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Male birds use song to attract mates and deter other males, but in doing so, they also attract the attention of predators and
parasites. Such viability costs are inherent in reliable signals, potentially causing females to prefer mates that display from the
most exposed sites. However, viability costs of sexual signals may be ameliorated by affecting the choice of microhabitat, which in
turn may affect the design of song features that are most efficiently transmitted in this microhabitat. We estimated the exposure
of song posts (microsites used by males when singing) used by passerine birds in relation to prey selection by the sparrowhawk
Accipiter nisus, by calculating the proportion of males that sang from song posts that were at the maximum level of the vegetation,
in an attempt to quantify the costs of sexual selection. We quantified prey susceptibility to predation as the difference between
the log-transformed observed number of prey minus the log-transformed expected number of prey in the environment. This prey
susceptibility index increased with increasing song post exposure similarly in sexually dichromatic and monochromatic species,
although the prey susceptibility index was related to sexual dichromatism. Song post exposure was dependent on habitat, but
comparative models controlling for the potentially confounding effects of habitat, sexual dichromatism, hole nesting, coloniality,
body mass, cognitive capacities, and flying abilities indicated that the relationship between the prey susceptibility index and song
post exposure is strong. Path analyses of the relationship between song post exposure, sexual dichromatism, and prey suscep-
tibility index revealed that selection acting on sexual dichromatism and song post exposure has secondary impact on prey
susceptibility index. The opposite causal mechanisms by which predation affects sexual traits are less likely. These models
suggest that female preference for high song posts or dichromatic plumage increases predation risk on an evolutionary time
scale. Key words: birds, costs of sexual selection, prey selection, sound transmission. [Behav Ecol]

Sexual selection results in the evolution of exaggerated sig-
nals that provide their bearers with an advantage in terms

of mating in competition with conspecifics but also a viability
cost in terms of increased risk of parasitism, predation, or loss
of time and energy (Andersson, 1994; Darwin, 1871). There-
fore, signalers have to optimize transmission of signals while
avoiding the viability costs. Sexual display causes an increase
in levels of parasitism due to the effects of display on immu-
nity and other antiparasite defenses (Møller et al., 1999).
Studies of brood parasitism have shown that bird species with
extravagant feather ornamentation and with certain vocal dis-
plays run elevated risks of being parasitized (Garamszegi and
Aviles, 2005). Likewise, a large number of studies have shown
that exaggerated signals increase the risk of predation (Zuk
and Kolluru, 1998). While such costs have been demonstrated
in a number of elegant experiments (e.g., Cade, 1975), there
is little information on the factors that determine interspecific
variation in the magnitude of such costs (see Garamszegi and
Avilés [2005] for an exception).

Costly signals reliably reflect the quality of a sender because
the differential cost of exaggerated traits prevents low-quality
individuals from producing the largest signals (Zahavi, 1975),
providing a general explanation for the reliability of signals
(Grafen, 1990). Therefore, females may prefer to mate with
males that run higher risks of parasitism or predation because

only high-quality individuals will be able to carry such costs.
If sexual signals are costly to produce and maintain, there is
feedback on the design of signals to remove or alleviate such
costs (e.g., Møller, 1996). Therefore, we should expect viabil-
ity costs of signals to result in a modification of these signals so
that they could only be located with difficulty by predators, as
suggested for certain vocal signals (Brown, 1982; Marler, 1955;
but see Shatler, 1978). However, such modifications may be at
conflict with the features of the signal that promote its effec-
tiveness in attraction of mates. We might even expect females
to cue in on sexual signals that were particularly costly because
only high-quality males will be able to produce such signals,
thereby enforcing reliability of the information content of
the signal. Likewise, we might expect that choice of signaling
environment may increase the risk of predation causing feed-
back on habitat selection. Again, we might expect coevolu-
tionary interactions between sender, receiver, and predator
because a predator-safe microsite may be unsuitable for the
production of attractive signals. Receivers might differentially
respond to males that produce songs in exposed sites, causing
antagonistic selection pressures on choice of microsite due to
the effects of predators and receivers. These implications
should also be considered in the context of transmission of
vocal signals in the environment. Different habitats have dif-
ferent transmission properties (e.g., Slabbekoorn and Smith,
2002; Wiley and Richards, 1982), and vocal signals show de-
sign features that suggest that they have been modified to
facilitate efficient transmission in particular habitats (e.g.,
Slabbekoorn and Smith, 2002; Wiley and Richards, 1982). Pre-
vious studies of choice of microsite for singing suggest that
a higher position in the vegetation does not necessarily ben-
efit transmission of sound but may facilitate perception
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(e.g., Dabelsteen et al., 1993; Holland et al., 1998). Song post may
be expected to be sensitive to selection as the combined cost of
production and thermoregulation at exposed song posts can
represent a significant energetic cost (Ward and Slater, 2004).

