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To understand the implications of geographic variation in vocal culture in songbirds,
researchers have often compared territorial responses to playback of local songs versus
responses to playback of songs from ‘foreign’ conspecifics. This body of work has the potential
to help us move towards a general understanding of factors driving divergence in signal
recognition. We conducted a systematic review and meta-analysis of 57 playback studies to
explain variation in strength of response to local versus foreign songs. Studies with incomplete
reporting of results had elevated effects due to selective reporting. Studies that used small
numbers of stimuli as exemplars (pseudoreplication) had more variable effects than studies
without severe pseudoreplication. Whether or not we controlled for pseudoreplication, we
found greater response to playback of local song than to foreign song. In investigating potential
biological drivers of the variation in strength of experimental effects, we found that the
difference in territorial response to local versus foreign song was stronger if the foreign song
was recorded from another subspecies than if the foreign song was recorded from the same
subspecies as the focal individuals. Indices of risk of accidental response to heterospecific song
did not coherently explain response to foreign conspecific songs, nor did factors expected to
influence individual experience with foreign conspecific songs. Thus, although oscine songbirds
clearly react more aggressively to local song than to foreign song and variation in the strength
of this effect is influenced by methodological choices and sub-species status, considerable
variation in the strength of response to local versus foreign song playback remains to be
explained.
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Understanding the factors influencing receiver response to conspecific signals has long been a
major part of behavioural research (Wiley 1983). Response to conspecific signals is especially
interesting when these signals differ geographically (e.g., Danner et al. 2011; Searcy and
Andersson 1986). Geographic variation in vocal signals is common and is often particularly
striking in the oscine songbirds thanks to learning from local conspecifics (Beecher and
Brenowitz 2005). In songbirds, receiver responses to geographically variable vocal signals have
been studied for decades with song playback experiments in which focal territorial individuals
are played either local or foreign song. In such playback experiments, it seems that the most
common result is for the territorial individual to respond more strongly to playback of the local
song than to playback of the foreign song (e.g., Bradley et al. 2013; Lemon 1967; McGregor
1983; Podos 2007), though this has never been quantified. However, these playback
experiments (Appendix 1) reveal substantial variability in response to foreign and local song as
measured in hundreds of statistical tests from dozens of species and populations studied
around the world (Parker et al. 2018). Thus, these experiments are an excellent resource for
seeking to understand variability in response to geographically divergent signals. Explanations
for this variability might plausibly come from a combination of evolutionary and developmental
processes and from methodological differences among studies.

One possible explanation for variable response to foreign playback is rooted in signalling
theory, which predicts that receivers should evolve to respond to signallers with whom they
interact and whose signals convey relevant information while simultaneously avoiding response
to irrelevant signallers with whom they do not interact (Wiley 1994). Relevant interactions
often involve mate attraction or competition with conspecifics, so an important axis of
discrimination will be between conspecifics and heterospecifics (Amézquita et al. 2011). Any
receiver can be imagined to have a degree of permissiveness for what it will consider relevant
in any given context, and with respect to recognizing mates and competitors we can think of
this permissiveness as a “window of recognition” (Hudson and Price 2014). The boundaries of
the window of recognition for conspecifics should depend in part on the acoustic environment
created by the singing of heterospecifics. Most songbirds probably face selection to avoid
responding to heterospecific songs without reducing response to conspecifics (e.g., Shizuka
2014) as appears to be the case in other taxa (Amézquita et al. 2011; Symes 2014). This
selection may be stronger in the presence of more species or of more closely-related species
(Hamao 2016). Thus, selection to discriminate between conspecific and heterospecific song
might plausibly narrow the window of conspecific recognition and thus as a by-product reduce
response to foreign conspecific song.

Although this variation in the signalling environment may drive the evolution of divergent
patterns of discrimination against foreign conspecific song, variation in song discrimination
could also emerge as a plastic developmental response to individual experience. For instance,
interaction with individuals from other conspecific vocal cultures could serve to broaden what
is recognized as a conspecific song (Wright and Dorin 2001). Such interactions could occur in
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any number of scenarios, but might be more likely in migratory populations or in populations in
which individuals often disperse across cultural boundaries or gradients (Colbeck et al. 2010).

Another possibility is that evolutionary divergence of populations leads to divergent signals and
divergent signal-recognition. This hypothesis seems likely to be true especially given that even
naive juveniles may preferentially learn songs of their own subspecies over conspecific song
from other subspecies (Nelson 2000). Stronger response to song from the local subspecies has
received some support (Alstrom and Olsson 1999; Petrinovich 1981; Turcokova et al. 2011), but
is sometimes contradicted (Tietze et al. 2012). However, divergence of response to song has
itself been used as evidence of evolutionary divergence (Freeman and Montgomery 2017;
Randler et al. 2012).

Although biological hypotheses may explain variability in response to foreign and local songs, it
is also likely that various methodological differences among playback studies have influenced
the distribution of published effects. Of particular interest in playback studies is the effect of
pseudoreplication of song stimuli, in which a relatively small number of distinct stimuli are used
in a larger number of trials. When the number of stimuli is smaller than that number of
otherwise independent trials, trials with the same stimulus are not true independent replicates
(Kroodsma 1989). This form of pseudoreplication has become less common since it was first
identified in the song playback literature (Kroodsma et al. 2001), but it characterizes nearly all
of the early song playback literature and some more recent papers as well (Fig S1). One way to
think about the problem with this sort of pseudoreplication is that as the number of stimuli
declines, the probability that the chosen stimuli reliably represent the distribution of stimuli in
the population from which they are drawn also declines. In the extreme case, it is easy to see
that a single recording of a single individual might tend to induce a weaker or a stronger
response in playback trials than the average response from a series of stimuli recorded from
multiple individuals. In other words, pseudoreplicated studies should produce more variable
and thus less reliable results than those from studies in which different stimuli were used for
each trial. However, this hypothesis has never been tested empirically.

We used meta-analysis of published studies (Appendix 1) of response to playback by oscine
birds to assess several hypotheses about the determinants of signal recognition. Before testing
our primary biological hypotheses, we tested several hypotheses that might explain variation in
effect size as a function of the methods of the original study, including whether or not the
original study suffered from pseudoreplication. We explored three potential biological
explanations for variation in effect size. Our first such hypotheses was that the risk of
accidentally responding to heterospecifics drives increased discrimination against foreign
conspecifics. If this mechanism were operating, then we expected greater difference in
response (i.e. reduced response to foreign song relative to local song) at sites with congeners or
confamilials present, or at sites expected to have higher songbird species diversity overall. Our
second biological hypothesis was that individual experience drives discrimination, either due to
direct experience with particular songs or experience with a diversity of conspecific song types.
If this mechanism were operating, then we expected birds that move longer distances during
their lifetime to be more likely to respond to foreign songs than more sedentary birds, birds
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being played foreign songs from nearby dialects to respond more strongly to those songs than
those hearing songs recorded at much greater distances, and birds that are physically isolated
from the foreign song by geographic barriers to respond less strongly to foreign songs than
birds separated from foreign song by occupied habitat. Our final hypothesis was that
evolutionary divergence drives song discrimination. In this scenario we expected stronger
differences in response between foreign song from different sub-species and local song than
between foreign song from within the same subspecies and local song.

METHODS
Locating and screening primary studies

We conducted a systematic review of studies in which the response of wild territorial oscine
birds to playback of recorded song on their territory was assessed using the playback of local
songs and the playback of foreign songs. To locate studies, we searched the complete Web of
Science database (year 1900 to present) with the following search terms [play*back* (song* or
sing*)] on 20 September 2016 which produced 1521 records, and on 27 September 2016
[dialect recogn* bird*] which produced 78 records, [geograph* recogn* vocal*] which
produced 127 records, [dialect* (song™ or sing*) foreign*] which produced 26 records, and
[dialect* (song™ or sing*) local] which produced 145 records for a total of 1748 unique records
(Fig. S2). We examined each title and rejected all papers that were obviously not applicable, for
instance because study subject was not an oscine songbird or because the stated topic differed
dramatically from playback of song in the wild. At this first stage, we read the abstracts of all
papers not rejected based on their title and again filtered out papers that were obviously
unsuitable. This left us with 128 studies. We then examined the full text versions of papers
themselves to determine suitability for our analysis. Finally, for each of the 44 papers that were
judged suitable for our analysis, we read its literature cited and identified any potentially
relevant papers that had not been identified in our Web of Science search. This turned up an
additional 27 papers, 19 of which were suitable for inclusion in our analysis. From the 63
eligible studies, we identified 499 relevant statistical effects from 148 experiments. However,
some studies that reported results from experiments that met our criteria unfortunately did not
report results in sufficient detail from one or more statistical tests to allow for inclusion of
those tests in our analyses. In these cases, we sought to contact the author via email to request
the missing information. Some authors we could not locate, but we contacted 15 authors and
received additional information from 7 of these authors. In total, we had to exclude 120
incompletely reported statistical effects from 31 experiments reported in 14 papers because we
could not obtain sufficient information from the authors. Our final sample size was 379 usable
statistical effects from 130 experiments and 57 published studies of 44 species (Fig S2, a
PRISMA [Moher et al. 2009] style diagram; see also Appendix 1).

We only included studies in which the focal birds receiving the playback were defending a
territory. In part because most of the studies we located were from North Temperate species,
in most of the studied species the males are the primary singers and the males respond most
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aggressively to playback. However, we also included studies of species in which both sexes sing
and in which both sexes join in territory defence.

Amongst studies that evaluated avian responses to playback of foreign and local song, we
further constrained inclusion in our analysis in an attempt to create a relatively homogeneous
body of work from which to draw conclusions. First, although we initially gathered some papers
from non-oscine birds, prior to completing data gathering we decided to limit the study to
oscine songbirds because most song playback research has been conducted on members of this
large group and because we expected that song learning and song function are likely most
similar within this monophyletic group. We also limited our analysis to studies of responses to
conspecific songs, though we included studies in which the foreign song recordings were either
within or across subspecies. We did not consider studies of response to heterospecifics because
if selection fairly consistently acts against response to heterospecifics, such studies would
complicate our efforts to determine the factors that limit song recognition within conspecifics.
Further, we would still face the decision of deciding which heterspecific song playback was
acceptable (within genus, within family, any oscine?), and so we opted for the clear and
justified choice of limiting our analyses to within-species songs. We used the most up-to-date
taxonomic classification, so if an original study reported a foreign song as coming from a
different subspecies, but the taxa had since been classified as separate species, we excluded
the study. However, some studies used playback response as evidence to determine whether a
taxon should be considered a separate species, or just a separate subspecies. In this scenario
the strength of response in a playback trial could determine whether that trial was included in
our analysis because a weak response could lead the author to classify the two populations as
separate species, thus excluding the result from our analysis, whereas a strong response could
lead to their classification as conspecific, therefore leading to inclusion in our analysis. This
would bias our sample against studies that found weak response to foreign playback recordings
when those recordings were from other subspecies. To minimize this problem, we only used
papers seeking to determine if taxa were separate species (or separate sub-species) if those
papers based their conclusion regarding taxonomic status primarily on non-song evidence.
Several studies used hybrid recordings which combined components of local and foreign songs
in an effort to identify the components of the song that most effectively promoted differential
response. We excluded these experiments because of the impossibility of determining, a priori,
whether such a song could have been perceived as local or foreign. We also excluded the two
cases where individuals of the studied species were likely not defending territories (as
individuals, pairs, or cooperative groups). Further, we excluded a study in which playback trials
involved taxidermic mounts that differed in plumage such that song differences were
confounded by plumage patterns. If a study used identical taxidermic mounts in both local and
foreign playback, we retained the study for our analyses.

