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Abstract In songbirds, female mate choice may be influ-
enced by how well a male performs his songs. Performing
songs well may be especially difficult if it requires maximiz-
ing multiple aspects of performance simultaneously.We there-
fore hypothesized that, in a population of prairie warblers, the
males most attractive to females would be those with superior
performance in more than one facet of singing. We tested this
prediction by comparing different aspects of song perfor-
mance, as well as different combinations of these aspects, to
determine which were the best predictors of first-egg date,
which we took to be a proxy for social mate choice. We found
that first-egg date was best predicted by a combination of song
performance traits that included consistent performance, rapid
rate, and low pitch. Female preference for males capable of
physically challenging song performance may have contribut-
ed to the evolution of acoustically complex vocalizations in
oscine songbirds, because if complex sounds are more

difficult to perform, they may be favored by selection for
signal reliability.
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Introduction

Why are the songs of many oscine songbird species so much
more acoustically complex than the vocal signals found in
other animal taxa (Kroodsma 2005)? A possible explanation
is that, if female listeners evaluate potential mates on the basis
of how well their songs are performed, sexual selection might
favor songs that are increasingly difficult to perform, and one
way in which a vocal signal can become more difficult to
perform is through increased acoustic complexity (Suthers
and Goller 1997). In this view, signals that are more difficult
to perform may arise as a result of fitness benefits that accrue
to females that evolve a mating preference for good perfor-
mance of physically challenging signals that reliably reveal
the signaler’s quality (Zahavi and Zahavi 1997; Byers et al.
2010). Alternatively, increased performance difficulty may
arise as a side effect of an arbitrary female preference for
signal features that happen to make the signal more challeng-
ing to perform (Prum 2010, 2012).

Whether or not song performance is an indicator of male
quality, empirical evidence suggests that variation in how
songs are performed is salient in songbird communication
(see references below). Many different aspects of song perfor-
mance have been identified as potentially having signal value,
reflecting the diversity of song form and singing behavior
among songbird species. Despite this variety, however, it is
possible to identify general categories of song performance
indicators. In particular, the song performance traits that have
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been implicated in communication can be viewed as falling
into five categories: output and rate, consistency, frequency
(pitch), amplitude, and song structure.

Traits in each of these song performance categories have
been linked to aspects of mate choice in some songbird spe-
cies. That is, proxies of mate choice have been found to be
associated with 1) the related traits of song output (the total
amount of singing by a bird) and singing rate (a bird’s song
output per unit time while singing) (e.g., Alatalo et al. 1990;
Houtman 1992; Chiver et al. 2008); 2) consistent perfor-
mance, i.e., maintaining consistency between renditions of a
song (reviewed in Sakata and Vehrencamp 2012); 3) especial-
ly high- or low-frequency songs (reviewed in Cardoso 2012);
and 4) song amplitude (e. g., Ritschard et al. 2010) or the
degree to which amplitude is sustained across a difficult-to-
perform song component (Forstmeier et al. 2002; Poesel et al.
2012).

The fifth performance category includes aspects of perfor-
mance that are inherent in the structure of individual songs,
especially in the form and arrangement of the elements that
make up a song. For example, in species whose songs contain
rapid trills, individuals may differ in Bvocal deviation^ (Podos
1997), a measure of the degree to which a trill simultaneously
maximizes frequency bandwidth and the rate at which the
trill’s component elements are repeated. Some studies have
found this measure to be correlated with proxies of mate
choice (reviewed in Wilson et al. 2014). The components of
vocal deviation (bandwidth and element repetition rate) may
also be independently salient in signaling (e.g., Christensen
et al. 2006; Linhart et al. 2013). Other structural features that
have been found to be associated with mate choice include
song duration (e.g., Kempenaers et al. 1997; Nolan and Hill
2004) and number of switches between different element
types within a song (e.g., Forstmeier and Leisler 2004).

Working hypotheses

Given the evidence that various categories of song perfor-
mance may have a signaling function in at least some songbird
species, we hypothesized that female social mate choice might
be influenced by a combination of performance traits from
different categories, much as extra-pair mate choice appeared
to be in an earlier study of the chestnut-sided warbler
(Setophaga pensylvanica; Byers 2007). We broke this general
hypothesis into a set of alternative working hypotheses
(Table 1). Our broadest hypothesis was that females would
gain the maximum possible information about male attractive-
ness by attending to all categories of performance simulta-
neously (although we were not able to include song amplitude
in our hypotheses, due to the difficulty of accurately measur-
ing this feature from field recordings). Alternatively, females
might not have the capacity to simultaneously assess all as-
pects of performance and would be influenced by a subset

only. We therefore included all possible performance category
subsets in our group of alternative hypotheses, including the
possibility that females use only a single type of song perfor-
mance to evaluate males.