Bird song constitutes a classical example of a secondary
sexual character used both in a mate choice and a male-male
competition context (Darwin, 1871). Currently, there is little
evidence of predation affecting the design of vocal signals in
birds (Hale, 2004; Mougeot and Bretagnolle, 2000). This is
in sharp contrast to what has been shown for plumage traits in
birds (Götmark, 1993; Martin and Badyaev, 1996) or for songs
of anurans and insects, where numerous cases of predation
have been reported (Zuk and Kolluru, 1998). We consider
the scarcity of reports on predation of singing birds to be an
artifact of the lack of specific studies designed to test this hy-
pothesis. As shown in the present study, there is clear evidence
of relationships between exposure of microsites used for sing-
ing, song features, and relative predation risk to an avian pred-
ator among common passerine birds. Such relationships would
seem unlikely to have evolved unless predation in the past and
currently was an importance force of natural selection.

We investigated prey selection by the European sparrow-
hawk, which is the most common avian predator in forested
regions of the Palearctic. The main prey species of this sexually
size dimorphic predator are tits, thrushes, finches, buntings,
and sparrows (Newton, 1986). The cues used by sparrowhawks
to select prey are unknown, but based on our own extensive
field experience they use both visual and acoustic cues for find-
ing avian prey. Male sparrowhawks catch all food for the egg
laying, incubating, and brooding female until the nestlings
have reached an age of 3 weeks, and they also provide most
of the food for older nestlings (Newton, 1986). Prey is plucked
at traditional sites close to the nest, from where it is transported
to the nest, providing us with easy access to prey remains.

The aims of this study were to investigate the interactions
between relative predation risk, song post choice, and song
features, using common European passerine birds and pre-
dation by the sparrowhawk Accipiter nisus as a model system.
By song post, we mean the microsite used when singing. First,
we tested the prediction that greater exposure of song posts
was associated with an increase in relative risk of predation.
Second, we investigated the relationship between susceptibil-
ity to predation and song features of different species of birds
under the assumption that predation pressure has modified
song to reduce viability costs of specific features. Third, we
investigated a number of different alternative causal models
explaining the relationship between relative predation risk,
song post choice, and song features using path analysis as
a tool. Basically, we investigated the degree of fit of alternative
hypothetical relationships between the three kinds of varia-
bles. We used sexual dichromatism as an additional variable
in all these analyses because sex differences in coloration is
well known for being involved in sexual selection (Darwin,
1871), opening the possibility that it could constitute an im-
portant confounding variable.

METHODS

Study area and sample size

Nielsen (2004a) studied European sparrowhawks in two areas
of 68 and 436 km2 in Northern Denmark. Prey remains of the
European sparrowhawk were systematically collected near nest
sites during the months April–September 1978–1997 from 1709
nests. A total of 31,745 prey items of 66 species of passerines
and near passerines from terrestrial habitats were used for the
present analyses, while 3178 prey items were excluded because
they were mammals or cage birds. The relative abundance of

prey was highly repeatable in different areas and in different
years, showing a high degree of spatial and temporal consis-
tency (Møller AP, unpublished data).

We do not consider it likely that we erroneously allocated
prey to the European sparrowhawk. The goshawk Accipiter gen-
tilis is also a major predator on birds, although it generally
preys on much larger species than the sparrowhawk. J.T.N. is
very familiar with the goshawk and its prey after having stud-
ied the breeding population for 27 years. Prey is usually
plucked near the nest site, making mistakes unlikely. Further-
more, the goshawk usually removes many feathers simulta-
neously, while the European sparrowhawk only removes
single primaries or secondaries at a time (Opdam, 1978; van
Beusekom, 1972). Finally, almost all prey were located directly
on nests of the European sparrowhawk. Therefore, we assume
that prey has been allocated reliably to the sparrowhawk.
A second potential source of bias is that not all prey species are
equally likely to be found. In this study, we only included prey
remains when they were judged to be less than 1 month old.