Not all studies comparing response to foreign versus local song used local songs that met our
criteria. We excluded studies in which the ‘local’ song was recorded at a spatial scale
dramatically larger than an individual bird was likely to regularly encounter while territorial
during the breeding season. In practice, studies either recorded their ‘local’ stimulus songs from
within or close to their study site, or from a much broader region, often extending up to 100’s
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of km from the site of the playback, sometimes without providing evidence for dialect
constancy at that scale. In many species, geographic variation in song is substantial over much
smaller spatial scales, and so we wanted to reduce the chance of including trials in which both
treatments were perceived as foreign by the focal individual. We recognize that some species
exhibit dialects that appear to be relatively uniform across 100’s of km, and it may be
biologically plausible to consider such distant songs to be ‘local’ in some species. However, we
excluded all cases in which some or all ‘local’ songs were recorded >100 km from the playback
site (or where we could not exclude this possibility) in the interests of adopting a consistent
decision rule and avoiding judgments for which we often lacked sufficient empirical basis (for
details of excluded studies, see Parker et al. 2018). We also excluded studies in which the ‘local’
song recording was taken from an adjacent neighbour, as there is a well-demonstrated
tendency for reduced aggression towards playback of known-neighbour song, presumably due
to the ‘dear-enemy’ effect (Brooks and Falls 1975; Godard 1993; Hyman 2005; Wei et al. 2011;
Wilson and Vehrencamp 2001).

We relied on a variety of reported statistical information to derive standard effect sizes from
primary studies for use in our meta-analysis. If treatment means and associated standard
deviations (or standard errors) were reported, we used this information to calculate Hedge’s d.
However, because many studies did not include means, we chose to convert all effects,
including Hedge’s D, to Fisher’s Z transformation of the correlation coefficient. In the absence
of means or a reported correlation coefficient (r), we used test statistics (F, t, x*) and standard
conversion formulae (Rosenberg et al. 2013). If these were unavailable, we used p-values by
first converting p to the standard normal deviate (Z score, using the function gnorm in R), then
to the correlation coefficient (r). Some papers included means and standard deviation or
standard error only in figures, and in these cases, we used the program WebPlotDigitizer (3.5)
to extract values from figures (Rohatgi 2017). In several other papers, the only usable
information was in the form of counts of responses to different treatments. In these cases, we
conducted Fisher’s Exact tests in R (using the function fisher.test in R) to generate p-values for
conversion to Fisher’s Z. We provide details of the derivation of each effect size in our archived
data (Parker et al. 2018).

Analyses

We analysed data with R version 3.4.2 (R_Core_Team 2017). All R code is publicly archived
(Parker et al. 2018). We conducted meta-analysis with the metafor (version 1.9.9) package
(Viechtbauer 2010). We conducted our test for publication bias with the MCMCglmm (version
2.24) package (Hadfield 2010; Hadfield and Nakagawa 2010) to implement Bayesian generalized
linear mixed models using Markov chain Monte Carlo methods (e.g. Horvathova et al. 2012).

In meta-analysis, individual effects are weighted according to the sample size from which they
were derived. Calculations are designed so that studies based on larger samples more strongly
influence the meta-analytic average because as sample sizes increase, effects should converge
on the true population value (Gurevitch and Hedges 1999). When standardizing effects as



277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320

Fisher’s transformation of the correlation coefficient (Zr) as we did, effects are weighted by an
inverse function of the corresponding variance (Vz) which is a function of sample size ((Vz =
1/(n-3), where n = the sample size of the study). Determining sample size is typically
straightforward unless authors have failed to report sufficient information. However, in some
cases non-independence in the designs of primary studies can create ambiguity (Noble et al.
2017). In most playback studies we located, researchers used the number of trials as the
sample size, or depending on study design, the number of focal individuals receiving playback.
However, many of the studies in our data set used recordings of relatively few individuals as the
stimuli across multiple trials. In the extreme cases, which are common in our data set, a single
recording of a single individual was used to represent all foreign songs, and a single recording of
a single individual was used to represent all local songs. As we describe in the introduction, if
the number of stimuli is smaller than that number of otherwise independent trials, the trials
sharing an identical stimulus are not independent replicates, thus creating a form of
pseudoreplication (Kroodsma 1989; Kroodsma et al. 2001).

We wished to understand the effects of this pseudoreplication on the conclusions of published
studies and on our ability to draw conclusions from meta-analysis. If psuedoreplication acts as
theory predicts by overestimating the degree to which the set of stimuli represents the
population of available stimuli, all else being equal, we should observe greater variation among
effect sizes from pseudoreplicated studies than among effect sizes from studies in which
different stimuli were used for each trial. To test this prediction, we first classified each effect
as being derived from an experiment that was (1) not pseudoreplicated (typically a different
stimulus for each trial), or (2) moderately pseudoreplicated (number of stimuli >25% of the
number of otherwise independent trials), or (3) severely pseudoreplication (number of stimuli
no more than 25% of the number of otherwise independent trials). We then compared the
degree of variability in effect size among these three categories using an F-test test to compare
variances between two groups (using the function var.test in R). Finally, to further understand
the effects of pseudoreplication on the reliability of studies and on our ability to draw
conclusions from meta-analytic synthesis of these studies, we performed a sensitivity analysis
(Noble et al. 2017) by conducting our meta-analyses in three different ways. In the first, we
used the number of independent trials (ignoring non-independence of stimuli) as sample size,
in the second we used the number of independent stimuli as sample size, and in the third, we
used the number of trials but we excluded effects from severely pseudoreplicated studies. In
the second case, multiple studies used <4 independent stimuli. Since Vz = 1/n-3, n must be >3
to calculate Vz. To generate a Vz value for these cases where n < 4, we assigned an n = 4. This
produces the maximum possible Vz value (1). If pseudoreplication introduces substantial
variance into playback experiments, we expected that a meta-analysis using sample sizes based
on number of trials would show less convincing effects of moderator variables than our other
two forms of analyses which account for pseudoreplication.

We conducted all of the remaining analyses three times; once in each of the three data sets
(trials = n, stimuli = n, no severe pseudoreplication). We first estimated the overall average
strength of the difference between responses to local versus foreign song. In all tests at this
stage and the later stages of analyses, we included study identity and experiment identity
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nested within study as random effects to account for non-independence of effects within
experiments and studies. These random effects do not account for non-independence arising
from different measurements taken in the same experiment (e.g. response song rate and
approach distance; see Noble et al. 2017). Thus, we modelled this correlated structure as a
covariance matrix which also included sampling error variance (i.e., Vz); we set the correlation
among response measurements as 0.5 (justification for this method presented in Noble et al.
2017). We also accounted for phylogenetic non-independence as a random effect in all analyses
regardless of whether we detected phylogenetic structure in effect size. We used an ultrametric
phylogenetic tree obtained from Jetz et al. (2012; http://birdtree.org/; Fig S3) using an Ericson
backbone. We converted this ultrametric phylogenetic tree into a correlation matrix which was
fitted to the rma.mv function in metafor.

With this basic model, we also estimated the overall heterogeneity (/?), which is typically
considered the proportion of total heterogeneity attributable to variance among studies
(Rosenberg 2013). However, because the ratio assumes constant variance within studies which
is not reasonable when sample sizes vary, I” might be better interpreted as an indicator of
inconsistency in effect sizes among studies (Borenstein et al. 2009). Besides an overall estimate
of /2 for each of our three data sets, we also partitioned /> among the random effects to
determine the extent to which inconsistencies among effect sizes could be attributable to
particular sources of variance. For these analyses, we included not only the two random effects
described in the previous paragraph, but also a third random effect that we selected for
inclusion in tests of our main biological hypotheses (see following two paragraphs, also results).
This additional random effect was response variable type (Table 1).

Next, we sought to identify any factors or covariates that might explain variation in effect size
but that do not directly relate to our three primary biological hypotheses. Any of these
secondary covariates or factors that explained a likely biologically meaningful portion of the
variance in effect we retained to include in all subsequent models testing our primary
hypotheses. The secondary variables we examined included (1) response variable type (Table
1), (2) whether all effects from a study were reported in sufficient detail for inclusion in meta-
analysis, (3) the degree to which foreign song appeared distinct from local song to human
observers, and (4) the repertoire size category of individuals within the population.

We tested for an effect of response variable type because different studies quantified the
aggressive response of territorial birds to playback of conspecific song in different ways. Most
of these response measurements could be readily classified into one of several categories
(Table 1). The most common measurements dealt either with the approach to the speaker or
with singing behaviour. Approach measurements assumed that closer or more rapid
approaches to the speaker meant greater aggression, and the song measurements were
typically based on the assumption that more song meant greater aggression. The number of
flights and the number of non-song (‘call’) vocalizations were two other categories of response.
Some studies simply noted whether the observer concluded the bird responded, and a sizable
number of studies sought to summarize multiple response variables across the above
categories by generating some sort of composite score, often with the use of principal
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component analysis. We had a strong a priori expectation that, at least in some systems, not all
categories of response convey the same information. For instance, in some species individuals
reduce song rate in response to playback and instead increase flights and approach the speaker
(Parra et al. 2017). Thus it may be that song rate is a less reliable measure of aggressive
response to playback than approach to speaker.

For our purposes, full reporting of results meant that both the strength and direction of every
reported statistical effect could be derived from reported statistical information The relevance
of full reporting of all effects lies in the observation that when a portion of results is not fully
reported, those under-reported results are often a biased subset and tend to be from weaker,
non-significant tests (Parker 2013; Parker et al. 2016). Thus the reported effects in these studies
with incomplete reporting should be an upward biased subset, and controlling for this effect
should help us detect any other patterns among these effect sizes. We describe our assessment
of other forms of publication bias later in this section.