We tested our alternative working hypotheses in a popula-
tion of prairie warblers (Setophaga discolor), a species we
chose in part because of its phylogenetic and ecological sim-
ilarity to the previously studied chestnut-sided warbler. Our
alternative hypotheses were expressed as a set of 15 candidate
models in which male song features were modeled as predic-
tors of the date onwhich a male’s social mate laid her first egg.

As do the songs of many other wood-warbler species, prai-
rie warbler songs fall into two categories (Fig. 1), dubbed
Bfirst category^ and Bsecond category^ (Spector 1992). Songs
from different categories tend to be used in different contexts
in both prairie warblers (Nolan 1978; Houlihan 2000) and
other warbler species (Highsmith 1989; Kroodsma et al.
1989; Spector 1991; Byers 1996; Staicer 1996; Staicer et al.
2006; Bolsinger 2000). First category songs predominate in
singing by unmated males, singing near females, and undis-
turbed singing after dawn. Second category songs predomi-
nate in singing near territorial boundaries or other males, dur-
ing aggressive interactions between males, and at dawn. These
differences suggest a function in mate attraction for first cate-
gory songs and a function in male-male aggression for second
category songs. Because of the differences between the two
categories of prairie warbler songs, we treat the categories
separately when assessing evidence related to our hypotheses.
In addition, we also treat separately songs uttered during the
dawn bout, a period of highly distinctive singing behavior that
begins before dawn and consists of 30–45 min of rapidly

Table 1 Nested alternative
hypotheses about the aspects of
prairie warbler song performance
that best predict first-egg date

First-egg date best predicted by
the following:

1. Rate, consistency, frequency,
structure

2. Rate, frequency, structure

3. Rate, consistency, structure

4. Consistency, frequency,
structure

5. Rate, consistency, frequency

6. Rate, structure

7. Frequency, structure

8. Consistency, structure

9. Rate, consistency

10. Rate, frequency

11. Consistency, frequency

12. Rate only

13. Consistency only

14. Structure only

15. Frequency only
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repeated second category songs interspersed with characteris-
tic chips.

Mate choice proxy

We interpreted first-egg date as a proxy for social mate choice,
as has been done in a number of field studies of songbird song
function (e.g., Krebs et al. 1978; Poesel et al. 2001; Reid et al.
2004). Such proxies are necessary because it is not realistical-
ly possible to directly assess and measure female mating de-
cisions in wild, free-living birds. The validity of our proxy
depends on the assumption, first articulated by Darwin
(1871, p. 254), that more-preferredmales are selected as mates
earlier than are less-preferred males. Validity further depends
on the assumption that first-egg date reflects mating order in
prairie warblers. Evidence that it does comes from Nolan’s
comprehensive investigation of the breeding biology of an
Indiana prairie warbler population (Nolan 1978). Nolan found
that 1) earlier-forming pairs tended to begin nest-building ear-
lier, and 2) the time elapsed from the onset of nest-building to
first-egg date was fairly constant among pairs (coefficient of
variation 0.3). Thus, the order of first-egg dates generally
matched the order of nest initiation and, therefore, the order
of pair formation.

Even if first-egg date does reflect mating order as we ex-
pect, the link between mating order and mate choice might be
compromised if breeding females tend to return to the same
area in subsequent years and mate again with their prior mate
and/or settle on the territory onwhich they had nested the prior
year. The settlement order of females that behave in this fash-
ion might not reflect free choice from among all available
males. However, our banding records suggest that such female
fidelity is not common in our study population. Of 38 females
banded in the breeding seasons immediately prior to those in
our study period, 10 (26 %) returned to the study area, and
only 5 of these returning females (13 % of banded females)
settled on the same territory as in the prior year. Similarly,
Nolan (1978) found a 19 % return rate among female prairie

warblers, and about a third of returning females (7 % of all
breeding females) nested on the same territory in consecutive
years. Thus, it seems likely that only a small proportion of
mate choice decisions in our study population could potential-
ly be driven by mate or site fidelity.

Methods

Study site

We conducted our study in 2009 and 2010 at the Montague
Plains Wildlife Management Area in Franklin County, Mas-
sachusetts (N 42° 34′, W 72° 31′). The management area is a
600-ha mosaic of hardwood forest, power line corridors,
stands of pitch pine (Pinus rigida), and stands of scrub oak
(Quercus ilicifolia). Prairie warblers nested primarily in the
shrubby habitat beneath power lines and in the pitch pine
and scrub oak stands. We captured most of the male prairie
warblers in these habitats (and many females) and banded
each one with a USGS aluminum band and a unique combi-
nation of color bands (see Akresh et al. 2015 for additional
information about the study site and field methods).