Estimating prey selection

We calculated the expected number of prey of a given species
by using information on density of breeding birds obtained
from systematic randomly chosen point counts throughout
Denmark (Grell, 1998). Maps of the density of breeding birds
have been made based on systematic point counts of breeding
birds by hundreds of amateurs, and the mean density of breed-
ing birds in the study areas of Nielsen (2004a) was extracted
from Grell (1998). Such point counts provide reliable esti-
mates of the density of breeding birds as shown by extensive
analyses of potential sources of error and bias (see justification
for this conclusion in Grell, 1998). For five species for which
quantitative information on population density was not pro-
vided on maps, we estimated the population density by using
the mean estimate of the total population size for Denmark for
the most closely related species with quantitative information
and the species without such information, from Grell (1998).
These two estimates of total population size and the single
estimate of population density allowed us to estimate the pop-
ulation density of the species with missing graphical informa-
tion. Thus, if species A had a density of 0.50 and if species A and
B had total population sizes of 100,000 and 50,000, then the
density for species B was estimated as 0.50 3 (50,000/100,000) ¼
0.25. The exclusion of these five species with estimated popu-
lation density did not change the results. The minimum den-
sity value used was 0.001 individuals recorded per point.

We designed an index of prey susceptibility to predation as
the log10-transformed observed number of prey minus the
log10-transformed expected number of prey. The expected
number was estimated from the combined density of all spe-
cies, the total number of prey items, and the proportion of
prey items of each species. This index has a value of zero when
prey items are represented according to their abundance,
while positive values signify an overrepresentation relative to
the abundance and negative values an underrepresentation.
As an example, consider the tree sparrow Passer montanus with
2479 individuals being found as prey out of 31,745 prey indi-
viduals. The expected number of prey was the density of the
species (which was 0.33 out of a total density of all species of
13.72) divided by total density and multiplied by the total
number of prey, or (0.33/13.72) 3 31,745 ¼ 765. The prey
susceptibility index for the tree sparrow is then log10(2479) �
log10(765) ¼ 3.394 � 2.884 ¼ 0.51.

Estimating song post exposure and features of song

We estimated song post exposure by determining the height
of the song post of common passerine birds during 1986–1989
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relative to the surrounding vegetation or structures such as
buildings. One of us (A.P.M.) systematically noted the height
of all song posts recorded during March–August whenever in
the field. Although mate choice may mainly occur during
spring, choice of extrapair copulation partners may continue
throughout the summer when second and third clutches are
fertilized. Hence, the time windows for assessment of song
post and assessment of prey selection overlapped. We only
considered the vegetation within a distance of 2 m from the
singing bird. In brief, song post exposure is estimated as the
percentage of all song posts of a given species that are at
a height above the surrounding vegetation, ranging from
0 when all song posts are lower than the surrounding vegeta-
tion to 100 when all song posts are above the vegetation. The
number of observations on which each of these estimates for
a different species was based ranged from 28 to 500 song
posts. This method for describing song posts was first devel-
oped by Scherrer (1972), who reported quantitative informa-
tion for 34 common species. There was a high degree of
consistency in song post exposure between the present study
and that of Scherrer (1972), based on the 22 species for which
there was information for both studies (F ¼ 479.69, df ¼
21,22, p , .001). This analysis indicates that there is little
geographic variation in song post exposure and that song post
exposure was estimated in a repeatable and hence reliable
way. The significant repeatability of the trait also shows that
seasonal variation in song post seems to be negligible when
compared to variation among species.

To characterize the complexity and temporal organization
of songs in different species, we used reported song duration
(in s), intersong interval (in s), and song type and syllable
repertoire size from the literature. Use of song parameters
in comparative analyses raise issues about comparability
(Krebs and Kroodsma, 1980). We have previously investigated
the extent to which different measures of song complexity
and temporal organization provide reliable and comparable
information (Garamszegi and Møller, 2004; Garamszegi et al.,
2003). Using a number of different tests, we found a high
degree of consistency among comparable measures of com-
plexity, justifying our approach (see Garamszegi and Møller
[2004] and Garamszegi et al. [2003] for details). Finally, the
fact that previous comparative studies of song features in birds
have shown biologically meaningful results (Badyaev et al.,
2002; Read and Weary, 1992; Székely et al., 1996) suggests that
song complexity and temporal organization indeed provide
reliable information. We primarily used song data from Read
and Weary (1992) that was supplemented with information
from other sources (Bell et al., 2004; Cramp and Perrins,
1985–1994; Cucco and Malacarne, 1999; Greig-Smith,
1982a,b; Güttinger, 1977; Kunc et al., 2005; Lampe and
Espmark, 1994; Matessi et al., 2000; Mota and Cardoso,
2001; Naguib and Kolb, 1992; Singer and Nicolai, 1990;
Thielcke and Wüstenberg, 1985; Von Gerss, 1989; ). Analyses
of reliability showed that these features of song are repeatable
within species (Garamszegi and Møller, 2004).

