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abstract: That many species of songbirds learn their songs imi-
tatively is well established, but it is less clear why they do so. A
component of the developmental-stress hypothesis posits that young
males in good condition learn songs more accurately than males in
poor condition and that females use learning accuracy as an honest
signal of male developmental history. An unresolved problem is how
females reliably assess learning accuracy when they are not certain
of the identity of the male’s tutor and thus the specific model from
which a song was copied. We therefore investigated whether song
learning accuracy assessment (SLAA) can be reliable, using evolu-
tionary simulation models of song learning. We found that SLAA is
indeed less reliable than assessment in which male signals are com-
pared to an unlearned standard, as a result of three types of errors
in matching songs to their models. In the simplest models, SLAA
was particularly unreliable, but when the model is made more realistic
by including features such as geographically constrained learning,
repertoire complexity, and, in particular, song categorization, the
reliability of SLAA increased. Our results demonstrate a range of
conditions under which the assessment of song learning accuracy
might be reasonably reliable and therefore likely to evolve.

Keywords: developmental stress hypothesis, signaling system, cultural
evolution, song learning, assessment, simulation models.

Introduction

Many songbirds learn their songs by imitating conspecifics,
as demonstrated by hand-rearing experiments in the lab-
oratory (e.g., Thorpe 1958; Marler and Peters 1981; Tcher-
nichovski et al. 2001) and inferred from the high pro-
portion of individuals singing shared song types in a broad
range of species in the field (see, e.g., Podos and Warren
2007 and Catchpole and Slater 2008 for reviews; see Lynch
1996 and Lachlan and Slater 2003 for quantitative anal-
yses). Of the major hypotheses that explain why birds
might learn songs from others, the most recent is a com-
ponent of the developmental-stress hypothesis (Nowicki
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et al. 1998, 2002a; Searcy and Nowicki 2005). Develop-
mental stress experienced early in life has long-lasting ef-
fects on brain development in songbirds, including on
those brain areas involved with song learning and pro-
duction (e.g., Nowicki et al. 2002a; Buchanan et al. 2004;
MacDonald et al. 2006). The developmental-stress hy-
pothesis proposes that song may serve as an intersexual
assessment signal because young males that experience less
stress and are thus able to invest more resources in brain
development are also expected to be correspondingly bet-
ter singers, potentially making song a reliable indicator of
male quality.

One aspect of song likely to be influenced by brain
development is how accurately a male imitates the songs
he attempts to copy. If males in poor condition learn song
less accurately than males in good condition, then females
may assess male condition through the proxy of song
learning accuracy. We call this component of the devel-
opmental-stress hypothesis “song learning accuracy as-
sessment” (SLAA). SLAA has received two types of em-
pirical support. First, males do indeed learn songs less
precisely if raised under developmental stress (swamp
sparrows Melospiza georgiana: Nowicki et al. 2002a; zebra
finches Taeniopygia guttata: Holveck et al. 2008; Brumm
et al. 2009; but see Gil et al. 2006; Zann and Cash 2008),
demonstrating the potential for learning accuracy to pro-
vide information about males to receivers. Second, and
more critically, females show diminished sexual response
to inaccurately learned songs (song sparrows Melospiza
melodia: Nowicki et al. 2002b; swamp sparrows: R. F. Lach-
lan, R. C. Anderson, and S. Nowicki, unpublished data),
consistent with the interpretation that they use this signal
in the context of mate choice to assess a male’s early
condition.

Perhaps the biggest challenge for the SLAA hypothesis
is to explain how females are able to assess male song
learning accuracy, which requires them to have some point
of comparison. Because young males may learn their songs
from different tutors, however, and because songs often
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A) Novel-Song Error

B) Mismatch Error

C) Model-as-Subject Error

Figure 1: Three sources of error particular to song learning accuracy
assessment. Each figure shows a range of tutor signals along the top
and how a male and a female might learn from those models. A,
Novel-song error. The female does not learn the model that the male
bases his song on and compares his song with a different model
instead. B, Mismatch error. The male learns his song with enough
inaccuracy that the female matches his song to the wrong model,
even though she has learned the correct model. C, Model-as-subject
error. The male is actually a member of the tutor cohort, and the
female learns his song before later assessing him as a potential mate.
This artificially inflates her judgment of his song learning accuracy.

vary greatly among adult males in a population, it is not
clear how a female can tell which song or songs a particular
male attempted to learn. Given this problem, we can iden-
tify four alternative mechanisms by which a female might
assess how well a male has learned his songs.

