect by two nonexclusive
mechanisms: breeding synchrony, as reflected by the du-
ration of the egg laying period, and migration-enhanced
male-male interactions. The partial importance of these
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Figure 3: Interspecific relationship between peak testosterone levels (ng/
mL) during breeding and duration of the egg laying period (months)
that is used to reflect breeding synchrony. Filled and open circles represent
temperate and tropical species, respectively. The line is the linear re-
gression line with the equation .y p 0.61 � 0.59x

Table 1: Linear models of peak testosterone levels
during breeding (dependent variable) and latitu-
dinal distribution, migration, and the duration of
the egg laying period reflecting breeding asyn-
chrony (independent variables)

Variable Slope (SE) F P

Full model:a

Latitude .004 (.002) 4.774 .031
Migrationb .076 (.044) 3.018 .085
Egg period �.301 (.165) 3.313 .071

Full model:c

Latitude .004 (.002) 3.392 .048
Migrationb .054 (.045) 1.418 .237
Egg period �.308 (.168) 3.363 .070
Mating systemd .064 (.075) 1.278 .280

Note: Statistics were derived from the raw species data.

For phylogenetically equivalent models, see text.
a Does not consider mating system as a confounding var-

iable; , , , .2F p 11.023 df p 3, 100 P ! .001 r p .248
b Slope for migratory group.
c Considers mating system as a confounding variable;

, , , .2F p 4.990 df p 8, 95 P ! .001 r p .296
d Slope for monogamous group (F statistics are for the

overall effect of mating system).

factors can be assessed in a multivariate model, in which
all predictors are used simultaneously. The rationale in
that modeling is that if effects due to breeding synchrony
and migration mediate the latitudinal trend in T level,
latitudinal distribution should be the strongest predictor
because it entirely covers what the other two variables
describe. Migration was related to latitudinal distribution,
with northern breeders being more likely to migrate
(means � SE; migrants, , ; resi-49.314 � 2.764 N p 33
dents, , ; , ,28.153 � 2.223 N p 81 t p 5.408 df p 112

; phylogenetic correlation at ,P ! .001 k p 0.000 l p
: , ), while we also found a strong0.661 r p 0.393 P ! .001

negative correlation between latitude and duration of the
egg laying period (raw species data: ,r p �0.564 N p

, ; phylogenetic correlation at ,107 P ! .001 k p 0.000
: , ). These patterns indicatel p 0.654 r p �0.426 P ! .001

that the suggested two mechanisms may be responsible
for the latitude effect. However, one can also predict that
migration or breeding synchrony alone play roles that af-
fect hormone concentrations independent of latitude. For
example, tropical species can also migrate and be con-
fronted with unstable social environments that favor high
T levels even at lower latitudes. If such independent effects
are of general importance, the multivariate model should
reveal that migration or the duration of the egg laying
period explain some of the variance in peak T levels when
latitudes are controlled statistically.

When we assessed the partial importance of the three
predictor variables in a multivariate model, we found a

significant and independent effect for latitude while the
predictive power of migration and the duration of the egg
laying period decreased, although the corresponding ef-
fects remained close to significant (table 1). These findings
were confirmed in the analogous phylogenetic model, in
which we estimated partial correlations between traits
( , , ,k p 0.000 l p 0.619 likelihood ratio p 32.295 P !

for correlated evolution; latitude, ,.001 r p 0.223 P p
; migration, , ; duration of the egg.024 r p 0.154 P p .122

laying period, , ).r p �0.118 P p .239
Finally, we assessed the potentially confounding effect

of mating system. We added this variable to the above
model, and we arrived at similar conclusions as before
(table 1). Reconstruction of the same model taking sim-
ilarity due to common descent into account revealed sim-
ilar results ( , ,k p 0.000 l p 0.530 likelihood ratio p

, for correlated evolution; latitude,29.335 P ! .001 r p
, ; migration, , ; duration0.311 P p .006 r p 0.127 P p .273

of the egg laying period, , ). There-r p �0.191 P p .096
fore, mating system is unlikely to drive the correlations
we observed between the traits of interest.