Phenotypic characteristics of prey species

We scored prey species as sexually monochromatic or dichro-
matic. Monochromatic species were given a score of zero, if
males and females were indistinguishable from each other
based on plumage characters shown in field guides (e.g.,
Mullarney et al., 2000; Svensson, 1984). Any sex difference
in plumage coloration independent of its magnitude was con-
sidered to represent sexual dichromatism, which was scored as
one. We did not quantify the magnitude of the sex difference
in coloration because we do not know how predators perceive
such differences. However, our dichotomous score used here

was strongly positively correlated with quantitative scores re-
ported by Møller and Birkhead (1994) and Read (1987), sug-
gesting that dichotomous scores and continuous scores
provide similar information.

Song post height may depend on the density of the habitat
(Scherrer, 1972). Furthermore, the sparrowhawk may prefer
woodland edges for hunting (Cramp and Simmonds, 1979),
and such habitat preferences may induce an interspecific as-
sociation between song post and prey selection. Therefore, we
scored the breeding habitat of all species on a three-point
scale, where 0 equals grassland, 1 bush and scrub, and 2 forest.

Larger species may provide more resources to predators, but
may be more difficult to catch, while very small species may be
unprofitable. Götmark and Post (1996) showed that sparrow-
hawks prefer prey of intermediate size, with a bell-shaped re-
lationship between preference and body mass. Therefore, we
used mean body mass and squared mean body mass as predic-
tor variables based on our own field measurements, or in the
absence of data as reported by Dunning (1993).

Birds that are better at escaping the sparrowhawk may be
less represented in its diet. For example, predator avoidance
may be associated with cognition and learning, and birds bet-
ter at learning the complex task of predator avoidance may
experience lower rate of predation. Similarly, flying ability
may also reflect predator avoidance, and predators may less
frequently capture species that are better at maneuvring in
the air (Götmark and Post, 1996). Therefore, we used relative
brain size to estimate the importance of cognition (as done
in other studies [Garamszegi and Eens, 2004; Iwaniuk and
Nelson, 2003]) and relative wing length to assess flying ability.
The control for body size was achieved in multiple regression
models that included wing length and brain size together with
body mass. We predicted that birds with larger brains and
longer wings relative to their body size have a lower prey
susceptibility index due to successful predator avoidance than
others with smaller brains and shorter wings for their body
mass. Brain mass data were taken from Mlı́kovsky (1990),
Iwaniuk and Nelson (2003), and Garamszegi et al. (2002),
whereas information on wing length originated from Cramp
and Perrins (1985–1994).

Sparrowhawks may prefer certain prey for nutritional rea-
sons that may also produce confounding effects. To estimate
the nutritional value of different birds, we used relative liver
mass and relative heart mass from Møller et al. (2005). The
liver and the heart are metabolically important organs as they
play crucial roles in circulation, digestion, and assimilation.
The size of these organs may potentially correlate with nutri-
tional traits (e.g., protein content) that importantly affect the
sparrowhawk’s prey preference.

We also controlled for the potentially confounding effect of
nesting habits because hole-nesting birds may be hidden for
considerable amounts of time inside nest holes. In addition,
the aggregated distribution of prey may also affect predation
rate. Conspicuous colonial breeding sites may be attractive to
predators, or potential prey may evolve more efficient de-
fenses against their enemies by means of different social be-
havior. Accordingly, we assessed the effect of hole nesting and
coloniality by using two-point scales. For hole nesting, 0 repre-
sents breeders of open nests, whereas 1 stands for hole-nesting
species. For coloniality, we assigned 0 to solitary breeders and
1 to colonial breeders. Data were obtained from Cramp and
Perrins (1985–1994).

All the data are reported in the electronic appendix.

Comparative analyses

We tested the predictions by analyzing statistically indepen-
dent linear contrasts to control for similarity in phenotype
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among species due to common descent (Felsenstein, 1985),
using the computer program CAIC (Purvis and Rambaut,
1995). We tested the statistical and evolutionary assumptions
of the continuous comparative procedure by regressing abso-
lute standardized contrasts against their standard deviations
(Garland et al., 1992). In order to reduce problems of hetero-
geneity of variance, we excluded outliers (contrasts with stu-
dentized residuals . 3) from subsequent analyses (Jones and
Purvis, 1997). However, the analyses relying on the entire set
of contrasts provide very similar results. Similarly, the findings
and the conclusions did not change, if we tested for phyloge-
netic associations based on the nonparametric correlations of
the contrasts.