Two mechanisms circumvent the problem entirely. First,
a female might simply know the identity of a male’s tutor
and have memorized the tutor’s songs herself, thus giving
her direct knowledge of the specific songs that male at-
tempted to copy. In most species, however, males do not
learn from any predictably identifiable individual (re-
viewed in Catchpole and Slater 2008). In a few species,
males do appear to learn from their fathers (e.g., Grant
and Grant 1996), but even in this special case it is not
clear how a female could know the identity of a particular
male’s father (unless they were nestmates, in which case
SLAA would conflict with inbreeding avoidance). We
therefore deem it unlikely that this mechanism would ap-
ply in the real world. A second mechanism was modeled
by Ritchie et al. (2008), who posited that some features
of song can be accurately imitated only by high-quality
males and that these features (e.g., greater length) are as-
sessed by females in lieu of learning accuracy itself. While
this is a plausible assessment mechanism, we do not think
that it ultimately provides an explanation for accurate
learning by males: if a high-quality male attempted to learn
from a low-quality tutor, there would inevitably be a con-
flict between learning accuracy and producing an attractive
song (Lahti et al. 2011), and selection would then favor
males that maximized the preferred feature at the expense
of accurate learning.

Two other, more promising mechanisms for assessing
song learning accuracy involve different ways in which a
female might infer the model for a male’s song, either by
comparing his song to specific song exemplars she has
memorized or by comparing it to generalized song-type
categories she has learned. In this article, we use evolu-
tionary models to examine the plausibility of these two
mechanisms. In so doing, we investigate the conditions
under which SLAA can be reliable enough to evolve and
be used in mate choice as an indicator of early develop-
mental stress.

In the first mechanism, a female attempts to compare
a male’s song to the best match among a collection of
specific songs she herself has memorized previously from
the population. Such “inference from exemplars” seems
straightforward at first, but three different types of mis-
takes can occur. (1) A female might never have encoun-
tered the model song from which the male she is assessing
learned; we call this “novel-song error” (fig. 1A). This may
happen if the male learned his song outside the female’s
geographical range, for example, or if the male is older
than the female and his tutor had died before she had the

chance to be exposed to that tutor’s songs. (2) A female
might have learned the correct model song but might
match the male song to a different, false model; we call
this “mismatch error” (fig. 1B). This may occur if the male
learned his song inaccurately enough that it actually re-
sembles the false model more closely than the true model.
(3) If a female reencounters a male that she had learned
from previously (e.g., in the previous year), she might
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Models:

Categories:

Figure 2: How categorical perception might influence song learning and song preferences. Males and females first form categories from
the signals they hear, and then females base their assessment on how closely a male’s songs match a prototypical version of the song type
category it best fits. Thus, even if males and females hear a different set of tutor songs, male song targets might closely match female
preferences. Here, the song preference that the female has matched the male song with is very similar to the category average that the male
was trying to learn.

attempt to match his song to her memory of his song; we
call this “model-as-subject error” (fig. 1C). Unlike novel-
song errors, the consequence of a mismatch error or a
model-as-subject error is that the female assesses the male
to have learned his song more accurately than he actually
did. In our simplest simulations, we find that the potential
for these kinds of mistakes makes SLAA notably unreliable,
as compared to an unlearned assessment signal. Reliability
increases dramatically, however, as we incorporate realistic
features into the model, such as geographically constrained
learning and repertoire complexity.

In the second mechanism that we examine, females as-
sess male songs not by comparing them to specific ex-
emplars they have memorized but rather on the basis of
their adherence to learned population-wide categories of
song types. That is, we assume that a song is assessed by
the degree to which it is prototypical of the category to
which it belongs. Studies of category formation in human
perception, including studies of human speech, support
the idea that prototypes within categories may be ubiq-
uitous. For example, human infants form prototypes of
speech sounds during language learning (Grieser and Kuhl
1989). There is also evidence that animals form prototypes
when they are trained to perceive human speech (Kluender
et al. 1998). Category formation may allow birds to avoid
the errors depicted in figure 1 because males and females
may form similar population-specific prototypes for song-
type categories even if the song exemplars they are exposed
to come from different sets of tutors in that population
(fig. 2). A human analogy to this is that two people might
both have similar concepts of what constitutes a typical

New York English accent even if they have learned these
concepts from hearing different sets of New Yorkers. When
we add to our model an algorithm by which birds develop
song categories generalized from the aggregate of song
exemplars they are exposed to and females base their as-
sessment against prototypical versions of a song-type cat-
egory, we find that SLAA becomes highly reliable as an
assessment strategy and thus likely to evolve.