Discussion

In summary, we found strong statistical evidence for peak
T levels during breeding being a function of spatial dis-
tribution at the interspecific and phylogenetic level. Species
that bred closer to the poles generally had higher T levels
than species close to the equator. We investigated this lat-
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itude effect further by examining two candidate compo-
nents of breeding at different latitudes. First, we showed
that migration could cause, at least to some degree, lati-
tudinal variation in hormone profiles, because northern
breeders tend to migrate with higher propensity than
southern breeders, while migration also had consequences
for T levels. Second, similar patterns were detected for
duration of the egg laying period, which was negatively
related to both breeding latitude and peak T concentra-
tions. Multivariate modeling showed that the interspecific
differences in migration status and in the duration of the
egg laying period seem to be partially responsible for the
latitude effect, but a certain amount of latitudinal variance
in T level remains independent of these factors. The con-
clusions from our analyses were largely independent of
latitudinal variation in mating system.

The Effect of Migration

The findings in association with migration are in accor-
dance with our predictions. In most species of migrants,
males compete intensely for early arrival to the breeding
grounds because of the fitness advantages accruing to
males with early arrival (Lozano et al. 1996; Hasselquist
1998; Kissner et al. 2003; Rubolini et al. 2005; Kokko et
al. 2006). Immediately upon arrival, males start displaying,
singing, and competing for mates, making it advantageous
to raise levels of androgens during the late stages of spring
migration. The link between migration and T profile can
be clearly seen in the song sparrow Melospiza melodia
(Wingfield and Hahn 1994). In North America, western
populations are resident and show a peak of T at the onset
of breeding, while eastern populations are short-distance
migrants showing a peak on arrival (when gonads are still
small) and then a second peak at the onset of breeding.
Eastern song sparrows thus have a period of male-male
competition for territories upon arrival, which is likely
enforced by migration, and then later when females be-
come receptive. If similar roles of migration can be applied
to the majority of birds, and selection arising from intense
territorial disputes and sexual displays in migrant species
may result in adaptive reproductive physiology (Raess and
Gwinner 2005), it should be manifested in the observed
interspecific relationship with peak T. However, correla-
tions cannot be used to infer causality, and it is important
to consider other mechanisms that may shape a relation-
ship between migration and peak T.

Endocrine adaptations to migration have been reported
for several hormones (Wingfield et al. 1990b; Wingfield
and Silverin 2002; Holberton and Dufty 2005). These hor-
monal adaptations relate to the different parts of migra-
tion, and our working hypothesis particularly corresponds
to the transition between migration and breeding. Yet

some of them may be associated with the preparation pe-
riod and others with physiological adaptation to the in-
tense flight, and higher T titers may be part of these pro-
cesses. For example, certain levels of T may be required
before migration, since without T, birds do not fatten to
prepare for elaborate migratory behavior (Wingfield et al.
1990b). Moreover, the physiological role of T in migratory
activity may be manifested via its enhanced effect on lo-
comotory activity, as shown in two experiments using hor-
mone implants (Wada 1986; Ketterson and Nolan 1992).
If hormones directly control migration or the premigratory
period, we could speculate that T levels before or during
migration would determine the phenology of migration.
Given that T levels outside the breeding season predict
hormone profiles during breeding (Garamszegi et al.
2005), it may turn out that our results are just secondary
consequences of the direct physiological adaptation oc-
curring before breeding. To examine this possibility, we
would need to test for a relationship between migration
and T levels measured in the most relevant period of the
year. Unfortunately, such levels are generally unavailable
during migration. However, the lowest levels outside
breeding (level A sensu Wingfield et al. 1990a), which are
measured somewhere between breeding and migration,
were not significantly related to migration, when the effect
of peak levels was held constant (Wald ,2x p 0.57 N p

, ). Therefore, hormonal adaptation to migra-81 P p .45
tion by direct control of locomotion through high levels
of T is unlikely. A recent study in garden warblers Sylvia
borin has shown that T increases during migration (Bauch-
inger et al. 2007). Therefore, selection acting at the breed-
ing grounds via vernal activation of the hypothalamic-
pituitary-gonad axis is more likely to shape T profiles in
migrant species than factors acting during migration (Ra-
menofsky and Wingfield 2006).

In theory, immunocompetence mechanisms may also
mediate a relationship between migration and T. Migration
has been proposed to cause considerable costs in terms of
increased parasitism (Møller and Erritzøe 1998; Zeller and
Murgue 2001; Hubálek 2004; Tracey et al. 2004; Brown et
al. 2006), while the efficiency of the immune system may
be affected by circulating steroid hormone levels (Folstad
and Karter 1992). However, this evolutionary scenario
would predict T levels to be regressed in migratory species
as a result of the associated increased costs of parasitism,
which was the opposite of what we found.