We used a composite phylogeny in the analyses based on
Sibley and Ahlquist (1990), combined with other sources
(Badyaev, 1997; Barker et al., 2001; Blondel et al., 1996; Cibois
and Pasquet, 1999; Møller et al., 2001; Sheldon et al., 1992;
Slikas et al., 1996). We applied branch lengths from the tap-
estry tree of Sibley and Ahlquist (1990) for higher taxonomic
levels (above family levels). Within families, the distance be-
tween different genera was set to 3.4 DT50H units, and we used
1.1 DT50H units between species within genera. The entire
phylogeny is given in Figure 1 in the electronic appendix.

Body mass, brain mass, wing length, song duration, inter-
song interval, and syllable and song type repertoire size were
log10 transformed, whereas song post height was square root
arcsine transformed before analyses. Coded variables were
treated in a continuous scale in our analysis. The statistical
reason behind this choice is that although these variables may
appear discrete, intermediate states are biologically meaning-
ful, and different states are thus arbitrary points along a con-
tinuum (Sokal and Rohlf, 1995: 11–12). In addition, in an
evolutionary context, a transition between two states of these
variables follows nondiscrete evolutionary changes. Therefore,
the continuous treatment is generally applied in comparative
studies that are constrained to use qualitative data for a larger
set of species (e.g., Bennett and Owens, 2002; Harvey and
Pagel, 1991). Thus, as a result, one can show qualitatively that
a given trait plays a role in the evolution of another but cannot

assess its quantitative importance. This procedure was further
justified by a comparison of results based on continuous and
discrete approaches using the Crunch and Brunch proce-
dures of CAIC. The Crunch algorithm assumes that the vari-
ables in focus have continuous distribution. On the other
hand, the Brunch approach is based on the assumption that
the independent variable is discrete. Comparisons of the same
phylogenetic associations as assessed by Crunch and Brunch
approaches revealed very similar conclusions (Table 1).

We used stepwise linear regressions through the origin to
find the best-fit model using the phylogenetically inde-
pendent contrasts for the predictor variables. We forced re-
gressions based on contrasts through the origin because
comparative analyses assume no evolutionary change in a char-
acter when the predictor variable has not changed (Purvis and
Rambaut, 1995). We investigated the effects of both forward
and backward elimination procedures to determine the stabil-
ity of findings, and none of the final models differed when
comparing forward and backward elimination models, sug-
gesting that the conclusions were robust. We identified the
best-fit model using Akaike’s information criterion of differ-
ent models as an estimate of the improvement in fit for addi-
tion of variables (Burnham and Anderson, 1998). There was
no evidence of strong collinearity between variables, with all
correlations being less than 0.70. Green (1979) suggested that
collinearity is not a problem under these conditions.

We investigated the relationships between song post expo-
sure, sexual dichromatism, and predation risk using path anal-
ysis (Li, 1975; Wright, 1968) because the different variables
may be related to each other in different ways. In a first series
of analyses, we investigated how song post exposure and sex-
ual dichromatism could affect predation risk either through
direct effects or by an interacting effect. In a second series of
analyses, we investigated how from a sexual selection perspec-
tive predation risk might affect song post exposure and sexual
dichromatism and if covariation between the two song fea-
tures was independent or caused by predation risk being an
intermediary variable.

We had information on a total of 75 species for the prey
selection index or song post exposure. However, the number
of species varied among analyses because data on prey suscep-
tibility or song post exposure were unavailable for all species
and also because we deleted outliers prior to analyses. For
illustrative purposes, relationships based on the raw species
data are also presented, but all reported statistics are for phy-
logenetically independent contrasts.

RESULTS

Prey selection and song post exposure

Bird species with a larger prey susceptibility index had more
exposed song posts (Figure 2; F1,40 ¼ 7.85, p ¼ .008). We
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Figure 1
The relationship between prey susceptibility index and sexual
dichromatism among birds, when analyses are based on the raw
species data. Histograms are means and error bars standard errors
(N ¼ 66, with 35 monochromatic and 31 dichromatic species).