Although most studies in this data set examined systems in which foreign songs were readily
distinguishable from local songs by human observers, this was not true of all studies. We
classified each pair of studied populations as having a degree of distinctiveness between songs
that was (a) weak or apparently absent (n= 14 effects), (b) moderate (n = 89 effects), or (c)
strong (n = 276 effects). In most cases, we based our classifications on statements or statistical
tests from the published study in question. Systems we classified as being strongly distinctive
were those in which a human observer could reliably classify songs according to population of
origin (for instance, if a paper reported ‘distinct dialects’), or a statistical method, such as
discriminant function analysis, classified the vast majority (> 95%) of songs correctly. We
classified distinctiveness as ‘moderate’ if there appeared to be substantial overlap in the
distributions of measured song traits between populations or if statistical classifications made
mistakes > 5% of the time. When authors reported no evident distinction between populations,
or reported that differences were difficult to detect, we classified this as a case of “weak or no”
distinctiveness. This classification was subjective in some cases, but it allowed us to test for,
and then if needed control for, a relationship between effect size and distinctiveness of local
from foreign song. We report the basis for each classification in our archived data (Parker et al.
2018).

Individual repertoire size varies substantially among species, and differences in repertoire size
could plausibly influence how individuals respond to different versions of conspecific song. We
do not have a strong a priori hypothesis linking average individual repertoire size to variation in
response to foreign song, but we tested for an effect here to reduce the chance that we were
overlooking an important source of variation that should be controlled in later analyses. For this
exploratory analysis, we classified individual repertoires into three categories, ‘one song’ in
which most individuals produce a single song type (n = 279 effects), ‘small repertoires’ in which
most individuals sing two or three song types (n = 47 effects), and ‘large repertoires’ in which
most individuals sing four or more song types (n = 53 effects).

10
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We made decisions regarding the inclusion of the four secondary variables described above
prior to conducting our later stages of analyses. For each secondary variable, we considered the
strength of our a priori expectation of an effect, as well as the observed effect sizes and the p-
values across all three of our approaches to accounting for pseudoreplication. We then decided
upon a single set of secondary variables that we would include in tests of all three biological
hypotheses with all three approaches to account for pseudoreplication.

Before going on to discuss the tests of our biological hypotheses, we note here that besides
testing for effects of incomplete reporting on effect sizes as described above, we also assessed
the extent to which publication bias was likely to have influenced the results of our meta-
analysis in two other ways. We used Nakagawa and Santos’s (2012) modification of ‘Egger’s
regression’, which detects asymmetry in funnel plots (Egger et al. 1997). In this test, evidence
consistent with publication bias would be an intercept significantly different from zero in the
relationship of standardized ‘meta-analytic residuals’ (representing a combination of within-
study effects and their corresponding sampling-error effects) and the inverse of the square root
of the meta-analytic variance (Nakagawa and Santos 2012). Egger’s regression on meta-analytic
residuals is most appropriate because the non-independence is controlled for in residuals and
the residuals from the full models are less likely to be influenced by heterogeneity in data. We
conducted this test with the two complete data sets (the data set not accounting for
pseudoreplication and the data set accounting for pseudoreplication by using number of stimuli
as sample size). Further, we conducted trim-and-fill tests, which could detect funnel asymmetry
and adjust such asymmetry on the same datasets. Trim and fill is based on the assumption that
observed effects derived from samples should be distributed symmetrically around the mean
‘true’ effect, but with decreasing variability as sample size increases. Trim and fill estimates
asymmetry and the number of apparently ‘missing’ studies that would need to be added to
eliminate asymmetry (Duval and Tweedie 2000a; Duval and Tweedie 2000b).

Our later stages of analyses were devoted to testing our three primary biological hypotheses.
Our first set of models assessed the hypothesis that selection to minimize response to
heterospecific song leads populations to narrow their template for conspecific song recognition
and that this narrow template also limits response to foreign conspecific song. To test this
hypothesis, we assumed that a greater number of sympatric heterospecifics from similar
species would mean greater selection to avoid responding to heterospecific song. We used
three different indices of the number of sympatric heterspecifics. In model 1, we used the
number of sympatric congeners present at the playback study location during the breeding
season as determined by current taxonomy as used by ebird and range maps of those
congeners at the study location generated on ebird (eBird 2012). In model 2, we used a local
relatives score, in which we assigned a site a score of ‘2’ if at least one congener was present
locally during the breeding season, a ‘1’ if no congeners, but at least one confamilial was
present locally during breeding, and a ‘0’ if no congeners or confamilials were present locally
during the breeding season. In model 3, we wished to capture variability in overall bird species
richness among sites. To do this, we used both latitude and whether or not the site was on a
remote (non-continental-shelf) oceanic island. Avian species richness is generally much greater
at lower latitudes, and is much lower on isolated oceanic islands, but the slope of the richness
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relationship does not differ between islands and mainlands (Kalmar and Currie 2007), and so
we did not fit an interaction term between island and latitude. Finally, model 4 included all of
the above variables together.

Our second primary hypothesis was that experience interacting with conspecifics singing
foreign song increases the tendency for individual to respond to foreign conspecific song. Thus
when exposure to foreign songs is common, aggressive responses to foreign song should more
closely match responses to local songs and effect sizes in our meta-analysis should be smaller
for populations that have more experience with the foreign song in question or more
experience with foreign songs in general. In our first test of this hypothesis (model 5), we
included two predictor variables, the geographic distance between the study site and the
location where the foreign songs were recorded, and whether the foreign song came from an
isolated population (disjunct from the focal population). Because the effect of distance should
be strongest when two populations are connected and therefore have a possible conduit for
cultural transmission, we also included an interaction term between isolation and distance. This
analysis used geographic distance as a proxy for the probability of interaction across cultures.
We used the base 10 log of distance because we expect that the strongest effects of distance
would be over small and medium distances, and that among studies that considered foreign
song recorded a long distance away, small differences in distances among studies would show
little effect. In model 6 we included a factor that we termed ‘movement’. For this variable, we
classified all populations as (1) defending territories year-round (n = 104 effects), (2) dissolving
or partially dissolving territories during the non-breeding season but not migrating out the local
area (n = 165 effects), (3) short distance migrants (typically <1000 km and within a continent; n
= 54 effects), or (4) long distance migrants (typically >1000 km and to different continent; n =
56 effects). In model 7 we assessed movement, but excluded cases where the foreign
population was disjunct, and thus movement would be unlikely to facilitate cross-population
contact. In this model, we again included log 10 of distance between focal and foreign song,
and we included an interaction term between movement and distance because the effects of
distance should differ based on the type of movement common in the population. Finally,
model 8, with the full data set, included isolation, distance, movement, and both an interaction
between isolation and distance and an interaction between movement and distance.

Our third major hypothesis was that as populations diverge evolutionarily, they become less
likely to recognize each other’s signals and thus discrimination is a function of evolutionary
divergence. To test this hypothesis, in model 9 we compared effect sizes between studies in
which the foreign song was recorded from within the same sub-species to effect sizes from
studies in which the foreign song was recorded from a different sub-species. We predicted
weaker responses to foreign songs (and thus stronger effect sizes) when the song came from
different subspecies.

Finally, we tested a global model (model 10) that included all of the predictors from the prior
nine models testing our three primary biological hypotheses.
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RESULTS

The overall effect of local versus foreign playback was moderate and highly statistically
significant regardless of the how we accounted, or did not account, for pseudoreplication
(Table 2). Territorial oscines directed more aggression towards playback of local songs than
towards playback of foreign conspecific songs (Fig 1). Our estimates of total heterogeneity (/%)
varied dramatically depending on how we dealt with pseudoreplication (Table 3). When we
ignored pseudoreplication and used trial number as our sample size, our analysis indicated high
heterogeneity, but when we instead used the number of stimuli as our sample size, the analysis
indicated relatively low heterogeneity. We found intermediate levels of heterogeneity when
we excluded severely pseudoreplicated studies and set sample size equal to trial number. When
we portioned heterogeneity among the random effects in our models, we found somewhat
different patterns for the three different methods of accounting for pseudoreplication. When
using trial number as sample size, almost half of the observed heterogeneity appeared to stem
from unexplained variability among studies, but this dropped to 5% when we used the number
of stimuli as sample size, and to basically 0% when we excluded cases of severe
pseudoreplication. In contrast, when including all effect sizes in the analyses, no heterogeneity
was associated with phylogeny, but 21% of observed heterogeneity was attributable to
phylogeny when we eliminated severely pseudoreplicated studies from the analyses. Similarly,
almost none of the observed heterogeneity could be attributed to variation among response
variable categories when we included all effect sizes in our analyses, but 8% of heterogeneity
was attributable to response variable category when we excluded effects from severely
pseudoreplicated trials (Table 3).

Our results show that pseudoreplication of stimuli, especially when it is severe, elevates
sampling variance. Our F-test to compare variance found significantly more variance among
severely pseudoreplicated studies than among studies lacking pseudoreplication or among
studies with moderate pseudoreplication (Table 4). Moderately pseudoreplicated studies did
not have elevated variance relative to non-pseudoreplicated studies (Table 4). Further, as
described below, the clearest and strongest methodological and biological effects appeared
stronger when accounting for pseudoreplication than when ignoring it. Finally, we see that the
funnel plot based on trial number as sample size, ignoring pseudoreplication, does not
resemble a funnel because of elevated variation among effect size estimates associated with
large numbers of (mostly pseudoreplicated) trials (Fig 2).

Our assessment of moderator variables was similar among the three groups of analyses (Tables
5, S1, S2). As we expected, those studies reporting a full set of results (either in the original
paper or in response to our request for additional information), had a lower average effect size
than those from which results were missing (Tables 5, S1, S2; Fig 1). This effect was moderately
strong and thus justified the inclusion of this variable as a fixed effect in later tests of biological
hypotheses. Once controlling for this effect of underreporting, we found no evidence of
additional publication bias using the Egger’s regression (funnel asymmetry; trial number as n: t
=-0.419, df = 377, p = 0.675; stimuli number as n: t =-1.496, df = 377, p = 0.136). This result was
corroborated by the result from the trim-and-fill test (estimated missing studies; trial number
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asn:0+1.41, p=0.5; stimuli number as n: 0 + 1.41, p = 0.5; for the test for no missing studies
on the left side of the funnel for both meta-analyses; Figs 2-3).

The average magnitude of statistical effects differed dramatically among the response variable
categories. However, there was substantial variance within categories, and so even the large
differences among categories were not statistically significant. Because the differences in
magnitude of effect were so large, we decided to include response variable category as a
random effect in later tests of biological hypotheses. Also, these large differences in magnitude
of effect led us to explore further the role of response variable in influencing effect size.
Because we had hypothesized a priori that vocal responses to playback might be less consistent
than whole-body movement responses, we decided to conduct a more powerful post hoc test
for this effect. We only conducted this test using number of stimuli as sample size. For this
analysis, we lumped the response variable categories into ‘vocal’, which included both calling
and song, and ‘movement’, which included any measurement that was at least partially a
function of movement or approach. This meant ‘movement’ included all response variable
categories besides calling and song. This post hoc analysis significantly supported the
hypothesis that vocalizations are a moderately less reliable way to measure response to
playback than indices of whole-body movement, such as approach to the speaker and number
of flights (Table 6; Fig 1).