Mate choice

We monitored prairie warblers in the study area each year,
beginning with the first arrival of birds on breeding territories
in late April. Frequent surveys of singing males during the
first few weeks of the breeding season allowed us to establish
the arrival date of almost all of the territorial males in the study
area. Once a male established a territory, we visited it every 2–
4 days for detailed observation. This ongoing observation,
including plotting of GPS coordinates of bird locations,
allowed us to map territory boundaries for most males. We
also conducted systematic nest searches during these visits
and monitored the status of active nests (with each nest mon-
itored until the nestlings fledged or the contents of the nest

Fig. 1 Spectrograms (512-point
FFT) of prairie warbler songs,
showing two examples of first
category songs (top row) and two
examples of second category
songs (bottom row)
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disappeared). We were thus able to identify the date on
which each male’s mate laid her first egg. We found most
nests while they were under construction, but some were
discovered only after eggs had been laid; for these nests, we
estimated first-egg date based on hatch date. In some cases,
we could not be certain that the first nest we found on the
territory was the first nest built there rather than a re-nest
after a nest failure. We excluded these cases from further
analysis.

Song sample

We recorded singing prairie warblers on most days from 4
May to 27 June 2009 and every other day from 6 May to
28 June 2010. All songs were recorded with a Nagra LB
solid state recorder (48 kHZ sampling rate, 16-bit sample
depth) and a Sennheiser MKH62 microphone mounted in
a Telinga Pro parabolic reflector. We began recording be-
fore dawn each day, arriving on a territory before the
resident male had begun singing. After the initial focal
male began singing, we recorded a 5-min sample, moved
to a neighboring bird to record another sample, and so on,
cycling among ten or so birds in the vicinity, recording
samples of 3–10 min duration from each bird, with mul-
tiple samples from each individual over the course of the
morning. We noted the GPS coordinates of each song
sample. We stopped recording at around 0900 hours, when
singing became sporadic. By systematically rotating the
starting location of each day’s recording session, we were
able to obtain multiple samples, spread over different
times of day and over a range of dates, from each of
61 birds in 2009 and 21 birds in 2010 (when we focused
on a smaller area). Our sampling regime was designed to
record each bird’s singing in a variety of contexts, in hope
of capturing the full range of variation in each bird’s
songs. The identity of each sampled singer was deter-
mined by observation of color bands or, for instances in
which bands could not be been, by the bird’s location and
the form of its song (most birds used distinctive songs
that differed from those of their neighbors).

Song measurements

From our collection of recorded songs, we selected a subset to
be measured. This subset was drawn from samples that
contained a continuous bout of singing with high-quality re-
cordings of at least five consecutive songs. From this group of
song bouts, we excluded those from individuals from whom
we had recorded bouts on fewer than four different days and
those from individuals for whom we did not have complete
nesting data. For five birds that were recorded in both years of
the study, we also excluded recordings from 1 year, chosen at
random. The resulting pool included 647 bouts, containing a

total of 7958 songs (mean songs/bout 12.3, standard deviation
5.3, range 5–43) from 51 birds (mean bouts/bird 12.7, stan-
dard deviation 3.1, range 5–21).

Our sampling regime ensured that samples for almost all
birds included multiple bouts from each stage of a bird’s
nesting cycle. Four stages were delineated: courtship and
nesting, laying and incubation, nestlings, and fledglings. We
could not reliably determine the onset of courtship because the
cryptic behavior of females prevented reliable assessment of
female arrival dates, so all samples prior to first-egg date were
classed together. Fourteen birds were not recorded during the
nestling phase, because their nests failed before hatching (12)
or their eggs did not hatch until after the end of the recording
period (2). Despite the absence of nestling-stage recordings
for some birds, a chi-square test of independence suggests that
the proportion of samples in each nesting stage was similar
across birds (χ2=97.6, df=100, p=0.55). The fledgling stage
was not included in the chi-square analysis due to infrequent
occurrence. Only eight birds were recorded during the fledg-
ling phase; the remaining birds fledged young after the end of
the recording period, or failed to fledge young.

For each song in the pool, we used onscreen cursors to
make measurements on spectrograms (for time measure-
ments) and power spectra (for frequency measurements)
generated in Raven 1.3 (Bioacoustics Research 2011; 128
point FFT for time measurements, 1024 point FFT for fre-
quency measurements). The features measured were chosen
to encompass four categories of song performance that have
been identified in the literature as having potential signal
value: singing rate, performance consistency, frequency,
and song structure. To assess these features, we measured
song duration, intersong interval, frequency of peak power,
lowest frequency (the value 30 dB below peak), highest
frequency (30 dB above peak), and frequency bandwidth.
In addition, we counted the number of elements in each
song; element count was divided by song duration to pro-
duce an element rate for each song. Each measured variable
was averaged across songs in a bout to produce a single
value for each bout. In addition, to assess consistency of
song performance within a song bout, the coefficient of
variation for each measured variable was calculated for
each bout.