Table 1

The phylogenetic relationship between prey susceptibility index and
hole nesting, coloniality, habitat type, and sexual dichromatism as
assessed by continuous (Crunch) and discrete (Brunch) approaches

Variable Crunch Brunch

Hole nesting F1,53 ¼ 0.15, p ¼ .70 t12 ¼ 0.38, p ¼ .71
Habitat type F1,51 ¼ 0.05, p ¼ .83 t12 ¼ 0.09, p ¼ .93
Coloniality F1,54 ¼ 1.38, p ¼ .24 t5 ¼ 0.39, p ¼ .71
Sexual dichromatism F1,53 ¼ 9.51, p ¼ .003 t15 ¼ 3.37, p ¼ .004

To achieve bivariate distribution for habitat type, we collapsed the
three categories into two categories (by pooling categories 0 and 1 as
this solution gives the maximum number of contrasts).
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found that prey selection was associated with sexual dichro-
matism as sexually dichromatic species appeared to be depre-
dated more frequently than monochromatic species (Table 1
and Figure 1). However, there was no significant association be-
tween song post exposure and sexual dichromatism (t14 ¼�0.43,
p ¼ .67). In addition, the relationship between prey sus-
ceptibility index and song post exposure was independent
when we controlled for sexual dichromatism. When we an-
alyzed dichromatic and monochromatic species separately,
we found highly significant associations between prey sus-
ceptibility index and song post exposure in both samples
with similar slopes (monochromatic species: F1,19 ¼ 8.46,
p ¼ .009, slope ¼ 1.69 [SE ¼ 0.58]; dichromatic species:
F1,17 ¼ 20.11, p , .001, slope ¼ 1.41 [SE ¼ 0.31]).

There was a significant interspecific relationship between
song post exposure and habitat type as bird species breeding
in grassland or bushes more often sang from exposed posts
than forest species (Brunch: t11 ¼ �2.59, p ¼ .025; Crunch:
F1,45 ¼ 5.53, p ¼ .028; Figure 3). Using linear contrasts, we
created a multivariate model, with prey susceptibility index as
the dependent variable and with song post exposure, body
mass, squared body mass, brain mass, wing length, heart mass,
liver mass, sexual dichromatism, habitat type, hole-nesting
habit, and coloniality (all as continuous traits) as independent
variables. From this full model of predictor variables, we se-
lected the best set of variables that explain the largest amount
of interspecific variance in prey susceptibility. The stepwise
procedure resulted in a simple model, in which only song post
exposure, habitat type, and sexual dichromatism remained
(Table 2). When we entered the two-way interaction terms
of these effects, none of them was significant (results not
shown). This implies that the slope for the relationship be-
tween prey susceptibility index and song post exposure was
similar for sexually dichromatic and monochromatic species
and also for species breeding in different habitats.

Prey susceptibility and features of song

The prey susceptibility index was positively related to syllable
repertoire size (F1,35 ¼ 4.61, p ¼ .039). However, syllable rep-
ertoire size was also correlated with song post exposure (F1,31 ¼
9.39, p ¼ .005). When we controlled for this covariation in
a multiple regression model, the relationship between syllable
repertoire size and prey susceptibility index was not significant
anymore (effect for syllable repertoire size: t29 ¼ �0.44, p ¼ .66;
effect for song post exposure: t29 ¼ 3.00, p ¼ .005). This
implies that species with more syllable types in their songs
appear to become prey of the sparrowhawk only because they
also sing from relatively high posts that attracts predators.
None of the remaining song traits was related to the prey
susceptibility index among species (song duration: F1,34 ¼
0.02, p ¼ .88; intersong interval: F1,14 ¼ 0.15, p ¼ .71; song
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Song post exposure in relation to breeding habitat in 57 species.
Columns and error bars (standard errors) correspond to the analysis
in which habitat was used as a categorical variable (n ¼ 13 for
grassland species, n ¼ 14 for bush species, and n ¼ 30 for forest
species).
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Figure 2
Prey susceptibility index by the sparrowhawk in relation to song post
exposure of 48 bird species. The lines are linear regression lines (a)
when using raw species data and (b) when using statistically and
phylogenetically independent contrasts.
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type repertoire size: F1,23 ¼ 0.47, p ¼ .50). When we entered
the two-way interaction terms between sexual dichromatism
and song variables, none of them was significant (results not
shown). Therefore, we did not create more complex models
with these features of songs.