The evident distinctiveness between local and foreign song positively predicted the strength of
the reported effect size. However, this effect only exceeded 0.1 and the p-value only dropped
below 0.05 in the analysis that did not control for pseudoreplication (Tables 5, S1, S2). Although
the reality and importance of this effect must remain uncertain, we decided to include this
variable as a covariate in our later analyses because the effect was relatively consistent and was
in the predicted direction. It is worth noting, however, that in the subsequent analyses, the
effect of the distinctiveness between local and foreign song was typically weaker than in the
initial tests.

As repertoire size increased, effect sizes tended to become larger, but the effect was weak and
not significant (Tables 5, S1, S2). Further, this effect was not strongly predicted a priori. Because
of the poor explanatory value of this variable, we did not include it in any later tests of
biological hypotheses.

We found mixed support for the hypothesis that selection against response to heterospecific
song constrains the breadth of the song recognition template, and therefore limits response to
foreign conspecific song (models 1-4, Table 7, S3, S4). When not accounting for
pseudoreplication, all effect sizes were < 0.11 and typically much smaller, and no p-values
approached significance (Table S3). When controlling for pseudoreplication either by using
number of stimuli as the sample size or by excluding effects from severely pseudoreplicated
experiments, effect sizes were similar, but there was a consistent effect (Z = 0.096-0.140) of
local relatives score that was modestly significant (p = 0.015 to 0.030, models 2, 4). Populations
that co-occurred with congeners or confamilials had a weak tendency to respond less strongly
to foreign conspecific song than did populations with no confamilials present (Fig 1).
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Interpretation of this effect requires caution, especially in light of the absence of an effect of
the number of locally sympatric congeners.

We found no support for the hypothesis that exposure to foreign conspecifics increases the
strength of response to foreign conspecific song. Nearly all of our selected indices of exposure
to foreign songs showed weak and non-significant effects (models 5-8, Table 8, S5, S6). The only
effect associated with p-value < 0.05 was of the opposite sign to the prediction. In this one
model (in which the analysis excluded both severely pseudoreplicated effects and studies in
which the population singing the foreign song was disjunct from the local population) there was
a modest trend (Z = 0.109, p = 0.035, model 8, Table S6) but it was in the direction opposite to
that predicted, with decreasing strength of response to foreign songs associated with greater
population movement and thus greater expected exposure to foreign song.

Our analyses revealed strong support for the hypothesis that evolutionary divergence drives
divergence in response to song (model 9, Table 9, S7). When a foreign song was recorded from
a different subspecies, it elicited substantially weaker responses than foreign song recorded
from within the same subspecies (Fig 1). This effect was most evident when accounting for
pseudoreplication though it did not differ significantly in strength among our analyses.

Analyses of global models, in which all variables from the tests of our three biological
hypotheses were combined, did not reveal any strong patterns not already evident in the
simpler models (model 10, Table 10, S8).

DISCUSSION

We found an unambiguous pattern across a wide range of songbird species for territorial
individuals to respond more strongly to playback of local conspecific song than to playback of
foreign conspecific song. However, there was heterogeneity in this effect among studies, and
we were able to identify some sources of this variability, both biological and methodological.
We found strong evidence that classification into distinct subspecies is associated with reduced
response to conspecific song from across the subspecific divide; aggressive response to foreign
conspecific song was lower on average if the foreign song was from a different subspecies than
if it was from the same subspecies. We also found suggestive evidence that the presence of
closely related species may drive increased song discrimination, and thus reduced response to
foreign conspecific song, though the lack of concordance among related variables weakens this
conclusion. We found no support for the hypothesis that the strength of response to foreign
conspecific song is a function of experience with foreign song. In contrast, we found compelling
evidence of three important methodological impacts on inferences from playback studies. First,
we found that when authors reported full results from only a subset of statistical effects, these
reported effects tended to be larger than the average effects from studies with a complete set
of results. Second, we found more variable, and thus less reliable, results from experiments in
which a small number of stimuli were used repeatedly in a large number of trials. Further, if we
did not account for this pseudoreplication, the effects of the local relatives score and of
evolutionary divergence were less convincing. Finally, we found that when response to
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playback was measured at least in part as movement of the focal individual, response
differences between local and foreign song were stronger on average than response differences
measured only as vocalization of the focal individual.

Biological implications

The moderately consistent and highly significant tendency for territorial songbirds to respond
more strongly to playback of local song than to playback of foreign song raises important
guestions about why birds fail to respond strongly to foreign songs. For instance, is this a failure
in recognition due entirely to insufficient experience with the stimuli (Colbeck et al. 2010), or
has selection acted directly to reduce response to foreign song because individuals singing
foreign song pose limited territorial threats (Nicholls 2008; Tomback et al. 1983; Turcokova et
al. 2011)? Of course, as weakly suggested by our meta-analysis, indirect selection to avoid
response to heterospecifics could also play a role in limiting response to foreign song
(Amézquita et al. 2011; Hamao 2016; Symes 2014). This is a rich area for future empirical work.

The tendency for experiments to often reveal stronger response to local than to foreign song
has long been recognized. Our quantification of this effect confirms prior qualitative
understanding and provides a useful benchmark against which to compare future findings. It
also allows for the robust rejection of any lingering hypotheses that predict other patterns,
such as the deceptive mimicry hypothesis that posited that immigrant individuals match local
songs to appear local and thus reduce aggression directed at them from established local
individuals (Payne 1981; Payne 1983; Rohwer 1982).

The relatively large reduction in the strength of response to foreign song from different
subspecies is interesting for several reasons. First, response to song is sometimes used as
evidence when assessing evolutionary divergence (Alstrom et al. 2008; Matessi et al. 2001;
Randler et al. 2012). Before we conducted our analyses, it was not clear to us that we would
find an effect of subspecies status because many species show much weaker response to
foreign song than to local song even if the foreign song is from within the same subspecies,
response to other subspecies’ song is sometimes strong (Parker et al. 2018), and oscine
songbirds appear slow to evolve the ability to show differential response to songs of closely
related heterospecific lineages (Freeman et al. 2017). Despite the convincing difference in
average effects we found between playback from within subspecies and playback across
subspecies, there is enough variation in effect size even with large samples (Fig 3) to suggest
that strength of response to foreign song should not be used as primary evidence when
assessing sub-species status. Recent work provides some insights into both why we might
expect generally weaker response to song from different subspecies, and also why we might
expect substantial variability within subspecies. Songs diverge in acoustic space as populations
diverge (Freeman and Montgomery 2017). The extent to which this divergence is due to drift
(Goodfellow and Slater 1986; Lachlan and Slater 2003; Williams and Slater 1990) or to selection
from divergent acoustic environments (Baker 2006; Kirschel et al. 2009; Slabbekoorn and Smith
2002) remains an open question. There is good evidence, however, that song recognition
templates eventually develop or evolve to track these changes in song (Freeman et al. 2017),
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but this only happens reliably when the acoustic differences become large (Freeman and
Montgomery 2017). Presumably, if our meta-analysis had included studies of responses to
heterospecific congener song, we would have observed even weaker responses to those songs
than to songs from conspecifics belonging to different subspecies.

If subspecies classification typically represents evolutionary divergence, then we expect songs
to have diverged more consistently between subspecies than among populations within a
subspecies. In fact, we judged local and foreign song to be ‘strongly’ distinguishable from each
other in 15 of 17 (88%) of cases when the foreign song was from a different subspecies, but we
judged only 38 of 56 (68%) to be ‘strongly’ distinguishable when the foreign song was from the
same subspecies. At first glance, some of our other results appear to provide a counter
example. We observed only a weak relationship (at best) of song distinctiveness and differential
response to foreign versus local song in playback studies. However, this turns out to be an
unconvincing counter example because our index of song distinctiveness does not account for
absolute degree of acoustic divergence, but rather consistency of divergence. In other words, if
songs from two populations were very similar acoustically, but the existing acoustic divergence
were consistent between populations such that individuals could be reliably classified by
population based on song, we would consider that strongly distinctive. In contrast average
acoustic divergence could be large between populations, but if variance were high such that
some songs from different populations appeared similar, this could be classified as only
moderately distinctive. It seems likely that in our data set degree of acoustic divergence
between population pairs is highly variable both within and across subspecies. Thus it remains
possible that the variance in effects that we observed may be due to variance in acoustic
divergence (Freeman and Montgomery 2017). Future work quantifying acoustic divergence, in
terms of both degree and variability, between the populations in our meta-analysis would be
informative, but gaining access to the playbacks used by all researchers or acquiring new
recordings from all focal and treatment populations was well beyond the scope of this paper.
We also could benefit from molecular data regarding the degree of evolutionary divergence
between local populations and the populations from which foreign song was recorded.
Subspecies status may not consistently represent the degree of evolutionary divergence, and so
our conclusions about the effects of evolutionary divergence on response to foreign song
should be considered tentative. Unfortunately the necessary molecular data are not available
for most of our population pairs, and so this analysis must also be left for the future. We can,
however, rule out the possibility that our subspecies effect was due to greater distance
between the playback site and the recording location of the foreign song for populations in
different subspecies since we found no relationship between this distance and effect size in our
meta-analysis.

Our lack of strong support for a role of either selection to avoid response to heterospecifics or
experience with foreign song to explain variability in response to foreign conspecific song is not,
unfortunately, strong evidence against these mechanisms. In testing the hypothesis that the
risk of responding to heterospecific song selects for a narrow template of conspecific song
recognition, and thus reduced response to foreign conspecific song, we worked from an
assumption that the degree of local coexistence with other bird species was a suitable index of
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the strength of selection to avoid responding to heterospecific song. All else being equal, more
other species present should mean more occupied acoustic space and a greater chance of
similarity with other species. However, this might not be true if, for instance, sound
transmission obstacles in some environments constrain the acoustic space (Kirschel et al. 2009;
Slabbekoorn and Smith 2002) more dramatically than in other environments or other factors
drive non-random occupancy of acoustic space (Wilkins et al. 2013). Ideally, we would have
multivariate measures of acoustic similarity between the focal species and the other species in
the local community at each study site. However, at present that is a monumental task and so
must remain a challenge for the future. Interestingly, we found some evidence in support of the
heterospecific selection hypothesis when we used our local relatives score (2 = congenerics
present, 1 = confamilials [but no congenerics] present, 0 = no confamilials present). To the
extent that the degree of acoustic similarity among songs is a decreasing function of species
relatedness, this may be our best index. However, there was no difference in response between
birds at sites with congenerics present and those at sites with only confamilials present, and if
anything, the effect was stronger at sites with only confamilials (Fig 1), which is counter to
prediction. Further, we found no relationship between effect size and the number of congeners
present, which is surprising since presumably as the number of congeners present increased,
the odds of the presence of a similar song would also increase. Our other analyses seeking to
capture effects of selection to minimize response to heterospecific song assumed that latitude
and island isolation are sufficient indices of local species richness. Latitude is not a perfect index
for richness, in part because latitude itself is an index of potential causal factors such as plant
productivity that are imperfect predictors of avian richness. However, avian richness within
locations differs dramatically across major differences in latitude, and so variation in latitude
captures a sizable portion of variation in avian richness (Hillebrand 2004), and we suspect that
this is not a major obstacle to effectiveness of our analyses. Likewise, species richness is much
lower on isolated islands (MacArthur and Wilson 1967), and so we feel confident in our use of
this variable as an index of richness.