For subsequent analysis, we divided the per-bout values
into three categories, to ensure that between-individual com-
parisons were based on comparable songs. The three catego-
ries were songs produced during the dawn bout (these were
exclusively second category songs); first category songs pro-
duced after the dawn bout; and second category songs pro-
duced after the dawn bout. In each category, we calculated the
median value of each bird’s per-bout means for each variable;
these median values (i.e., a single value of each variable for
each individual) formed the basis of all subsequent analyses of
song features.
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Model specification

To assess whether aspects of male singing predict a proxy of
female mate choice preference, we fit linear mixed effects
models with random intercepts and first-egg date (measured
as the number of days after May 1) as the dependent variable.
The models were fitted with the R package lme4 (Bates et al.
2013; R Core Team 2014), using a maximum likelihood esti-
mation. We fit three separate sets of models: for dawn songs,
daytime first category songs, and daytime second category
songs. Sample sizes varied among the three sets, because
some birds in our analysis sample were not recorded exten-
sively during the dawn bout and because post-dawn singing
was more likely to consist of first category songs than second
category songs. Thus, the sample sizes (number of birds) for
the dawn (n=27) and daytime second category (n=28) models
were smaller than for the daytime first category (n=51)
models.

Before fitting models, we screened potential predictor var-
iables for intercorrelation. We calculated correlation coeffi-
cients for all possible pairwise combinations of our song var-
iables. We considered a value of r=0.7 or higher to be an
indication that retaining both variables would risk
multicollinearity in a model. We calculated correlation matri-
ces separately for each of our three song categories, but results
were very similar across categories. Within the song variables,
highest frequency was strongly correlated with frequency
bandwidth; we were interested in bandwidth as a song struc-
ture measure, so we retained it and excluded highest frequen-
cy from our models. All of our coefficient of variation mea-
sures were strongly intercorrelated, even though they mea-
sured performance consistency of diverse frequency and tem-
poral features. We therefore used principle component analy-
sis to reduce this suite of variables to a single variable that
measured overall consistency of performance (Table 2). Be-
cause the scores for this composite variable represented levels
of coefficient of variation (which is inversely related to con-
sistency), we reversed their signs so that they could be
interpreted as measures of consistency (i.e., so that higher
values signified greater consistency).

Our screen for correlations also included non-song vari-
ables that might be associated with first-egg date: male arrival
date, male age (second year versus after second year), and
male tarsus length and wing length (indices of body size).
All four non-song variables were strongly correlated with
multiple song variables, making it impossible to include both
song and non-song variables in a given model. The correla-
tions alsomake it very challenging, in our observational study,
to disentangle the causal effects of the two classes of variables.
In addition, the two classes of variables seem conceptually
distinct; the song variables represent signal features whereas
the non-song variables represent aspects of male phenotype
that might be revealed by signaling. Overall, it seemed to us

prudent to proceed by analyzing the two classes of variables
separately. We therefore limit our current analysis to the ef-
fects of variation in song performance and plan to address the
potential association between song traits and non-song traits in
a future analysis.

For each song category, we fit a set of candidate models
that represented our multiple working hypotheses. One of the-
se hypotheses was that first-egg date would be best predicted
by a model in which the fixed factors included singing rate,
performance consistency, song frequency, and song structure.
The remaining hypotheses were represented by models con-
taining the 14 possible subsets of those four predictor catego-
ries (see Table 1).

In the models, singing rate was represented by mean
intersong interval (shorter intervals = faster singing rate). Per-
formance consistency was represented by our composite con-
sistency variable. Song frequency was represented in the
models by two variables—lowest frequency and peak fre-
quency—because both the extreme frequency and peak fre-
quency of songs have been important predictors in prior stud-
ies (e.g., Byers 2007). Song structure was represented by three
variables: song duration, element rate (elements per second
within a song), and frequency bandwidth. In prairie warbler
songs, with their steady increase in pitch as a song proceeds
(see Fig. 1), frequency bandwidth represents the increase from
the lowest frequency of the first song element to the highest
frequency of the final element.

In addition to the fixed factors described above, all of our
models also included a term for habitat type. Some of our
subjects nested in pitch pine (N=19 birds), some in scrub
oak (N=13), and some in power line corridors (N=19). Ex-
ploratory plots of our data suggested that mean first-egg date
differed in different habitats, such that the dates within a hab-
itat type may be correlated. We therefore included habitat type
in all models as a random factor. In addition, because the

Table 2 Results of a
principal component
analysis of variables
related to song
performance consistency

PC1

Eigenvalue 6.95

% variance explained 89.9

Component loadings

CV intersong interval 0.669

CV lowest frequency 0.967

CV highest frequency 0.988

CV peak frequency 0.946

CV bandwidth 0.923

CV duration 0.974

CV number of elements 0.966

CVelement rate 0.984

Only the single factor with an eigenvalue
greater than 1 is shown. Factor loadings
are based on varimax rotation
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timing of mating and nesting might vary from year to year, we
included year as a fixed factor in our models.