The Effect of Breeding Synchrony

The relationship between T and the duration of the egg
laying period corroborates our predictions as well, al-
though it can also be interpreted in different ways. We
used the duration of the breeding period to reflect breeding
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synchrony, as supported by available data. Longer egg lay-
ing periods can involve, most importantly, temporally dis-
tributed breeding attempts but also subsequent oppor-
tunities for multiple breeding (Kunkel 1974; Stutchbury
and Morton 2001). In contrast, when nesting attempts are
temporally concentrated, breeding is relatively synchro-
nous within a population, causing a greater pressure on
territory defense and mate acquisition and thereby favor-
ing frequently elevated T levels. Constraints on timing of
breeding are more pronounced toward the poles, where
shorter periods are available for reproduction (e.g., Eeva
et al. 2000; Benson and Winker 2001; Hemborg et al.
2001). Increasing breeding synchrony with increasing lat-
itude should require higher T levels to cope with intense
intrasexual conflicts. Hence, higher T levels may allow
species to achieve high and quick mating success during
shorter breeding seasons. Accordingly, species with ex-
tended egg laying and low T levels were more likely to be
found in tropical than in temperate regions (fig. 2).

Alternatively, high T titers in species with short breeding
seasons may be a consequence of the costs of T rather
than an adaptation to the intensity of sexual selection. The
maintenance of high concentrations of T is costly, since
it involves high risk of injury, immunosuppression, or neg-
ative effects on sperm production (Folstad and Karter
1992; Beletsky et al. 1995; Folstad and Skarstein 1997;
Hillgarth et al. 1997). Such costs are important to consider,
because T has pleiotropic effects on the expression of a
constellation of male traits, such as male reproductive be-
havior, male secondary sexual characters, and spermato-
genesis (Ketterson et al. 2005). Therefore, if selection for
one T-dependent trait acts on circulating levels of T, other
T-dependent traits will also be coselected, and thus the
potential for deleterious side effects will increase. However,
such negative effects can be avoided if selection acts on
target tissues (via receptor expression for example) instead
of plasma levels (Hau 2007) or if individuals express costly
levels during a short time (Wingfield et al. 1997). The
relationship between costs and benefits associated with an
androgenic selection regime could then vary depending on
selection acting on both temporal distribution of T levels
and sensitivity of target tissues. Accordingly, in unstable
environments (e.g., short breeding seasons), the rapid re-
sponses of circulating androgen levels may be favored, and
T may reach high titers that are tolerable during rapid
bursts. Conversely, in stable environments (e.g., long
breeding seasons), selection may act on the responsiveness
of target tissues to T levels, which may allow the endocrine
control of male reproductive behavior during a long time
period but at a lower T level, which is less costly.

The Reconstruction of the Latitude Effects

When phylogeny was controlled for, breeding latitudes
predicted ∼13% of the interspecific variation in peak T
levels. This is a phenomenon that requires biological ex-
planation, since latitudinal distributions are not the direct
causes of the observed hormone levels, and the driving
ecological factors need to be identified. We investigated
whether the observed latitudinal trend may have resulted,
at least partially, from mechanisms in association with
migration and breeding synchrony. Migration on its own
had a predictive power of ∼6%, while the duration of the
laying period separately explained ∼8% of the variance.
When we entered these predictor variables in a multivar-
iate phylogenetic model together with latitudinal distri-
bution, their effect was weakened. This indicates that com-
ponents of the latitude effect, to some extent, overlap with
components of migration and breeding synchrony. This is
in accordance with the hypothesis that mechanisms due
to migration and breeding synchrony are responsible for
the latitude effect. However, we cannot entirely exclude
that migration and the duration of the laying period ex-
plain additional variance independent of latitude. When
latitudinal distribution was controlled, these factors still
contributed, with effect sizes (r as defined by Cohen 1988)
that may be evolutionary relevant ( sensu Møllerr 1 0.1
and Jennions 2002) corresponding to 2%–5% of the var-
iance in peak T. Some tropical birds possess high hormone
titers (Goymann et al. 2004), and not all of them uniformly
breed in socially stable and saturated environments. Equa-
torial species may also migrate and can have short breeding
seasons due to various environmental constraints en-
hancing male-male competition and thus elevating hor-
mone levels similar to the situation in temperate zones
(figs. 2, 3; Goymann et al. 2004).