Our indices of potential exposure to foreign song are also imperfect, and tests of the exposure
hypothesis would benefit from detailed natural history knowledge about each studied
population (Parra et al. 2017). Ideally, we would know the spatial scale over which vocal culture
changes, the likelihood of individual movements at those scales, and the correspondence
between those movements and seasonal variation in singing. For instance we assume that
movement outside of the breeding season corresponds to exposure to foreign song. This is
certainly true in some species (DeWolfe and Baptista 1995; Parra et al. 2017), but in some
others singing may be too limited outside of the breeding season to provide migrants with
meaningful exposure to diverse conspecific signals. As with the acoustic characterization of the
communities in which all these experiments were conducted, obtaining the extensive
knowledge needed across a large number of populations is a major undertaking that we must
leave to future researchers.

All meta-analyses are constrained by available data, and in our case, available data were
skewed towards studies of North temperate species, especially in Europe and North America.
This skew means that males were the primary territorial respondents to playback in many of
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our studies, though female contributions to territorial defence are common and substantial in
other parts of the world. This means that we should be cautious when generalizing beyond the
species examined here. That said, we did have data from species elsewhere in the world, and
studies that included territorial responses by females also supported the basic findings of our
meta-analysis of greater aggression towards local song. We likely further reduced the equity in
our geographic representation with our decision to exclude non-oscines as the playback studies
of these species have often been performed in the Neotropics. However, the potentially
dramatic differences in song learning between oscines and suboscines (Touchton et al. 2014)
seemed likely to create more heterogeneity in effects than we expected from differences in
geographic location within oscines, and this concern has been supported by work published
since we completed our analyses (Freeman et al. 2017). Fortunately, recent studies using
playback of bird song (Freeman and Montgomery 2017; Freeman et al. 2017) have dramatically
increased availability of data from outside Europe and North America.

Methodological implications

Of the three methodological effects we observed, the inflated effect sizes from the studies with
incomplete reporting has the broadest implication. There is strong evidence that incomplete
reporting of results is widespread across sub disciplines in behaviour, ecology, and evolutionary
biology (Parker et al. 2016), and there is good reason to expect that incompletely reported
results are often a biased subset (Parker 2013). The results from our meta-analysis of song
playback studies show this effect quite clearly and so demonstrate the need for transparency in
reporting of results to facilitate clear interpretation of results and effective meta-analysis
(Gerstner et al. 2017).

One of the more striking results of our study is the higher variability in observed effect size from
experiments with severe pseudoreplication of song stimuli. When researchers used the same
few stimulus songs repeatedly in much larger numbers of trials that were otherwise
independent, they often found either an unusually strong or an unusually weak difference in
response to foreign versus local song relative to studies in which large numbers of different
stimuli were used. This effect was also evident in the estimates of heterogeneity among
studies. When we did not account for pseudoreplication, we observed higher heterogeneity in
effect size among studies. This was in part because when we excluded severely
pseudoreplicated studies, we excluded studies with substantial sampling variance, and thus
eliminated considerable unexplained variance. Second, when we used stimulus number instead
of trial number as the sample size, this reduced the per-study sample sizes of many studies
(often dramatically) and since within-study variance in meta-analysis is inversely proportional
to sample size, this increased within-study variances. Because within study variance increased,
among-study variance became a smaller portion of overall variance. Our partitioning of
heterogeneity among random effects also provides hints of the effect of pseudoreplication.
Heterogeneity associated with study identity was higher when not accounting for
pseudoreplication than in other analyses, presumably because pseudoreplication was a
characteristic of individual studies.
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When testing biological hypotheses with our meta-analyses, if we ignored pseudoreplication,
we found weaker evidence for some of the patterns we observed. For instance, the pattern of
reduced response to foreign songs from different subspecies relative to foreign songs from the
same subspecies was less convincing when ignoring pseudoreplication, as was our tentative
conclusion that populations with closer relatives present respond less strongly to foreign
conspecific songs. Ignoring pseudoreplication also made it more difficult to detect the effect of
incomplete reporting on the size of reported effects. In other words, the elevated sampling
variance associated with pseudoreplication of song stimuli masked our ability to detect
meaningful variation among experimental effects from song playback experiments. These
results indicate that a small number of ‘representative’ songs used as stimuli within a treatment
group (e.g., one or a few ‘foreign’ or ‘local’ songs) fail to actually represent the variability in
stimuli that characterize the population from which the stimulus was drawn. Thus results from
these strongly pseudoreplicated studies poorly represent the true range of biological effects.
This is clear empirical support for the recommendations to avoid pseudoreplication of stimuli in
playback experiments made several decades ago based on statistical principles (Kroodsma
1989; McGregor et al. 1992). Although pseudoreplication of stimuli in playback experiments
declined in response to the initial calls for improved methods (Kroodsma et al. 2001),
researchers continue to conduct playback studies with severe pseudoreplication of stimuli (see,
Parker et al. 2018), and so we hope that our result demonstrating the poor reliability of such
studies will help finally to end this practice.

Our analyses suggest that, across oscine species, the most consistently useful methods of
measuring response to song playback are those tracking body movements. The differential
response to local versus foreign song was considerably weaker when measured by calling or
singing rate than by variables that capture body movement such as approach distance or flight
rate. We expect that this is not because song is consistently a poor indicator of aggression, but
rather that in some species elevated singing rate is not a primary response to detection of a
territorial intrusion, and that in these species, direct approach, possibly with the intent to chase
the rival from the territory, is the primary response (Parra et al. 2017). Thus we suggest that
future playback studies, especially those working in unfamiliar systems, use measurements of
approach to the speaker as the index of response.

Conclusions

The song playback trials conducted in oscine songbirds provide overwhelming evidence that
territorial responses tend to be stronger to local conspecific songs than to foreign conspecific
songs. Although we found evidence that evolutionary divergence within species, as indicated by
subspecific status, is associated with reduced response to conspecific song, we were unable to
detect any other strong patterns that might explain how the window of song recognition
develops or evolves. Further work with considerably more detailed study of song structures and
individual experience will be needed to make progress with this question. Although substantial
work remains before we can answer our primary biological question, our meta-analysis
provided robust insights into several methodological issues. We showed the importance of
thorough reporting of all statistical results, of using large numbers of independent stimuli in
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playback trials, and in measuring behavioural response to playback by observing movement of
the focal individual.
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1164

1165
1166
1167

1168
1169
1170

Table 1. Our categorization of response variables used in studies of wild bird response to
playback of local versus foreign song.

Category of Description of category number of
response effects in
variable category
any observations of “any response” - for instance whether the focal 11

bird either sang or approached the speaker
approach measures of approach distance or time to approach the speaker 142
calling measures of non-song vocalization 16
composite  scores combining different categories of information, for 50

instance summing across song and approach categories. Also,

principal components (PCs) combining multiple response

measurements from multiple categories (PCs combining

responses within a categories remain in that category; e.g., a PC

summarizing different measures of approach is classified as

‘approach’)
flight measures of flight rate or latency to fly 61
singing measures of song rate, number of songs, or latency to sing 89
misc. anything not classified above 10
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1171

1172
1173
1174
1175
1176

1177
1178

Table 2. Average effect size with associated statistics as drawn from three different random
effects meta-analytic models assessing the response of territorial oscine songbirds to the
playback of local conspecific song versus foreign conspecific song. Larger values of effect size
indicate stronger response to local song versus foreign song.

model mean SE Z p 95% Cl  95% ClI
effect (lower) (upper)

All effects, sample size = 0.323 0.039 8.25 <0.0001 0.246 0.400

trial n (379 effects)

All effects, sample size = 0.309 0.034 8.84 <0.0001 0.236 0.371

stimuli n (379 effects)

Extreme pseudoreplication 0.297 0.037 8.04 <0.0001 0.225 0.370

excluded, sample size =
trial n (180 effects)
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1179

1180
1181
1182
1183
1184
1185

1186
1187

Table 3. Heterogeneity from three different random effects meta-analytic models assessing the
response of territorial oscine songbirds to the playback of local conspecific song versus foreign
conspecific song. Total heterogeneity is partitioned among the three random effects in our
mixed models, response variable (measured response to playback), phylogeny, and the identity
of the individual studies.

model total 1 response  phylogeny study P
variable /? I?

All effects, sample size = 0.76 0.00 0.00 0.42

trial n (379 effects)

All effects, sample size = 0.23 0.01 0.00 0.05

stimuli n (379 effects)

Extreme pseudoreplication 0.63 0.08 0.21 0.00

excluded, sample size =
trial n (180 effects)
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1188

1189
1190
1191
1192
1193
1194
1195

1196
1197

Table 4. Results of F-tests to compare variances among effect sizes between severely
pseudoreplicated studies and non-pseudoreplicated studies, severely pseudoreplicated studies
and moderately pseudoreplicated studies, and moderately pseudoreplicated studies and non-
pseudoreplicated studies. Effect sizes were all derived from experiments comparing responses
of territorial oscine songbirds to the playback of local conspecific song versus foreign

conspecific song

comparison F 95% ClI Num df  Den df p

severe vs. no pseudo. 249 1.77-3.44 198 111 <0.0001
severe vs. moderate 244 161-3.54 198 67 <0.0001
moderate vs. no pseudo. 1.02 0.67-1.60 67 111 0.903

31



1198
1199

1200
1201
1202
1203

1204

1205
1206

Table 5. Analyses of the effect of potential moderator variables on the strength of effect from

experiments testing the response of territorial oscine songbirds to the playback of local

conspecific song versus foreign conspecific song. In this set of analyses, we used the number of

independent stimuli as the sample size. Larger values of effect size indicate stronger response
to local song versus foreign song. N = 379 effects.