Path analysis models

We designed alternative path analysis models to discriminate
among alternative causal hypotheses that explain the relation-
ship between a dependent variable and a number of explana-
tory variables. In a first series of models, we determined
relationships from the perspective of the predator, with prey
susceptibility being the dependent variable. Prey susceptibility
may either be determined by song post exposure and sexual
dichromatism independently or song post exposure may in-
teract with sexual dichromatism to affect predation risk
(Figure 4). The best-fit model showed that the prey suscepti-
bility index was independently related to song post exposure
and sexual dichromatism. However, this model explained only
2% more of the variance than the alternative model that al-
lowed for covariation between song post exposure and sexual
dichromatism (Figure 4). In a second series of analyses, we
investigated how from a sexual selection perspective predation
risk might affect song post exposure and sexual dichromatism
and if covariation between the two song features was indepen-
dent or caused by predation risk being an intermediary vari-
able. Thus, the secondary sexual characters were the dependent
variables in these models. We created two sets of models, where
a potential sexual trait (song post exposure or sexual dichro-
matism) is affected by the other potential sexual trait and prey
susceptibility index by considering both independent and
correlated evolution (Figure 4). These models generally
explained smaller amounts of variance than the above models
from the predator perspective (19–31% compared to 43–45%).
This suggests that the evolutionary scenario that assumes that
intense sexual selection may increase the risk of predation is
more likely than the opposite causal mechanism that assumes
that predation rate affects the expression of sexual traits.

DISCUSSION

The main result of this study of song and predation in birds
was that bird species with the most exposed song posts had

the highest risks of predation by the sparrowhawk. Prey
susceptibility to predation was stronger in sexually dichro-
matic species, but song post exposure was independent of
sexual dichromatism. There was no significant evidence for
vulnerability to predation to increase more with song post
exposure in dichromatic as compared to monochromatic
species. Song post exposure decreased from grassland over
bushes and shrub to forest. Other song traits appeared to be
unrelated to prey susceptibility when covariation with song
post exposure held constant. Path analysis models revealed
that selection acting on sexual dichromatism and song post
exposure has a secondary impact for predation risk.

Predation by small avian predators is a main cause of mor-
tality in passerine birds (e.g., Newton, 1986), and predation is
therefore likely to impose an important force of selection on
the phenotype of all potential prey species. Song post expo-
sure was significantly related to predation risk across species of
birds, with a greater level of exposure being found in the most
predation-prone species (Figure 1). This result did not differ
significantly between sexually monochromatic and dichro-
matic species. We also included a number of other variables
such as habitat, hole nesting, coloniality, brain mass, wing
length, and body mass into the statistical analyses but still
retained this strong positive relationship between predation
susceptibility and song post exposure. If predators preyed on
different species relative to their exposure of song posts, we
should expect a positive relationship. However, if males
changed their song post choice in response to risk of preda-
tion, with the species with high susceptibility to predation hav-
ing the least exposed song posts, we should expect a negative
relationship between the two variables. The opposite pattern
suggests that selection pressures due to sexual selection or
the physical environment are the most important ones. We
included habitat as a variable because song posts are higher
above the ground in more dense habitats (Scherrer, 1972), but
it may also affect the sparrowhawk’s choice of prey due to its
habitat preference during hunting. However, this did not elim-
inate the relationship between song post exposure and pre-
dation susceptibility. Alternatively, individuals at greater
height might assess risks of predation as being smaller than
when on the ground. Blumstein et al. (2004) did not find
evidence consistent with this expectation because flight initia-
tion distance in different species of birds was unrelated to
whether they were close to or well above the ground. There-
fore, we suggest that sexual selection caused by greater mating
success of males that sing from high song posts either due to
attraction of more females or due to a female preference for
males using high song posts may account for the association.

Song post exposure is likely to be linked to song features
and habitat because habitats may differ in their sound trans-
mission and sound perception properties. While high song
posts may not necessarily benefit transmission of song (e.g.,
Dabelsteen et al., 1993; Holland et al., 1998), they may facil-
itate perception of sounds. In forests, song posts just below
the canopy may be advantageous for long-range communica-
tion due to the effects of temperature inversions (Wiley and
Richards, 1982). Because different song features have differ-
ent transmission properties, we should also expect feedback
between song post exposure, song feature, and habitat. Pre-
vious studies have shown greater attenuation of high-
frequency songs in forests than in open habitats (Chappuis,
1971; Morton, 1975 ).