In any case, we found evidence that the latitude effect
may partially arise from the intensity of sexual selection
in migrant species that are more frequent in the north and
from the duration of the available period for breeding that
mediates rates of asynchrony or tolerated hormone levels,
which are also functions of latitudinal distribution. How-
ever, even after eliminating these components, latitude it-
self remained an important predictor of peak T. Therefore,
even though migration and duration of the egg laying
period were involved, there remains additional variance
that warrants further explanation and investigation of the
latitude effect. We can propose at least four potential bi-
ological mechanisms and also suggest a statistical issue to
consider.

First, levels of parasitism may be dependent on latitu-
dinal distribution since tropical species are likely to host
more parasites (Poulin 1995; Møller 1998; Stutchbury and
Morton 2001), which may have consequences for circu-
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lating levels of T as a result of its immunosuppressive side
effects (Folstad and Karter 1992). Assuming that species
breeding at higher elevations experience less contact with
parasites, Goymann et al. (2004) tested this possibility by
investigating the relationship between altitudinal distri-
bution and T levels in tropical species. Although their
analysis revealed significant effects when using species-
specific data, the control for phylogenetic relationships
weakened the role of altitude (Goymann et al. 2004). Sec-
ond, stress levels caused by the unpredictable physical en-
vironment may be more prominent at higher latitudes and
altitudes because of changing weather conditions. This in
turn may influence hormonal adaptations by corticoste-
rone levels (Wingfield et al. 1995; Silverin et al. 1997;
Cockrem and Silverin 2002; Wada et al. 2006), with sec-
ondary effects on T levels. Third, predator pressure may
change with latitudes, which may have consequences for
circulating T levels. Loss of a nest to a predator often
results in renesting and further male-male interactions
with a receptive female present, again causing further asyn-
chrony of breeding. Although tropical birds may appear
to experience generally high predation rates (Skutch 1949;
Slagsvold 1982), that is not always the case (Martin et al.
2000). Moreover, we need to explain latitudinal variation
in T levels independent of breeding synchrony, since we
have already controlled, at least partially, for such effects
in our analyses. However, latitudinally varying predation
rates may be worth considering, since they may affect T
levels independent of breeding synchrony. For example,
predation may be a selective factor acting via sexual char-
acters that can be controlled by T (e.g., Marler et al. 1988;
Schwabl and Kriner 1991; Saino and Møller 1995; Hunt
et al. 1997), because such traits are attractive to predators
(e.g., Götmark and Post 1996; Møller et al. 2006) and show
latitude-dependent expression (Norris et al. 2007). Fourth,
some tropical birds may not require high T levels to me-
diate reproductive behavior, because they are more sen-
sitive to low hormone levels (Hau et al. 2000; Canoine et
al. 2007). Finally, errors in our measurements may con-
tribute to the low explanatory power of migration and
laying period. We used these variables to reflect the degree
of territorial conflicts through early arrival and breeding
synchrony, because these latter variables were unavailable
for the majority of the species. Hence, we expect that direct
and precise measures of the variables that are the most
relevant for the mechanisms at hand would reveal stronger
effects.

To conclude, by using birds from all over the world and
by controlling for their phylogenetic associations, we have
demonstrated a strong relationship between latitudinal dis-
tribution and peak T levels during breeding. Further anal-
yses with estimates of migration and breeding synchrony
suggested that these factors could partially increase vari-

ations in circulating levels of T during breeding, and they
are essential covariates mediating the latitude effect. The
findings, in general, are consistent with the hypothesis that
the latitudinal effect is mediated by selection due to male-
male competition for territories or access to females. How-
ever, we could not fully explain the latitude effect. When
migration and breeding synchrony were held constant,
there was a significant amount of variance in peak T that
remained associated with geographical distribution.
Hence, to understand latitudinal gradients in T levels,
other geographically varying factors should be considered
in future studies. This is important because differences in
the stability of the social environment between the tropics
and temperate regions do not necessarily play an exclusive
role in governing the latitude effect on T, as traditionally
suggested.
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