variable mean  SE Z p 95% ClI 95% Cl
effect (lower)  (upper)
intercept 0.345 0.305 1.13 0.258 -0.253 0.943
availability of results
some results unavailable . . . . . .
all results are available -0.268 0.121 -2.21 0.027 -0.506 -0.030
response variable category
any . . . . . )
approach -0.102 0.213 -0.48 0.632 -0.519 0.315
calling -0.383 0.231 -1.66 0.097 -0.834 0.070
composite -0.158 0.219 -0.72 0.470 -0.586 0.271
flight -0.146 0.217 -0.67 0.501 -0.572 0.280
misc. -0.119 0.224 -0.53 0.596 -0.559 0.321
singing -0.233 0.216 -1.08 0.281 -0.655 0.190
distinctiveness between local and
foreign song 0.094 0.053 1.78 0.075 -0.010 0.198
repertoire size 0.057 0.044 1.30 0.194 -0.029 0.144
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1207

1208
1209
1210
1211
1212
1213

1214
1215

1216

Table 6. Post hoc analyses of the effect of broadly defined response variable category (vocal vs.
whole body movement) on the response of territorial oscine songbirds to the playback of local
conspecific song versus foreign conspecific song. In this set of analyses, we used the number of
independent stimuli as the sample size. Larger values of effect size indicate stronger response

to local song versus foreign song. N = 379 effects.

variable mean  SE Z p 95%Cl 95%Cl
effect (lower) (upper)

intercept 0.388 0.182 2.13 0.033 0.031 0.744
availability of results

some results unavailable . . . . . .

all results are available -0.260 0.124 -2.10 0.036 -0.504 -0.017
distinctiveness between local and
foreign song 0.063 0.049 1.28 0.202 -0.034 0.159
response variable category

movement ) . . . : .

vocal -0.130 0.044 -2.99 0.003 -0.215 -0.045
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1217
1218
1219
1220
1221
1222

Table 7. Models testing predictions of the hypotheses that selection to avoid responding to
songs of heterospecifics constrains response to foreign conspecific song in territorial oscine
songbirds. In this set of analyses, we used the number of independent stimuli as the sample
size. Larger values of effect size indicate stronger response to local song versus foreign song. N

= 379 effects.

model and variable mean  SE Z p 95% Cl 95%Cl
effect (lower)  (upper)

1.
intercept 0.356 0.189 1.88 0.060 -0.015 0.727
availability of results

some results unavailable . . . . . .

all results are available -0.258 0.128 -2.02 0.043 -0.508 -0.008
distinctiveness between local and
foreign song 0.059 0.050 1.17 0.242 -0.040 0.157
local sympatric congeners -0.005 0.015 -0.32 0.747 -0.035 0.025
2.
intercept 0.137 0.204 0.67 0.502 -0.263 0.537
availability of results

some results unavailable . . . . . .

all results are available -0.234 0.116 -2.01 0.045 -0.462 -0.006
distinctiveness between local and
foreign song 0.093 0.052 1.80 0.072 -0.008 0.194
local relatives score 0.096 0.044 2.18 0.029 0.010 0.183
3.
intercept 0.269 0.204 1.32 0.187 -0.131 0.670
availability of results

some results unavailable . . . . . .

all results are available -0.257 0.124 -2.07 0.039 -0.500 -0.013
distinctiveness between local and
foreign song 0.062 0.049 1.26 0.209 -0.035 0.159
latitude 0.002 0.002 0.87 0.386 -0.002 0.006
island status

mainland . . . . . .

isolated oceanic island 0.040 0.090 0.44 0.660 -0.137 0.217
4,
intercept 0.065 0.219 0.30 0.767 -0.365 0.495
availability of results

some results unavailable . . . . : .

all results are available -0.230 0.117 -1.96 0.050 -0.459 0.000
distinctiveness between local and 0.090 0.052 1.74 0.082 -0.011 0.191
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1223
1224

foreign song
local sympatric congeners
local relatives score
latitude
oceanic island

no

yes

-0.018
0.116
0.002

0.055

0.016
0.050
0.002

0.087

-1.09
2.33
0.79

0.64

0.276
0.020
0.429

0.525

-0.049
0.019
-0.003

-0.115

0.014
0.214
0.006

0.226
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1225

1226
1227
1228
1229
1230
1231
1232

Table 8. Models testing predictions of the hypotheses that individual history of exposure to
foreign conspecific song determines individual response to foreign conspecific song in territorial
oscine songbirds. In this set of analyses, we used the number of independent stimuli as the
sample size. Larger values of effect size indicate stronger response to local song versus foreign

song. N = 379 effects. Model 8 only includes effects where the foreign population was

separated by distance (N = 239) and excludes effects where the foreign population was disjunct

from the local populations.

model and variable mean  SE Z p 95%Cl 95%Cl
effect (lower) (upper)

5.
intercept 0.374 0.179 2.09 0.037 0.023 0.725
availability of results

some results unavailable . . . . : .

all results are available -0.246  0.121 -2.03 0.042 -0.484 -0.009
distinctiveness between local and
foreign song 0.032 0.051 0.63 0.528 -0.068 0.132
average distance to foreign song (log) 0.000 0.000 0.97 0.330 0.000 0.000
isolation vs. distance

distance . . . . . .

isolation 0.058 0.082 0.71 0.480 -0.103 0.219
distance (log) * isolation vs. distance 0.000 0.000 0.01 0.994 0.000 0.000
6.
intercept 0.350 0.214 1.64 0.102 -0.069 0.769
availability of results

some results unavailable . . . . . .

all results are available -0.249 0.114 -2.18 0.029 -0.472 -0.025
distinctiveness between local and
foreign song 0.045 0.050 0.90 0.367 -0.053 0.143
movement 0.010 0.041 0.24 0.809 -0.070 0.089
average distance to foreign song (log) 0.000 0.000 0.32 0.753 0.000 0.000
movement * distance (log) 0.000 0.000 0.21 0.837 0.000 0.000
7.
intercept 0.324 0.223 1.45 0.147 -0.114 0.762
availability of results

some results unavailable . . . . . .

all results are available -0.234 0.119 -1.97 0.049 -0.468 -0.001
distinctiveness between local and
foreign song 0.036 0.052 0.70 0.485 -0.066 0.139
average distance to foreign song (log) 0.000 0.000 0.31 0.753 0.000 0.000

isolation vs. distance
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1233
1234
1235

distance

isolation
movement
distance (log) * isolation vs. distance
movement * distance (log)

8.
intercept
availability of results
some results unavailable
all results are available
distinctiveness between local and
foreign song
movement
distance (log)
movement * distance (log)

0.053
0.018
0.000
0.000

0.127

-0.350

0.103
0.060
0.000
0.000

0.085
0.044
0.000
0.000

0.310

0.195

0.057
0.059
0.000
0.000

0.63
0.42
0.00
0.11

0.41

-1.80

1.81
1.01
0.97
-0.80

0.528
0.674
1.000
0.911

0.683

0.072

0.071
0.312
0.332
0.424

-0.112
-0.067
0.000
0.000

-0.481

-0.731

-0.009
-0.056
0.000
0.000

0.219
0.104
0.000
0.000

0.735

0.032

0.214
0.176
0.000
0.000
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1237
1238
1239

1240

1241
1242

Table 9. Model testing predictions of the hypotheses that evolutionary divergence of
populations reduces the strength of individual response to foreign conspecific song by
territorial oscine songbirds with the number of independent stimuli as the sample size (N =
379).

model and variable mean  SE Z p 95% Cl  95% Cl
effect (lower) (upper)

9. Number of stimuli as per-study n
intercept 0.579 0.183 3.17 0.002 0.221 0.938
availability of results

some results unavailable . . . . . .

all results are available -0.218 0.112 -1.94 0.053 -0.438 0.002

distinctiveness between local and
foreign song 0.031 0.047 0.66 0.511 -0.061 0.123

Subspecies status of foreign song
different subspecies . . . . : .
same subspecies -0.210 0.075 -2.79 0.005 -0.358 -0.063
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1243
1244
1245
1246
1247

1248
1249
1250
1251

Table 10. Global models including all the predictor variables from all our tests of our three
primary biological hypotheses explaining variability in response to playback of local versus
foreign conspecific song in oscine birds with the number of independent stimuli as the sample

size (N =379).
model and variable mean  SE Z p 95% Cl 95%Cl
effect (lower)  (upper)

10. Number of stimuli as per-study n
intercept 0.392 0.271 1.45 0.148 -0.139 0.924
availability of results

some results unavailable ) . . . : .

all results are available -0.200 0.129 -1.55 0.120 -0.453 0.052
distinctiveness between local and
foreign song 0.038 0.055 0.69 0.492 -0.070 0.146
local sympatric congeners -0.007 0.018 -0.40 0.690 -0.042 0.028
local relatives score 0.122 0.059 2.06 0.039 0.006 0.238
latitude 0.001 0.003 0.29 0.771 -0.005 0.007
oceanic island

no . . . . : .

yes 0.025 0.103 0.25 0.805 -0.176 0.227
average distance to foreign song (log) 0.000 0.000 -0.19 0.850 0.000 0.000
isolation vs. distance

distance . . . . . .

isolation 0.104 0.098 1.05 0.292 -0.089 0.296
movement -0.028 0.059 -0.48 0.633 -0.144 0.088
distance (log) * isolation vs. distance 0.000 0.000 0.24 0.808 0.000 0.000
movement * distance (log) 0.000 0.000 0.05 0.957 0.000 0.000
Subspecies status of foreign song

different subspecies . . . . : .

same subspecies -0.222 0.110 -2.03 0.042 -0.437 -0.008
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1252  Appendix 1. Studies, listed by species, that reported results from experiments comparing

1253  responses of oscine songbirds to playback of local versus foreign song. Studies identified as
1254  unusable are those that reported results from relevant experiments, but which did so with

1255 insufficient detail for inclusion of any effects in meta-analysis. For details of data extracted from

1256
1257

each study, see archived data (Parker et al. 2018).

species

study

Alauda arvensis
Ammodramus savannarum
Callaeas wilsoni

Cardinalis cardinalis
Certhidea fusca

Certhidea olivacea
Emberiza calandra

Emberiza cirlus
Emberiza citrinella

Emberiza hortulana

Erithacus rubecula
Fringilla coelebs
Geospiza conirostris
Geospiza difficilis

Geospiza fortis

Geospiza fuliginosa
Geospiza magnirostris
Geospiza scandens
Henicorhina leucophrys
Junco hyemalis
Luscinia svecica
Meliphaga virescens
Melospiza georgiana

Melospiza melodia

(Briefer et al. 2010)

(Soha et al. 2016)
(Bradley et al. 2013)
(Lemon 1967)

(Grant and Grant 2002a)
(Grant and Grant 2002a)
(Latruffe et al. 2000)
(McGregor 1983)
(Pellerin 1983)

(Kreutzer 1987)

(Hansen 1984)

(Tietze et al. 2012)
(Osiejuk et al. 2007)
(Osiejuk et al. 2012)
(Stock and Bergmann 1988)
(Slater and Catchpole 1990)
(Ratcliffe and Grant 1985)
(Grant and Grant 2002b)
(Ratcliffe and Grant 1985)
(Podos 2007)