None of our candidate models included measures of song
elaboration (i.e., measures of the variety or diversity of sounds
produced, such as song repertoire size or element repertoire
size). We elected to focus on song performance and exclude
elaboration because prairie warbler songs and singing have
characteristics that suggest that a signal function of variation
in elaboration is unlikely. For example, song repertoire size
varied hardly at all among the males in our study population;
we recorded two song types from more than 90 % of males,
and the remaining birds used just one additional song type. In
addition, the elements that compose a prairie warbler song
cannot, for the most part, be said to fall into discrete types;
each successive element is slightly different than the preced-
ing one (see Fig. 1). Thus, the elements in most songs consti-
tute a continuum of similar forms and cannot be readily sep-
arated into distinct types; the concept of element repertoire
size does not seem to be meaningful in prairie warblers. None-
theless, we cannot definitely rule out the possibility that prairie
warblers perceive variation in song elaboration that is not
apparent to human observers and that our models would be
improved had we devised and included a measure of song
elaboration.

Model selection

To evaluate our three sets of candidate models (i.e., working
hypotheses), we assessed the strength of evidence in support
of each model in a set using the method and rationale outlined
by Burnham and Anderson (2002). Our comparisons were
based on values of second-order Akaike’s information criteri-
on (AICc), calculated for each fitted model using the R pack-
age AICcmodavg (Mazerolle 2013). (AICc is an adjusted ver-
sion of AIC that performs better than AIC when the ratio of
sample size to the number of parameters estimated is less than
about 40, as was the case in our analysis). Models with lower
values of AICc are better supported by the data than are
models with higher values.

To keep our final model set relatively small, we employed a
two-stage, hierarchical selection process (Dinsmore and
Dinsomore 2007; Shake et al. 2011). Prior to the main model
selection process that compared our working hypotheses, we
compared model variants within the hypotheses that included
song frequency or structure. Each of these two predictors in-
cluded two or three potential component variables and, thus,
could be represented in models by multiple variables or just
one. We therefore compared AICc for all possible variable
combinations within a hypothesis (results summarized in
Online Resource 1) and chose the combination with the lowest
AICc to represent that hypothesis in the main model selection
comparison. We performed this procedure separately for each
song category.

Once we had finalized our set of candidate models, we fit
each one with and without the inclusion of year as a predictor.
In each case, we found that a model with year excluded had a
lower AICc than did the corresponding model with year in-
cluded. These findings suggest that year did not have an im-
portant effect on first-egg date in our sample, a conclusion also
supported by the observation that median first-egg date (26
May) was the same in both years of the study. We therefore
subsequently excluded year from all models.

For the main model selection comparison, we calculated
several additional statistics to quantify the evidence in support
of each model in a set of candidates. We calculated the AICc

difference (Δi), i.e., the difference between a model’s AICc

value and the lowest AICc value in the set of candidates.
Values of Δi allow ranking of the candidate models; smaller
values reflect a higher likelihood that a model is the best mod-
el, given the data. We used Δi values to calculate Akaike
weights (wi) for each model. The Akaike weights of the
models in a candidate set sum to 1; the statistic provides a
measure of the probability that a model is the best approxi-
mating model in a candidate set. We also calculated the ratio
of eachmodel’s Akaike weight to the weight of the best model
in a candidate set. This ratio, known as the evidence ratio,
provides another tool for assessing the relative likelihood of
each model in a set to be the best approximating model.

We also assessed the relative importance of each predictor
that appeared in the model set. To do so, for each predictor, we
summed Akaike weights across the subset of candidate
models that contained the predictor (each predictor appeared
in eight different models). Higher sums indicate a more im-
portant predictor. In addition, because our model selection
procedure assessed the relative fit of alternative models but
did not reveal information about their absolute fit, we estimat-
ed goodness-of-fit for each of our best models by calculating
R2

GLMM(m) (marginal R2) and R2
GLMM(c) (conditional R

2)
using the method developed by Nakagawa and Schielzeth
(2013). Marginal R2 estimates the proportion of variance ex-
plained by the fixed effects; conditional R2 estimates the pro-
portion of variance explained by the fixed and random effects
together. R2 values were estimated with the R packageMuMIn
(Bartoń 2013).

Because our model selection procedure did not reveal a
single unequivocally best model in any of our candidate sets
(see Results), we derived parameter estimates by averaging
across the most plausible models in each set. We calculated
these weighted-average parameter estimates as Bnatural^ av-
erages (see Burnham and Anderson 2002, p. 152). For each
model-averaged parameter estimate, we also estimated uncon-
ditional confidence intervals, which account for both uncer-
tainty associated with parameter estimation and uncertainty
associated with model selection. Model-averaged parameter
estimates and unconditional confidence intervals were esti-
mated with AICcmodavg.
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Repeatability

To assess whether song traits were persistent characteristics of
individuals or were more plastic, we assessed within-year re-
peatability for each song variable, i.e., the proportion the var-
iation in our measurements that is attributable to variation
among individuals. We estimated repeatability as the
intraclass correlation coefficient. Intraclass correlation coeffi-
cients and confidence intervals were calculated with the R
package ICC (Wolak et al. 2012), which estimates these quan-
tities using variance components from a one-way ANOVA.