Model 1: Inference of Song Learning Accuracy by
Matching to Song Exemplars

The potential errors in matching a male’s song to exem-
plars in a female’s memory (fig. 1) can be overwhelming.
In a simple, nonspatial mathematical model of the hy-
pothesis, one can demonstrate that SLAA is unreliable to
the point of providing nearly no information to the female
at all (app. A, available online). In this section, we examine
ways in which a more realistic model of the process of
song learning might improve reliability. For example,
novel-song errors (fig. 1A) should be reduced if males
occupy a territory only a short distance from where they
learned their songs. There is evidence of such a geograph-
ical constraint to learning in many of the species of song-
bird studied to date: song types are shared most commonly
with neighbors or nearby individuals (see Podos and War-
ren 2007 for a recent review).

In the real world, birds often sing more than one song
type, and the songs themselves are also normally complex,
containing many discrete elements. While, in some species,
there may be little organization to the sequencing of songs

This content downloaded  on Tue, 8 Jan 2013 16:28:28 PM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


754 The American Naturalist

within a repertoire (e.g., zebra finches: Lachlan et al. 2010),
in others there may also be “syntax” constraints on where
certain types of elements or syllables can be placed within
a song (e.g., white-crowned sparrows Zonotrichia leuco-
phrys: Soha and Marler 2001). In some species, elements
or syllables are learned from multiple songs and recom-
bined into the songs in a male’s repertoire (e.g., eastern
song sparrow populations: Hughes et al. 1998), while in
others, entire songs are learned intact from their models
(e.g., chaffinches Fringilla coelebs: Thorpe 1958; Lachlan
and Slater 2003; western song sparrow populations: Bee-
cher et al. 1994b), including the sequence of units. These
different types of repertoire organization all influence the
information received by a female assessing song learning
accuracy, and they might also be expected to influence the
reliability of assessment.

Methods

Our models use individual-based simulations in which
each individual in the population occupies a position on
a two-dimensional grid. During each time period (“year”)
of the simulation, females choose mates and produce off-
spring. Male offspring then occupy territories left open
when territory holders die. Males and females disperse up
to di, m and di, f territories, respectively, to find a mate or
an empty territory. The number of offspring produced by
a pair is related to the condition of the male early in his
life, qm (a noninherited trait set randomly at hatching), so
it is in a female’s interest to choose a male with a high
qm. The model is an example of a direct-benefits model
of sexual selection (Kirkpatrick and Ryan 1991), a choice
we made to generate a simple and stable selection pressure
for mate assessment by females.

In most of our models, males and females learn songs
in their first year of life from males within ds, m and ds, f

territories of their natal territory, respectively. In many
species in the real world, males learn after dispersing from
their natal territory (reviewed in Podos and Warren 2007).
In these cases, males first disperse to some area of suitable
habitat, then learn their songs, and then search for an
available territory nearby. We can modify our model to
account for this behavior by adding an additional step of
an initial dispersal phase, occurring before song learning,
in which males disperse up to a distance of territoriesd i, m2

from their natal territory. After this, the model proceeds
as before, with males learning songs from within ds, m ter-
ritories of their new location and searching over di, m ter-
ritories for an open territory. When we modified our
model to include this dispersal step, however, we found
that it had no effect on the outcome of the simulations
(using various values of ), so we do not report thesed i, m2

results separately.

Songs are characterized as real-valued numbers between
0 and 1, arranged on a ring. That is, songs of values 1
and 0 are identical, and the similarity between two songs
can be taken as the difference between their song values
around the ring (this feature of the model avoided edge
effects). We vary details of song learning in our different
simulations (below), but in all cases, male song learning
accuracy depends on male condition, qm: songs are learned
with an error randomly drawn from a normal distribution
with variance . The default value of p1 in the(1 � q )pm 1

simulations is 0.02.
In our simplest models, individuals have a repertoire,

R, of just one element. When , we modeled threeR 1 1
different types of complex repertoires. For males with
“structureless” repertoires, repertoire elements are selected
at random from the complete list of the repertoire elements
of all the potential tutors. For males with “syntactic” rep-
ertoires, each element in a male’s repertoire is selected
from the list of elements that occupied the same position
in the tutors’ repertoires. Thus, in this model, the different
elements in a male’s repertoire would, in most cases, be
learned from different tutors but would all occupy the
same position in the male’s repertoire as they did in the
tutors’ repertoires. For males with “whole-repertoire learn-
ing,” one tutor is selected at random from the list of tutors,
and his entire repertoire is learned, maintaining the po-
sition of elements within the repertoire.