(Podos et al. 2013)
(Podos 2010)

(Ratcliffe and Grant 1985)
(Ratcliffe and Grant 1985)
(Ratcliffe and Grant 1985)
(Ratcliffe and Grant 1985)
(Dingle et al. 2010)
(Reichard 2014)
(Turcokova et al. 2011)
(Baker 1994)

(Balaban 1988)

(Liu et al. 2008)

(Harris and Lemon 1974) [unusable]

(Searcy et al. 2003)
(Searcy et al. 2002)
(Searcy et al. 1997)



Nectarinia osea

Orthonyx spaldingii
Parus minor
Philesturnus rufusater
Phylloscopus collybita

Poecile gambeli

Poecile varius

Prionodura newtonia
Ptilonorhynchus violaceous
Regulus ignicapillus

Regulus regulus
Saxicola torquata
Setophaga caerulescens
Sitta europaea
Troglodytes troglodytes
Turdus iliacus

Turdus merula
Vermivora cyanoptera
Vireo solitarius
Zonotrichia albicollis
Zonotrichia capensis
Zonotrichia leucophrys

(Leader et al. 2005)

(Leader et al. 2002)
(Koetz-Trowse et al. 2012)
(Hamao 2016)

(Parker et al. 2010)

(Hansson et al. 2000)
(Martens and Meincke 1989)
(Branch and Pravosudov 2016)
(Hamao 2016)

(Westcott and Kroon 2002)
(Nicholls 2008) [unusable]
(Becker 1977)

(Packert et al. 2001) [unusable]
(Becker 1977)

(Mortega et al. 2014)

(Colbeck et al. 2010)
(Matthysen 1997)

(Kreutzer 1974)

(Bjerke 1984)

(Ripmeester et al. 2010)
(Kroodsma et al. 1984)
(Morton et al. 2006)

(Lemon and Harris 1974) [unusable]
(Danner et al. 2011)

(Baker 1982) [unusable]
(Baker et al. 1981)

(Baker et al. 1984)
(Derryberry 2011)

(Lampe and Baker 1994)
(Milligan and Verner 1971) [unusable]
(Nelson and Soha 2004)
(Nelson 1998)

(Petrinovich 1981)

(Thompson and Baker 1993)
(Tomback et al. 1983)
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Table S1

Analyses of the effect of potential moderator variables on the strength of effect from experiments
testing the response of territorial oscine songbirds to the playback of local conspecific song versus

foreign conspecific song

Variable Mean SE V4 p 95% Cl 95% ClI
effect (lower)  (upper)
Intercept 0.238 0.248 0.96 0.338 -0.249 0.725
Availability of results
Some results unavailable — — — — — —
All results are available -0.186 0.107 -1.73 0.084 -0.396 0.025
Response variable category
Any — — — — — —
Approach -0.171 0.099 -1.74 0.083 -0.364 0.022
Calling -0.471 0.128 -3.67 0.0002 -0.722 -0.220
Composite -0.158 0.112 -1.41 0.158 -0.378 0.062
Flight -0.206 0.105 -1.97 0.049 -0.410 -0.001
Misc. -0.153 0.128 -1.20 0.230 -0.404 0.097
Singing -0.216 0.103 -2.10 0.036 -0.417 -0.014
Distinctiveness between local 0.124 0.058 2.13 0.033 0.010 0.239
and foreign song
Repertoire size 0.061 0.048 1.28 0.202 -0.033 0.154

In this set of analyses, we used the number of independent trials (ignoring pseudoreplication in number
of stimuli) as the sample size. Larger values of effect size indicate stronger response to local song versus

foreign song. N = 379 effects.



Table S2

Analyses of the effect of potential moderator variables on the strength of effect from experiments
testing the response of territorial oscine songbirds to the playback of local conspecific song versus

foreign conspecific song

Variable Mean SE V4 P 95% ClI 95% ClI
effect (lower)  (upper)

Intercept 0.103 0.220 0.47 0.639 -0.327 0.534

Availability of results

Some results unavailable — — — — — —

All results are available -0.204 0.123 -1.67 0.096 -0.445 0.036

Response variable category
Singing — — — — — —
Approach 0.151 0.054 2.79 0.005 0.045 0.258
Calling -0.206 0.092 -2.25 0.025 -0.386 -0.026
Composite 0.066 0.064 1.04 0.298 -0.059 0.192
Flight 0.104 0.061 1.71 0.087 -0.015 0.224
Misc. 0.153 0.095 1.61 0.107 -0.033 0.338
Distinctiveness between local and 0.086 0.052 1.65 0.100 -0.017 0.189

foreign song
Repertoire size 0.047 0.044 1.08 0.281 -0.039 0.134

In this set of analyses, we excluded effects with severe pseudoreplication and used the number of
independent trials (ignoring moderate pseudoreplication of stimuli) as the sample size. Larger values of
effect size indicate stronger response to local song versus foreign song. N = 180 effects.



Table S3

Models testing predictions of the hypotheses that selection to avoid responding to songs of
heterospecifics constrains response to foreign conspecific song

Model and variable Mean SE V4 P 95% Cl  95% Cl
effect (lower) (upper)

1.

Intercept 0.234 0.201 1.16 0.244 -0.160 0.627

Availability of results
Some results unavailable — — — — — —

All results are available -0.155 0.110 -1.41 0.160 -0.372 0.061
Distinctiveness between local and 0.090 0.057 1.57 0.115 -0.022 0.202
foreign song
Local sympatric congeners -0.017 0.018 -0.94 0.345 -0.051 0.018
2.
Intercept 0.033 0.234 0.14 0.887 -0.425 0.492

Availability of results
Some results unavailable — — — — _ _

All results are available -0.145 0.112 -1.30 0.193 -0.364 0.073
Distinctiveness between local and 0.110 0.058 1.90 0.057 -0.003 0.223
foreign song
Local relatives score 0.069 0.057 1.22 0.223 -0.042 0.180
3.
Intercept 0.063 0.224 0.28 0.778 -0.376 0.502

Availability of results
Some results unavailable — — — — _ _

All results are available -0.163 0.110 -1.49 0.138 -0.379 0.052
Distinctiveness between local and 0.104 0.057 1.82 0.069 -0.008 0.216
foreign song
Latitude 0.003 0.003 1.15 0.251 -0.002 0.008
Island status
Mainland - - — — - —
Isolated oceanic island 0.049 0.106 0.46 0.643 -0.159 0.257
4,
Intercept -0.093 0.265 -0.35 0.726 -0.613 0.427

Availability of results
Some results unavailable — — — — — —

All results are available -0.137 0.115 -1.19 0.232 -0.362 0.088
Distinctiveness between local and 0.108 0.059 1.82 0.068 -0.008 0.224
foreign song
Local sympatric congeners -0.028 0.020 -1.44 0.150 -0.066 0.010
Local relatives score 0.106 0.062 1.69 0.090 -0.017 0.228
Latitude 0.003 0.003 1.05 0.295 -0.002 0.008
Oceanic island
No — — — — — —
Yes 0.063 0.109 0.58 0.565 -0.151 0.276

In this set of analyses, we used the number of independent trials (ignoring pseudoreplication in
number of stimuli) as the sample size. Larger values of effect size indicate stronger response to
local song versus foreign song. N = 379 effects.



Table S4

Models testing predictions of the hypotheses that selection to avoid responding to songs of
heterospecifics constrains response to foreign conspecific song

Model and variable Mean SE z P 95% Cl  95% ClI
effect (lower) (upper)
1.
Intercept 0.304 0.196 1.55 0.120 -0.080 0.688
Availability of results
Some results unavailable - - - - — —
All results are available -0.184 0.131 -1.41 0.158 -0.440 0.072
Distinctiveness between local and 0.056 0.050 1.11  0.269 -0.043 0.154
foreign song
Local sympatric congeners -0.004 0.011 -0.37 0.712 -0.026 0.018
2.
Intercept 0.060 0.214 0.28 0.779 -0.359 0.479
Availability of results
Some results unavailable - — — - — —
All results are available -0.162 0.125 -1.29 0.197 -0.408 0.084
Distinctiveness between local and 0.093 0.051 1.84 0.066 -0.006 0.193
foreign song
Local relatives score 0.114 0.050 2.27 0.023 0.016 0.213
3.
Intercept 0.173 0.217 0.80 0.424 -0.251 0.597
Availability of results
Some results unavailable — - - — — —
All results are available -0.172 0.127 -1.35 0.176 -0.421 0.077
Distinctiveness between local and 0.062 0.049 1.25 0.210 -0.035 0.159
foreign song
Latitude 0.003 0.002 1.15 0.250 -0.002 0.007
Island status
Mainland — — — — — —
Isolated oceanic island 0.070 0.091 0.77 0.439 -0.108 0.248
4,
Intercept -0.018 0.239 -0.08 0.939 -0.486 0.450
Availability of results
Some results unavailable — — — — — —
All results are available -0.151 0.132 -1.15 0.250 -0.409 0.106
Distinctiveness between local and 0.087 0.052 1.68 0.094 -0.015 0.190
foreign song
Local sympatric congeners -0.012 0.012 -1.01 0.312 -0.035 0.011
Local relatives score 0.140 0.057 2.44 0.015 0.028 0.253
Latitude 0.001 0.002 0.58 0.561 -0.003 0.006
Oceanic island
No — — — — — —
Yes 0.100 0.095 1.06 0.290 -0.085 0.285

In this set of analyses, we excluded effects from severely pseudoreplicated experiments and used
the number of independent trials (ignoring moderate pseudoreplication) as the sample size.
Larger values of effect size indicate stronger response to local song versus foreign song. N = 180

effects.



Table S5

Models testing predictions of the hypotheses that individual history of exposure to foreign
conspecific song determines individual response to foreign conspecific song

Model and variable Mean SE V4 P 95% Cl  95%Cl
effect (lower)  (upper)

5.