Results

Our assessment of empirical support for our candidate models
suggests that, for first category songs, first-egg date is best
predicted by a model that includes singing rate, song perfor-
mance consistency, and song frequency (Table 3). Performance
consistency is also in important predictor of first-egg date for
second category songs, along with song structure (Table 4).

First category songs

For first category songs, two models had reasonably high
likelihoods of being the best approximating model in the can-
didate set. A model containing singing rate, song performance
consistency, and song frequency as fixed effects proved most
likely to be the best model, and the same model but with
consistency excluded was about two thirds as likely. These
two models together had a combined probability of about
0.85 of being the best model. All other candidate models were
at least ten times more poorly supported by the data than was
the top-ranked model (see Table 3). The summed Akaike
weights for all candidate models suggest that singing rate

and song frequency are the most important predictors, that
performance consistency is somewhat less important, and that
song structure is not an important predictor (Table 5). Margin-
al R2 for the model containing singing rate, frequency, and
consistency was 0.37, and the conditional R2 was 0.52.

The signs of estimated coefficients averaged over the two
best-supported models indicate that the social mates of males
with faster singing rates (smaller intersong intervals), more
consistent singing, and lower-frequency songs laid eggs earli-
er (Table 6, Fig. 2a). The 95 % confidence intervals of the
estimated coefficients suggest that the precision of the esti-
mates is not especially high, but that the estimated coefficients
would be expected to retain their signs in a large majority of
replicate samples (i.e., we are more confident in the direction
of the effects than in our estimates of their magnitude). Over-
all, the data for first category songs seem to provide strong
empirical support for the hypothesis that some variation in
first-egg date is predicted by a combination of singing rate,
song frequency, and song performance consistency.

Second category songs, daytime singing

For second category songs sung after the dawn bout, one
model in the candidate set had reasonably strong support,

Table 3 Model selection statistics for a set of candidate models with
predictor variables measured from prairie warbler first category songs

Candidate models k Δi wi ER

Rate + consist + freq 6 0 0.527 1.0

Rate + freq 5 0.95 0.327 1.6

Rate + consist + freq
+ struc

7 4.90 0.045 11.6

Rate + perf + freq 6 5.54 0.033 16.0

Freq 4 6.74 0.018 29.1

Consist + freq 5 7.14 0.015 35.5

First-egg date is the dependent variable. Statistics shown include the
number of parameters estimated (k), AICc difference (Δi), Akaike weight
(wi), and evidence ratio (ER). Only models with evidence ratios lower
than 40 are shown. For this set of models, lowest AICc=260.45

Consist consistency, freq frequency, perf performance, struc structure

Table 4 Model selection statistics for a set of candidate models with
predictor variables measured from prairie warbler second category songs
uttered after the dawn bout

Candidate models k Δi wi ER

Consist + structure 6 0 0.533 1.0

Consist 4 2.01 0.195 2.7

Structure 5 3.10 0.113 4.7

Rate 4 5.91 0.028 19.2

Rate + consist 5 6.07 0.026 26.1

Rate + consist + structure 7 6.52 0.020 27.8

First-egg date is the dependent variable. Statistics shown include number
of parameters estimated (k), AICc difference (Δi), Akaike weight (wi),
and evidence ratio (ER). Only models with evidence ratios lower than 40
are shown. For this set of models, lowest AICc=173.83

Consist consistency

Table 5 Summed Akaike weights for all candidate models containing
each variable type

Daytime first
category

Daytime second
category

Singing rate 0.956 0.093

Consistency 0.604 0.821

Structure 0.095 0.713

Frequency 0.974 0.084

Sums are shown for two sets of models: first category songs and second
category songs uttered after the dawn bout
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and two models had weaker but non-negligible support (see
Table 4). A model containing song performance consistency
and song structure (duration of songs and elements) had a 0.53
probability of being the best model, and two subsets of that
model, consistency only and structure only, were about one
third and one fifth as well supported, respectively. The com-
bined probability of the three top-ranked models was 0.84. All
other candidate models had only weak or negligible support
(evidence ratios of 19 or higher). Akaike weights summed
across all candidate models indicated that consistency and
structure are important predictors, but singing rate and song
frequency are not (see Table 5). Marginal R2 for the model
containing consistency and song structure was 0.34, and the
conditional R2 was 0.57.