Males also possess a nonlearned signal, which may
stand, for example, for a visual signal such as plumage.
This nonlearned signal also depends on males’ early con-
dition: its value is . Here, E(0, p2) is a pseu-q � E(0, p )m 2

dorandom Gaussian error term that adds noise to the
signal: the higher the variance term p2, the lower the cor-
relation between the signal and the male’s condition.

Females could choose males on the basis of either of
the two male signals. Which of the signals a female assesses
depends on the inheritance of a single, autosomal gene
with two alleles: a and A. The a females rely on the non-
learned signal, while the A females use SLAA to assess
males. We examined the evolution of SLAA by investi-
gating the probability of a population of a individuals
being invaded by A individuals, when a small number (5%
of the population) of A individuals were introduced to the
population, and, conversely, the probability of a popula-
tion of A individuals being invaded by a individuals.

Females using the nonlearned signal prefer the male
with the highest signal value, while females using SLAA
prefer the male singing a song most similar to a model
that they had learned. When repertoire size, , femaleR 1 1
choice varied according to the type of repertoire. For struc-
tureless repertoires, females simply assessed each element
in a male’s repertoire independently, without respect to
relative position of the element. For syntactic-learning rep-
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Figure 3: Song learning ranges and reliability. The plots show how
varying the range over which males or females learn songs or disperse
influences reliability. A, With (i.e., no overlapping genera-M p 1
tions). B, How two different types of error combine to influence
reliability ( ). Note that for B, the Y-axis shows both proportionsr̂v

and reliability scores on the same scale. C, With different patterns
of mortality rate. With or with M linked to condition, thereM p 0.5
are overlapping generations and the possibility of model-as-subject
errors. In these simulations, females learned all songs within range,
and unless otherwise stated, dispersal distances were 9 territories.

ertoires, females assessed each element in a male’s rep-
ertoire by comparing it only with elements that they had
learned that also occurred in the same position within the
tutor’s repertoire. For both the structureless-repertoire and
the syntactic-learning models, the overall preference for a
male was calculated as the average preference for each of
the elements in his repertoire. Finally, for whole-song
learning repertoires, females compared each element in a
male’s repertoire with the element in the same position
of a tutor’s repertoire. An overall score for each tutor was
then calculated by averaging these element scores.

For each of our models, we estimated the reliability of
the nonlearned signal that resulted in equal evolutionary
success for the two signaling assessment strategies. To do
this, we varied the parameter p2 until the probability of a
invading a population of A was equal to the probability
of A invading a population of a. For this equilibrium value,

, we then estimated the correlation coefficient betweenˆ ˆp r2 v

male condition and signal value. This coefficient then
served as our main measure of the evolvability and reli-
ability of SLAA. A high value of meant that SLAA couldr̂v

outcompete a nonlearned signal even when there was a
strong correlation between male condition and the non-
learned-signal value. We provide details of the implemen-
tation of the simulation in appendix B, available online.

Results

We first examined the reliability of SLAA with minimal
spatial structure. We simplified our model by allowing
females to learn only one song, setting R to 1, and setting
the mortality rate, M, to 1, which effectively meant that
males and females could breed during one year only, pre-
venting overlap of generations. Then, when we set all dis-
persal distances to maximum values, we found that

. In other words, to make the SLAA strategyr̂ p 0.006v

equally successful as the null, non–song learning strategy,
we had to reduce the correlation between a male’s con-
dition and his nonlearned signal nearly to 0. This result
confirms the result of our simple nonspatial mathematical
model (app. A) and suggests that with moderate or larger
dispersal distances, SLAA based on song exemplars is an
inherently unreliable mechanism for assessing male
condition.

We introduced spatial structure to the simulation by
reducing dispersal distances. The effect of this was to in-
crease , but as long as females learned only one song,r̂v

remained low. The maximum value we found was 0.07,r̂v

which occurred when males learned only from fathers and
dispersed only to neighboring territories.

If females could learn all songs within ds, f territories,
rather than just one, however, increased dramaticallyr̂v