Because song post exposure, sexual dichromatism, and pre-
dation risk covaried in a complex way, we attempted to distin-
guish between several different hypotheses using path analysis
as a tool. In a first series of analyses from the perspective of
the predator, we found that the prey susceptibility index
was independently related to song post exposure and sexual

Table 2

Prey susceptibility index in relation to song post exposure, body
mass, squared body mass, brain mass, wing length, sexual
dichromatism, heart mass, liver mass, habitat type, hole-nesting
habit, and coloniality

Variable Slope (SE) t p

Song post exposure 1.44 (0.32) 4.45 ,.001
Body mass Removed
Body mass2 Removed
Brain mass Removed
Heart mass Removed
Liver mass Removed
Wing length Removed
Sexual dichromatism 0.53 (0.13) 4.20 ,.001
Habitat type 0.33 (0.12) 2.88 .007
Hole nesting Removed
Coloniality Removed

The model is based on a stepwise multiple regression forced through
the origin, from which the nonsignificant (p , .05) terms were
removed. The model is based on phylogenetic contrasts and has
the statistics F3,31 ¼ 12.90, r2 ¼ .56, p , .001.
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dichromatism. This model explained only 2% more of the
variance than the alternative model that assumed covariation
between song post exposure and sexual dichromatism. How-
ever, the relationship between song post exposure and sexual
dichromatism was generally weak. This suggests that preda-
tion caused by the sparrowhawk is independently related to
song post exposure and sexual dichromatism. In a second
series of analyses from a sexual selection perspective, we
found weaker evidence for a sexual character being affected
by predation rate as the explanatory power of these models
was lower than models from the predator’s perspective. This
pattern was independent of whether we allowed covariation
between the predictor variables. From the path analysis mod-
eling, we conclude that the evolutionary scenario, which pre-
dicts that intense sexual selection has a secondary impact on
predation rate, is more likely than the opposite causal mech-
anism in which predation affects sexual selection. Therefore,
singing from high song posts and having dichromatic plum-
age may increase predation rate, but females are unlikely to
prefer males with high song post exposure and colorful plum-
age only because males of such species are better at avoiding
predators. The costs associated with these sexual traits that
mediate a female preference should be sought among other
mechanisms independent of predator pressure.

The evolution of secondary sexual characters is generally
determined by both natural and sexual selection to optimize
reproductive success under given environmental conditions
(Andersson, 1994). These selection pressures may sometimes
involve forces that act in opposite directions on trait elabora-
tion. Hence, in such cases the degree of signal expression
observed in nature should strike the optimal balance between
conflicting pressures for greater efficiency and lower fitness
costs (Endler, 1992, 1993; Wiley, 1983, 1992). Here, we pro-
vided evidence that the choice for song post that has a poten-
tial to reflect male quality (see Ward and Slater, 2004) may be
a target of natural selection via increased predation risk.

The results of the present study have important implications
for future studies of the costs of sexual selection. We consider
that experiments designed to test for the effects of song post
exposure and plumage and song characteristics on predation
risk would be very informative. For example, we could imagine
that a trained hawk could be used to identify and assess the
relative importance of features that affect predation risk. Our
study shows that song posts are a previously overlooked factor
in studies of acoustically based sexual selection and that future
studies of the intraspecific and interspecific determinants of
song post exposure could help identify factors involved in the
optimization of acoustic signaling in birds and other taxa.

(a) (b)

(c) (d)

(e) (f)

Song post

Dichromatism

Prey susceptibility0.053

0.409

0.497

Song post

Dichromatism

Prey susceptibility

Residual
r2= 0.541

Residual
r2= 0.728

Residual
r2= 0.808

Residual
r2= 0.770

Residual
r2= 0.694

Residual
r2= 0.564

0.435

0.519

Models from the predator’s perspective

Song post

Prey susceptibility

Dichromatism0.435

-0.213

0.612

Song post

Prey susceptibility

Dichromatism

0.053

0.519

Models from perspective of sexual susceptibility

Dichromatism

Prey susceptibility

Song post0.519

-0.237

0.558

Dichromatism

Prey susceptibility

Song post

0.053

0.435

Figure 4
Path analysis models of the relationship between prey susceptibility index, song post exposure, and sexual dichromatism as seen from the
perspective of a predator (a, b) and from a sexual selection perspective (c–f). Based on the explanatory power, the best-fit models assume that
song post exposure and sexual dichromatism affect the prey susceptibility index. Values are path coefficients as determined by the regression
coefficients (beta) of the relevant regressions (forced through the origin) of the phylogenetically independent contrasts. Residual variance is
the amount of variance that is not explained by the model, while the explained variance can be computed as 1�r2.
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