As with first category songs, the signs of the model-
averaged estimated coefficients (in this case averaged over
three models) indicate that more consistent singing of daytime
second category songs was associated with earlier first-egg
dates (see Table 6, Fig. 2b). In addition, earlier first-egg dates
were associated with longer songs and lower element rates
(i.e., longer elements). Confidence intervals for the estimated
coefficients again indicate limited estimation precision, but
suggest that most replicate samples would result in estimated
coefficients of unchanged sign. Overall, the data for daytime
second category songs provide the most support for the hy-
pothesis that first-egg date is best predicted by a combination
of consistency and structure, but models that included only
one of those variables were also, though considerably more
weakly, supported.

Second category songs, dawn bout

Model ranks for second category songs uttered during the
dawn bout were similar to those for second category songs

sung later in the day. However, the absolute fit of even the
best-supported model was poor (marginal R2=0.06, condi-
tional R2=0.17). In addition, the 95 % confidence intervals
of the estimated coefficients were much wider than for the
other models and included zero. The comparatively poor fit
and imprecise estimation of the dawn bout models suggest
that the association between singing and first-egg date was
weaker for dawn singing than for daytime singing, or perhaps
that, for the dawn bout, the set of candidate models did not
include a good approximation of the Btrue^ model. In any
case, our results for dawn songs seem inadequate to support
inferences about the role of the dawn bout in social mate
choice, so we do not consider them further.

Repeatability

Repeatability estimates revealed that, for the song variables
included in the best-supported models for daytime singing,
except for singing rate, the majority of observed variation

Table 6 Fixed effect estimates averaged across the most plausible
models from each of two sets of candidate models

Variable Coefficient Unconditional 95 % CI

Lower Upper

Daytime first category songs (N=51 birds)

Intersong interval (s) 0.72 0.28 1.16

Consistency −2.50 −4.96 −0.05
Lowest frequency (kHz) 1.38 0.58 2.19

Daytime second category songs (N=28 birds)

Consistency −2.64 −5.03 −0.25
Duration (s) −4.54 −8.30 −0.79
Element rate (elem/s) 3.18 0.48 5.87

Two models were averaged for first category songs and three models for
second category songs. First-egg date was the dependent variable. Each
model also estimated variance components for a random effect (habitat
type) not shown here

Fig. 2 Scatterplots of observed values of song performance consistency
versus first-egg date for a first category songs and b daytime second
category songs overlaid with partial plots of the conditional effect of
consistency, as estimated by linear mixed effects models. Consistency is
the only predictor variable that appeared in the best models for both song
categories
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was due to variation among individuals (all R>0.6; Table 7).
Thus, comparatively little variation was due to variation
across different song bouts within individuals (which includes
both individual plasticity and measurement error). For singing
rate, however, repeatability was considerably lower than it
was for the other variables (R=0.18). For all variables, repeat-
ability was higher for dawn songs than for daytime songs (see
Table 7).

Discussion

Our analysis of prairie warbler singing showed that first-egg
date, serving as a proxy for female social mate choice, was
best predicted by models that included multiple types of song
performance indicator. In particular, the best-performing
models for first category songs included singing rate, perfor-
mance consistency, and song frequency, and for second cate-
gory songs included both consistency and aspects of song
structure. This finding is consistent with the hypothesis that
female prairie warblers prefer to mate with males that can
maximize multiple dimensions of song performance simulta-
neously and is also consistent with the hypothesis that such
males gain an advantage in contests for territories that attract
females. Perhaps listening prairie warblers are sufficiently
impressed by the neuromuscular skill required for consistent
singing only if consistency is achieved while simultaneously
meeting the demands of singing rapidly at low pitch (when

singing first category songs) or singing longer songs with
longer elements (when singing second category songs).

Although our correlative models do not allow us to reliably
distinguish effects attributable to female preference for particu-
lar males from those attributable to the outcome of male-male
competition, we speculate that a distinction between these two
causal mechanisms may help explain why our results differed
somewhat between first and second category songs. As de-
scribed earlier, observational and experimental evidence sug-
gests that the first category songs of wood warblers function in
mate attraction, whereas second category songs are associated
with aggression (see references in the BIntroduction^). Thus,
good performance of first category songs may appeal directly
to females, while good performance of second category songs
attracts females indirectly, by assisting in acquisition of a supe-
rior territory. The particular aspects of performance that are
most important may differ between the two communicative
functions. However, determining if and how variation in song
performance influences the behavior of male and female re-
ceivers will require further investigation.

Constancy of trait expression

A listener can reliably discriminate among males on the basis
of song performance traits, and the traits can respond to the
resulting selection, only if the traits are constant features of
individual males (Boake 1989). This condition appears to be
met for most of the performance traits identified as important
in our models, almost all of which had relatively high repeat-
ability. Singing rate of daytime songs, however, had low re-
peatability, a not unexpected finding given that singing rate in
many species is known to vary with context, for example, with
breeding stage or time of day (e.g., Pinxten and Eens 1998;
Amrhein et al. 2004; Foote and Barber 2009). However, our
finding that song rate is much more repeatable when observa-
tions are restricted to a particular context (i.e., the dawn bout;
see Table 7) suggests the possibility that singers differ reliably
in singing rate if the listener is able to adjust for context. Such
an effect would help explain why our model for first category
songs detected an effect of differences among males in aver-
age singing rate, despite the large amount of variability around
the average.