(fig. 3A). As expected, increased as the distance overr̂v

which males learned songs and dispersed decreased. This
is an intuitive result because reducing male dispersal also
reduces novel-song error (fig. 1A), by increasing the prob-
ability that females would be familiar with a male’s tutor.
A different pattern emerged for female song learning dis-
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Figure 4: Repertoire complexity and reliability. A, Increasing rep-
ertoire size increases reliability in simulations of song learning ac-
curacy assessment, but more for whole-song learning than for syn-
tactic learning and more for syntactic learning than for structureless
repertoires. B, Mismatch error varies with repertoire size for the three
styles of repertoire organization. The parameters di, m, di, f, and ds, f

were set to 9, and ds, m was set to 1; .M p 1

tance and female dispersal (fig. 3A): increased with ds, fr̂v

until ds, f was large enough to encompass all the potential
tutors of all potential mates that females might encounter.
Beyond this point, reliability declined again. Overall, the
highest level of that we measured with was 0.439,r̂ M p 1v

which occurred when males learned songs only from one
of the neighboring territories and when females learned
all songs within a range of 2 territories but searched for
mates only within 1 territory distance. As the number of
males a female learns from increases, novel-song errors
may decrease, but the probability of mismatch error in-
creases (fig. 3B). The trade-off between these two types of
error explains why reliability reached a maximum at an
intermediate value of ds, f (fig. 3B).

We next considered the effect of allowing overlapping
generations, that is, . This added a third source ofM ! 1
error to our simulations: model-as-subject error (fig. 3C),
where females mistakenly assess an older male as having
accurately learned his own song. However, the extent to
which this counts as an error depends on our assumptions:
a male’s age might indicate his condition and consequently
his suitability as a mate. Females might, therefore, use
familiarity with a song as a way of distinguishing older
from first-year males. Under this interpretation, model-
as-subject error is not so much an error as an alternative
way of assessing a song. Empirical evidence suggests that
females prefer older males in some, but not all, species
(Brooks and Kemp 2001), so the frequency with which
this situation really is an “error” remains unclear.

Because of the uncertainty about model-as-subject er-
ror, we investigated overlapping generations in two dif-
ferent ways. In the first, M was set to 0.5 per year for all
individuals. In these simulations, there was no benefit for
females to mate with older males. In the second, M was
set to 0.5 for females, but for males, it was set to

; that is, males in better condition hadM p 1 � (q /2)m m

lower mortality rates, and by choosing older males, females
were therefore more likely to also choose a male in better
condition.

As expected, these two conditions—linking and not
linking male mortality to condition—had very different
outcomes on the overall reliability of SLAA (fig. 3C). With
condition-linked mortality ( ), in-ˆM p 1 � (q /2) rm m v

creased compared to that in our initial model, while oth-
erwise ( ), decreased considerably. Model-as-ˆM p 0.5 rv

subject errors therefore appeared to have a large effect on
the outcome of our simulations. This makes sense in the
model, because a model-as-subject error always vaults a
previous tutor to the head of the list of potential mates,
because his assessed score, tm, is always at the maximum.
Thus, model-as-subject errors always influenced mate
choice decisions if they occurred. In reality, females might
not be able to make such precise assessments, and in ad-

dition, males’ songs might change slightly from year to
year, so our models may overstate the importance of this
type of error.

Increasing repertoire complexity also increased the re-
liability of SLAA, under all three conditions we examined
(fig. 4). This is in line with the “backup” theory of signal
evolution (Johnstone 1996): each additional repertoire
component adds to the overall reliability of assessment.
There were, however, clear differences between the three
models: structureless repertoires led to the lowest reliability
scores of the three, while whole-song learning led to the
highest scores (fig. 4A). The root of this difference lies in
the frequency of mismatch errors (fig. 4B). In an unstruc-
tured repertoire, the potential for mismatch error for each
element in the repertoire increases with repertoire size
because there are more potential tutor songs in a female’s
memory to be confused. In contrast, with a syntactically
structured song learning strategy, each position in the rep-
ertoire is independent (somewhat as genetic loci on dif-
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ferent chromosomes are independent). Therefore, the po-
tential for mismatch errors for each element in a
syntactically structured repertoire does not increase with
repertoire size. Finally, with whole-song learning, mis-
match errors are reduced still further. The reason for this
is that whole-song learning is functionally equivalent to
increasing the dimensionality of the signal. The chance
that learning mistakes make two signals converge becomes
progressively smaller as the dimensionality of the signals
increases: convergence in one dimension is likely to be
accompanied by divergence in another dimension.

In summary, the reliability of SLAA is increased if there
is a short distance between where males learn songs and
where they sing them. When this distance increases to even
moderate levels, reliability quickly decreases. In the real
world, the only plausible scenario for such a short distance
between tutor and tutee is when males learn their songs
after dispersing to the area around their territory, a phe-
nomenon that occurs in around 60% of species studied
to date (Podos and Warren 2007). Reliability is hampered
by a trade-off between novel-song errors, which decrease
as females learn over a wider geographical range, and
model-as-subject and mismatch errors, which increase at
the same time. Mismatch errors can be further reduced,
and reliability increased further, by adding structure to
how repertoires are organized and learned.