Intercept 0.208 0.197 106 0.291 -0.178 0.593

Availability of results
Some results unavailable — - - — — —
All results are available -0.175 0.113 -1.55 0.121 -0.395 0.046
Distinctiveness between local and 0.085 0.059 1.44 0.151 -0.031 0.202
foreign song
Average distance to foreign song (log)  0.000  0.000 1.29 0.198 0.000 0.000
isolation vs. distance
Distance — — — — — —
Isolation 0.009 0.088 0.11 0.916 -0.162 0.181
Distance (log) * isolation vs. distance 0.000 0.000 -0.78 0.436 0.000 0.000
6.
Intercept 0.235 0.251 0.93 0.350 -0.258 0.727
Availability of results
Some results unavailable — — — — — —

All results are available -0.174  0.111 -1.57 0.117 -0.392 0.043
Distinctiveness between local and 0.083 0.062 1.35 0.176 -0.037 0.204
foreign song
Movement -0.006 0.048 -0.12 0.904 -0.101 0.089
Average distance to foreign song (log)  0.000  0.000 -0.30 0.762 0.000 0.000
Movement * distance (log) 0.000 0.000 0.65 0.515 0.000 0.000
7.
Intercept 0.250 0.255 0.98 0.328 -0.251 0.750

Availability of results
Some results unavailable — - - — - —
All results are available -0.179 0.114 -1.57 0.117 -0.402 0.045
Distinctiveness between local and 0.080 0.064 1.25 0.210 -0.045 0.204
foreign song
Average distance to foreign song (log) 0.000 0.000 0.12 0.905 0.000 0.000
isolation vs. distance

Distance — — — — — —
Isolation 0.006 0.089 0.07 0.945 -0.168 0.180
Movement -0.012 0.050 -0.24 0.811 -0.110 0.086
Distance (log) * isolation vs. distance 0.000 0.000 -0.72 0.475 0.000 0.000
Movement * distance (log) 0.000 0.000 0.62 0.538 0.000 0.000

8.
Intercept 0.093 0.340 0.27 0.784 -0.573 0.759

Availability of results
Some results unavailable — — — — _ _

All results are available -0.231 0.178 -1.30 0.195 -0.580 0.118
Distinctiveness between local and 0.134 0.078 1.72 0.085 -0.018 0.287
foreign song
Movement 0.026 0.066 0.40 0.689 -0.103 0.156
Distance (log) 0.000 0.000 0.37 0.714 0.000 0.000
Movement * distance (log) 0.000 0.000 0.05 0.960 0.000 0.000

In this set of analyses, we used the number of independent trials (ignoring pseudoreplication in
number of stimuli) as the sample size. Larger values of effect size indicate stronger response to
local song versus foreign song. N = 379 effects. Model 8 only includes effects where the foreign
population was separated by distance (N = 239) and excludes effects where the foreign population
was disjunct from the local populations.



Table S6

Models testing predictions of the hypotheses that individual history of exposure to foreign
conspecific song determines individual response to foreign conspecific song

Model and variable Mean SE V4 P 95% Cl  95%Cl
effect (lower) (upper)

5.

Intercept 0.348 0.187 1.86 0.063 -0.019 0.714

Availability of results
Some results unavailable — — — — — —

All results are available -0.191 0.123 -1.55 0.120 -0.431 0.050
Distinctiveness between local and 0.021 0.051 0.40 0.688 -0.080 0.121
foreign song
Average distance to foreign song 0.000 0.000 0.96 0.336 0.000 0.000
(log) isolation vs. distance
Distance — — — — — —
Isolation 0.079 0.088 0.90 0.368 -0.093 0.250

Distance (log) * isolation vs. distance 0.000 0.000 0.25 0.800 0.000 0.000
6.
Intercept 0.195 0.226 0.86 0.389 -0.248 0.638
Availability of results

Some results unavailable - - - - — -

All results are available -0.178 0.120 -1.48 0.139 -0.414 0.058
Distinctiveness between local and 0.053 0.050 1.07 0.285 -0.044 0.150
foreign song
Movement 0.042 0.044 0.97 0.330 -0.043 0.128
Average distance to foreign song (log) ~ 0.000  0.000 1.10 0.271 0.000 0.000
Movement * distance (log) 0.000 0.000 -0.61 0.543 0.000 0.000
7.
Intercept 0.159 0.230 0.69 0.489 -0.292 0.610

Availability of results
Some results unavailable — — — — — -

All results are available -0.162 0.121 -1.34 0.181 -0.400 0.076

Distinctiveness between local and 0.030 0.052 0.58 0.562 -0.071 0.131
foreign song

Average distance to foreign song 0.000 0.000 1.17 0.242 0.000 0.00

(log) isolation vs. distance 0
Distance — — — — — —
Isolation 0.100 0.087 1.15 0.250 -0.070 0.270

Movement 0.064 0.046 1.39 0.165 -0.026 0.154
Distance (log) * isolation vs. distance  0.000  0.000 0.46 0.647 0.000 0.000
Movement * distance (log) 0.000 0.000 -0.94 0.350 0.000 0.000

8.

Intercept -0.145 0.276 -0.53 0.599 -0.687 0.397

Availability of results
Some results unavailable — — — — _ _

All results are available -0.128 0.148 -0.87 0.384 -0.418 0.161
Distinctiveness between local and 0.092 0.054 1.72 0.085 -0.013 0.198
foreign song
Movement 0.109 0.052 2.11 0.035 0.008 0.210
Distance (log) 0.000 0.000 1.52 0.128 0.000 0.000
Movement * distance (log) 0.000 0.000 -1.20 0.231 0.000 0.000

In this set of analyses, we excluded effects from severely pseudoreplicated experiments and used
the number of independent trials (ignoring moderate pseudoreplication) as the sample size.
Larger values of effect size indicate stronger response to local song versus foreign song. N = 180
effects. Model 8 only includes effects where the foreign population was separated by distance (N
= 124) and excludes effects where the foreign population was disjunct from the local populations.



Table S7

Models testing predictions of the hypotheses that evolutionary divergence of populations reduces
the strength of individual response to foreign conspecific song

Model and variable Mean SE V4 P 95% Cl 95%Cl
effect (lower) (upper)
9. Number of trials as per-study n
Intercept 0.392 0.211 1.86 0.063 -0.021 0.804
Availability of results
Some results unavailable - — — — — —
All results are available -0.167 0.108 -1.55 0.121 -0.378 0.044
Distinctiveness between local and 0.077 0.056 1.36 0.175 -0.034 0.187
foreign song
Subspecies status of foreign song
Different subspecies — - - - - -
Same subspecies -0.176 0.076 -2.32 0.021 -0.325 -0.027
9. Severe pseudorep. excluded
Intercept 0.546 0.178 3.07 0.002 0.198 0.895
Availability of results
Some results unavailable — - - - - -
All results are available -0.157 0.110 -1.43 0.153 -0.373 0.059
Distinctiveness between local and 0.020 0.046 0.45 0.656 -0.070 0.110
foreign song
Subspecies status of foreign song
Different subspecies — — - - — —
Same subspecies -0.226 0.068 -3.33 0.001 -0.360 -0.093

The two models are the same except that the first uses the number of independent trials (ignoring
pseudoreplication) as the sample size (N = 379) and the second excludes severely
pseudoreplicated studies and uses the number of independent trials (ignoring moderate
pseudoreplication) as sample size (N = 180).



Table S8

Global models including all the predictor variables from all our tests of our three primary
biological hypotheses explaining variability in response to playback of local versus foreign
conspecific song in oscine birds

Model and variable Mean SE V4 P 95% Cl 95%Cl
effect (lower) (upper)

10. Number of trials as per-study N
Intercept 0.163 0.316 0.51 0.607 -0.457 0.782
Availability of results

Some results unavailable - - - - - -

All results are available -0.143 0.120 -1.20 0.231 -0.378 0.091
Distinctiveness between local and 0.075 0.065 1.16 0.247 -0.052 0.203
foreign song
Local sympatric congeners -0.026 0.022 -1.20 0.232 -0.068 0.016
Local relatives score 0.107 0.065 1.65 0.099 -0.020 0.235
Latitude 0.002 0.003 0.66 0.509 -0.004 0.008
Oceanic island
No — — — — — —
Yes 0.047 0.123 0.38 0.705 -0.195 0.288

Average distance to foreign song (log)  0.000 0.000 -0.28 0.782 0.000 0.000
isolation vs. distance

Distance — — — — — —

Isolation 0.016 0.117 0.13 0.895 -0.214 0.245
Movement -0.020 0.058 -0.34 0.733 -0.134 0.094
Distance (log) * isolation vs. distance 0.000 0.000 -0.07 0.946 0.000 0.000
Movement * distance (log) 0.000 0.000 0.48 0.631 0.000 0.000

Subspecies status of foreign song
Different subspecies — — — — — _

Same subspecies -0.136 0.104 -1.31 0.191 -0.340 0.068
10. Severe pseudorep. excluded
Intercept 0.215 0.301 0.71 0475 -0.375 0.805

Availability of results
Some results unavailable — — — — — —

All results are available -0.140 0.139 -1.00 0.315 -0.412 0.133
Distinctiveness between local and 0.028 0.058 0.48 0.635 -0.086 0.142
foreign song
Local sympatric congeners -0.007 0.015 -0.49 0.621 -0.037 0.022
Local relatives score 0.148 0.069 2.17 0.030 0.014 0.283
Latitude 0.000 0.004 0.00 0.998 -0.007 0.007
Oceanic island
No — - - — — —
Yes 0.077 0.106 0.73 0.467 -0.131 0.286

Average distance to foreign song (log) ~ 0.000  0.000 0.39  0.698 0.000 0.000
isolation vs. distance

Distance — — — — — —

Isolation 0.123 0.108 1.14 0.255 -0.089 0.335
Movement 0.022 0.071 0.30 0.761 -0.118 0.161
Distance (log) * isolation vs. distance 0.000 0.000 0.06 0.948 0.000 0.000
Movement * distance (log) 0.000 0.000 -0.40 0.689 0.000 0.000

Subspecies status of foreign song
Different subspecies — - - - - -
Same subspecies -0.196  0.106 -1.85 0.065 -0.403 0.012

The two models are the same except that the first uses the number of independent trials (ignoring
pseudoreplication) as the sample size (N = 379) and the second excludes severely
pseudoreplicated studies and uses the number of independent trials (ignoring moderate
pseudoreplication) as sample size (N = 180).



30

25
E M Severe
E 20 B Moderate
8 CJNo
>
[0}
us 15
]
0 —
£
3 10

:|l Iﬂrﬂl

1967- 1972- 1977- 1982- 1987- 1992- 1997- 2002- 2007- 2012-
1971 1976 1981 1986 1991 1996 2001 2006 2011 2016

Publication year

Figure S1. Pseudoreplication severity in 5-year publication date intervals among experiments
comparing territorial songbird responses to playback of conspecific local versus conspecific
foreign song. This histogram shows the number of experiments with severe (black bars:
number of stimuli no more than 25% of the number of otherwise independent trials),
moderate (grey bars: number of stimuli >25% of the number of otherwise independent trials),
or no (white bars: typically a different stimulus for each trial) pseudoreplication of stimulus
songs. Early studies were all severely pseudoreplicated. Although experiments with no
pseudoreplication become common in the late 1990s, experiments with moderate and severe
pseudoreplication have continued to be published.
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Figure S2. PRISMA-style diagram outlining the number of studies located and screened for
inclusion in our systematic review of experiments comparing territorial songbird responses to
playback of conspecific local versus conspecific foreign song.
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Figure S3. Ultrametric phylogenetic tree with an Ericson backbone obtained from Jetz et al.
(2012; http://birdtree.org/) and converted into correlation matrix for our meta-analyses by fitting
it to the rma.mv function in metaphor.
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