Signal honesty

As Prum (2010, 2012) points out, robust theory (Lande 1981;
Kirkpatrick 1982) suggests that female preference for vigor-
ous, skillful performances can in principle evolve even if the
performance reveals no information about the performer’s
likelihood of providing direct or indirect benefits to females.
Nonetheless, investigations of female preferences for perfor-
mance tend to be informed by the proposition that the signal
value of performance arises from its potential to accurately

Table 7 Repeatability, estimated as the intraclass correlation
coefficient (R), of song variables retained in the models that best
predicted first-egg date for daytime songs, with values for dawn song
shown for comparison

Variable R 95 % CI

Lower Upper

Day 1 songs (N=55 birds, mean k=6.7 samples/bird)

Intersong interval (s) 0.18 0.09 0.27

Consistency 0.61 0.45 0.76

Lowest frequency (kHz) 0.68 0.53 0.83

Element rate (elem/s) 0.82 0.74 0.90

Duration 0.68 0.54 0.82

Dawn songs (N=28 birds, mean k=7.0 samples/bird)

Intersong interval (s) 0.60 0.41 0.78

Consistency 0.72 0.55 0.89

Lowest frequency (Hz) 0.82 0.72 0.92

Element rate (elem/s) 0.92 0.91 0.93

Duration (s) 0.79 0.67 0.91

N for repeatability is slightly larger than for the main models due to
inclusion of birds for which we had adequate song samples but no nesting
data
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expose differences in the quality of signalers, by revealing
differences in their ability to perform physically challenging
motor tasks. Are the aspects of song performance that predict
first-egg date demanding enough to reveal underlying differ-
ences among singers?

Because song production in oscines can require extraor-
dinarily precise, high-speed neuromuscular coordination
(Suthers 2004; Elemans et al. 2008; Suthers et al. 2012), it
is intuitively plausible that performance of many aspects of
songs would be constrained by the difficulty of the under-
lying motor tasks. Empirical evidence in support of this
intuition, however, is relatively sparse. Among the aspects
of performance that our models suggest are correlated with
first-egg date, most of the relevant published evidence is
related to singing rate and, to a lesser extent, singing
consistency.

With respect to the question of whether rapid or abundant
singing is constrained by physiological limits, the overall ev-
idence is ambiguous. Laboratory studies of oxygen consump-
tion by singing birds have generally shown only a small met-
abolic cost of singing (summarized inWard et al. 2004). How-
ever, other evidence suggests that the metabolic cost of
sustained singing under natural conditions may be higher
(Ward and Slater 2005). For example, a field study of great
reed warblers (Acrocephalus arundinaceus) found that high
singing rates were associated with substantially elevated met-
abolic rates (Hasselquist and Bensch 2008). In addition, there
is evidence that free-living birds with higher singing rates lose
mass more quickly or gain it more slowly (Thomas 2002;
Thomas et al. 2003); that birds experimentally induced to
mount a costly immune response reduce their singing rate
(Owen-Ashley et al. 2006; Munoz et al. 2010); and that
restricting energy intake reduces singing rate (e.g., Ritschard
and Brumm 2012) whereas supplementing food increases it
(e.g., Berg et al. 2005; Grava et al. 2009). These findings
suggest that song output and singing rate can in at least some
circumstances depend on the vigor and condition of the singer,
but a conclusive demonstration that singing rapidly is physi-
cally demanding remains elusive.

Fewer studies have examined the hypothesis that it is phys-
ically challenging to sing songs that do not vary in form,
duration, pitch, or timing (cadence) across renditions, such
that a singer’s degree of consistency in singing might reveal
its physical capabilities. Some evidence in support of this
proposition comes from studies of singing by birds whose
condition had been experimentally worsened. For example,
the singing consistency of male white-crowned sparrows
(Zonotrichia leucophrys) decreased after the birds were infect-
ed with apicomplexan parasites (Gilman et al. 2007), and
singing consistency was likewise reduced in male canaries
(Serinus canaria) subjected to infestation by ticks (Müller
et al. 2013). A few studies have found that singing consistency
increases with age (Botero et al. 2009; de Kort et al. 2009;

Rivera-Gutierrez et al. 2010), suggesting that female listeners
could evaluate consistency to choose older males.

If the song performance traits that we identified as influenc-
ing social mate choice are in fact honest indicators of male
traits that benefit their mates, then song characteristics that
increase performance difficulty would enhance the ability of
females to distinguish males with the best performance ability.
The benefits of this increased ability to discriminate could
result in selection favoring acoustically complex signals. Such
selection may be one of the factors responsible for the struc-
tural complexity of prairie warbler songs and, by extension,
those of other oscine species.
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