Model 2: Inference of Song Learning Accuracy by
Matching to Categories

In model 1, reliability in song learning assessment was
limited by confusion between song types and lack of fa-
miliarity with potential tutor songs. If females learn
enough songs to be familiar with all local tutors, they
increase the risk of mismatching a male’s song to a similar
but incorrect tutor song. The fact that song is culturally
transmitted means that there tend to be several similar
local variants of a song, which heightens the possibility
for confusion. In model 2, we investigate the way in which
categorization of song types might reduce such confusion.

The way birds perceive local clusters of songs or song
elements has been the subject of experimental research,
which has found that “song types” or “note types” form
natural categories that are meaningful to the birds them-
selves (Nelson and Marler 1989; Beecher et al. 1994a;
Searcy et al. 1999; Prather et al. 2009). Swamp sparrows,
for example, have been shown to distinguish between two
variable note types in a categorical fashion on the basis of
note length, a continuous variable (Nelson and Marler
1989). More recent work on this system indicates that
note-type boundaries differ between closely related pop-
ulations, suggesting that learning may underlie category
development (Prather et al. 2009). Similarly, song sparrows

perceptually lump similar song types into categories in
spite of considerable within-category variation (Beecher et
al. 1994a; Searcy et al. 1999). There is little evidence as
yet whether females cluster songs in the same way as males.
Although the details of how note-type and song-type cat-
egories develop are poorly understood, it would seem that
if learning is involved, birds must use some neural equiv-
alent of a clustering algorithm to determine category
boundaries.

In this model, we explore how categorization of song
types affects the reliability of SLAA. We assume that
learned categories may shape the production and percep-
tion of songs and, specifically, that males and females will
preferentially select songs to learn near the center of song-
type clusters, that is, songs that are more prototypical (fig.
2). Males will therefore learn at most only one song type
from a given category, and females will develop one pref-
erence for each song type category.

Methods

Model 2 was adapted from model 1. The only change was
a categorization step added after tutor songs were sampled:
essentially, a basic clustering algorithm. Males and females
sample all songs within their song dispersal distance in a
random order. The first song to be sampled is placed in
a category by itself. The next song is added to the same
category if the distance between it and the first song is
less than a threshold, s. If not, it becomes the first member
of a second category. This process is then repeated for each
of the remaining songs in the sample. After a song is added
to an existing category, the mean song value is recalculated
and then used to represent the category in subsequent steps
of the algorithm.

This algorithm is simple enough to make evolutionary
simulations practical, but it is not remarkable for the qual-
ity of the clusters it produces, because the order in which
songs are fed into it influences the category boundaries
that are formed. On the other hand, this process may be
biologically realistic. It is likely that perceptual categories
are formed upon some initial exposure to a novel type
and then develop gradually as individuals are exposed to
more exemplars.

When males select a song to produce, instead of choos-
ing from a list of learned songs (as in model 1), they choose
from the list of category means (if males sing more than
one song, then a given category can be represented only
once in a male’s repertoire). The probability of selecting
a given category is the relative proportion of tutor songs
belonging to that category within the list of songs the male
originally sampled. Similarly, females assess song learning
accuracy on basis of the distance between a potential
mate’s song and the category means that she has learned.
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Figure 5: Categorical perception increases the reliability of song
learning accuracy assessment over a range of conditions. Squares
represent simulations with categorization and diamonds simulations
without categorization. A, Varying song learning ranges (the song
learning ranges were equal for both males and females). B, Varying
repertoire size. C, Varying the threshold for placing a song within a
category, s ( means that all songs were placed in separate cat-s p 0
egories, as in the noncategorization models). Unless otherwise stated,
song learning range was set at 9 territories, repertoire size at 3, and
s at 0.02.

For our default conditions, we set the number of songs
in each male’s repertoire to 3 and s to 0.02 and assume a
structureless repertoire. We set , but because fe-M p 1
males’ preferences are based on means of samples of songs,
they generally do not exactly match any particular tutor
song. Thus, model-as-subject errors (which can arise when

) were much less important in this model than inM ! 1
model 1.

Results

Categorization improved the reliability of SLAA consid-
erably (fig. 5). It also changed the relationship between
reliability and the number of songs sampled. In model 1,
without categorization, increasing the number of songs
sampled (by extending the geographic range of learning
or by increasing repertoire size) generally reduced reli-
ability or led to relatively small increases in reliability due
to increases in mismatch errors. With categorization, re-
liability increased as males sampled more songs, by learn-
ing either from a broader geographic area (fig. 5A) or from
tutors with larger repertoires (fig. 5B). The reason for this
difference is that as more songs were sampled, there were
more exemplars for each category type. In turn, this led
to less variation in how individuals estimated category
means and therefore improved reliability.

This principle—that categorization is more effective at
improving the reliability of SLAA if more exemplars are
sampled per cluster—also applies to the clustering process
itself (fig. 5C): the smaller the clustering threshold, s, the
narrower the breadth of categories in signal space. Con-
sequently, smaller clustering thresholds led to more clus-
ters per individual, with fewer members of each cluster,
and, as predicted, this led to reduced levels of reliability.

In summary, categorization considerably improved the
reliability of SLAA. Unlike model 1, this effect was clearest
when males and females sampled many different potential
tutor songs.

Discussion

Assessment signaling can evolve in the face of uncertainty,
as long as signals maintain some reliability on average
(Johnstone and Grafen 1993; Kokko 1997; Searcy and
Nowicki 2005). In our simulations, we identify two situ-
ations in which SLAA can be reasonably reliable: when
males learn from within a short distance of their territory
and when males and females categorize song types. Any
assessment signaling system is likely to be less than com-
pletely reliable: variation in signal production induced by
factors unrelated to what receivers are assessing, as well
as perceptual biases and cognitive limitations on the part
of receivers and even the transmission properties of the

environment, all act to prevent receivers from assessing
signalers perfectly. But our models demonstrate that un-
certainty about the identity of the model from which a
male learns adds an additional challenge to maintaining
reliability unique to song learning accuracy assessment
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(SLAA). This additional source of unreliability is present
to some degree in all of our simulations, but it does not
mean that SLAA cannot evolve: first, females can assess
males on the basis of more than one signal (unlike the
simplifying assumption we made in our models), and se-
lection may favor females that augment their assessment
of males with SLAA; second, as pointed out by Nowicki
et al. (1998), SLAA might provide specific information
about a certain period of a male’s life that is not provided
by other signals.

The first scenario under which we found SLAA to be
reliable was when males learned their songs at a short
distance from their territories (either because they learned
after dispersal or because dispersal distances were very
short). This situation aids reliability by increasing the
probability that a female has encountered the tutor from
which a male learned its song. This scenario would be
most likely to happen if males learned songs after acquiring
a territory, a phenomenon that occurs in many but not
all songbird species (Podos and Warren 2007; Catchpole
and Slater 2008). Even then, our models found that as
song dispersal distances increased to even moderately short
distances, reliability rapidly decreased. One reason for this
result is that the number of potential tutors a female
should learn from to maximize reliability increases as a
square function of song dispersal distance, and the more
songs a female has learned, the greater the probability of
mismatch errors (fig. 1B). In general, this scenario is also
highly dependent on the cognitive abilities of female re-
ceivers. In our models, we did not limit females’ abilities
to memorize or compare songs, partly because of the lack
of empirical evidence to make realistic estimates, but it
seems likely that this scenario would make unrealistically
large cognitive and time demands on females if males
learned from tutors more than a few territories away from
their own territory or had complex repertoires. A second
limitation of this scenario is how females deal with reen-
countering males they have already learned from (model-
as-subject error). One factor in this is the timing of female
learning, which remains largely unknown (Riebel 2009).
If females learn only early in life (e.g., Anderson 2009),
as in our models, then there is a relatively high probability
that they will mistake a former tutor for a younger male
that has accurately learned his song. But if, for example,
they learn anew at the beginning of each breeding season,
then they may be able to avoid this error. In summary,
this scenario allows SLAA to be reliable, but it may apply
to only very few species.

The second scenario increases the reliability of SLAA by
relying on categories of song types rather than specific
exemplars, thereby sidestepping the errors in inferring the
tutor song. In our models of categorization, individuals
learn abstract prototypical versions of song categories

rather than particular instances of songs. This increases
the concordance between males and females about the
target for learning, because as more songs are sampled,
the prototypes of different birds tend to converge. Thus,
a female may form an accurate concept of what a male is
trying to reproduce, even if she does not share the same
tutors (fig. 4). Categorization thus removes the problem
of novel-song error. There is experimental evidence that
birds do categorize both song types (e.g., Beecher et al.
1994a; Searcy et al. 1999) and the subunits of songs (Nel-
son and Marler 1989; Prather et al. 2009), but it is not
yet known whether birds form prototypes of these cate-
gories or whether they use such prototypes as models for
song learning. A recent study of swamp sparrows (R. F.
Lachlan, R. C. Anderson, and S. Nowicki, unpublished
data) found that females preferred songs that were more
prototypical examples of population-wide song-type cat-
egories over ones that were outliers, providing the first
piece of evidence in support of this hypothesis.

In both scenarios, we found that increasing repertoire
complexity increased the reliability of SLAA. This was be-
cause larger repertoires provided more information to fe-
males, either about the particular male she was assessing
(both scenarios) or about the nature of population-wide
categories (scenario 2 only). We believe this is the first
time a positive relationship has been suggested between
these two facets of song learning: the amount an individual
learns and the quality with which it learns. In addition to
this, there may be a trade-off between the two if the ad-
ditional cognitive demands of learning larger repertoires
decrease the accuracy of learning or limit the amount of
songs learned by males or females.

As with all models, we made assumptions that influ-
enced our results. First, we used a simple model of sexual
selection in which male condition influenced parental abil-
ity but was not itself inherited. We did this because it made
our models more computationally tractable, but in general
we would expect very similar results if male condition is
partly determined by a large number of underlying genes.
One corollary of the approach we took is that there was
no extrapair paternity in our model, even though this
phenomenon is widespread in songbirds (Griffith et al.
2002). Extrapair paternity would be expected to influence
some aspects of our model by skewing reproductive success
in males. In particular, we would expect that if older males
are available for extrapair copulations, model-as-subject
errors might be even more important in reality than in
our models.

Second, in our models we assumed no limits in the
precision of female perception or the accuracy of their
memory: females could detect any differences between
males, however small. Although this assumption would,
in general, affect any type of signal assessment, in our
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model it particularly increased the rate of model-as-subject
errors. Because males did not change their songs over time
(also an assumption), a male that had served as a female’s
tutor earlier in life would have the maximum level of
attractiveness to her if encountered later as a potential
mate. In the real world, it seems plausible that females
might not be able to distinguish between an older male’s
song and a particularly accurately learned copy of it sung
by a younger male, although we know of no empirical
evidence addressing this issue.

Third, our models simplified songs to just a few con-
tinuous dimensions in which song culturally evolved freely
without any selection. But bird song is a complex signal,
often with multiple functions (including territorial defense
as well as mate attraction), combining several routes for
communication (such as preferences for more complex
songs or for higher-performance songs), that may be pro-
duced by females as well as males (see Catchpole and Slater
2008 for an overview). For the sake of the tractability of
our models, we did not consider these additional aspects
of bird song communication. In some cases, other hy-
potheses that explain the evolution of accurate learning
might complement our models of SLAA. Hypotheses in
which accurate learning allows females to select local males
over foreign males no doubt involve females categorizing
local song types or other features of local songs, for ex-
ample. It is especially worth considering that in some spe-
cies, song might not be involved in the particular inter-
action central to our models: the assessment of potential
mates by females. On the other hand, we think it plausible
that SLAA might be employed in other types of assessment,
such as territorial interactions between males. In line with
this, a recent experiment demonstrated a stronger terri-
torial response by male swamp sparrows to songs that were
more prototypical of their song type than to songs that
were outliers, in line with the predictions of our categorical
model (R. F. Lachlan, R. C. Anderson, and S. Nowicki,
unpublished data).

Natural communication systems in which different so-
cially learned signals communicate different information
are unusual: aside from songbird song, human language
(and perhaps other aspects of human culture) and bot-
tlenose dolphin signature whistles (e.g., Janik and Slater
1998) are the only well-documented examples. The prob-
lem we address in this article—how a “meaning” can be
extracted from a signal in the face of inaccurate learning
and dynamic cultural evolution—is common to all of
them. In SLAA, the “meaning” of a signal has something
to do with mate assessment, and this assessment is com-
pletely accurate only if a male’s signal, his song, can be
matched to the specific model that he learned.

SLAA is not the only hypothesis that might explain why
songs are learned accurately, but in other hypotheses, as-

sessed songs need only be matched to broader song-type
categories, in the context of either sharing between neigh-
bors (e.g., Vehrencamp 2000; Lachlan et al. 2004; Beecher
and Brenowitz 2005) or producing songs found in the local
population (e.g., Nottebohm 1969; Baker 1982). Likewise,
in a different communication system, human speech, a
sound need only be matched to the appropriate word cat-
egory. Instead, SLAA makes the clear prediction that re-
ceivers should distinguish between exemplars that belong
to the same song-type category. Nevertheless, we think
that two of the types of error we documented here—novel-
song error and mismatch error—may be relevant to all of
these forms of communication. For example, it is essen-
tially a mismatch error when a British English speaker
hears the word “pin” when a Southern US English speaker
utters “pen,” and when a British speaker does not rec-
ognize the word “chitlins” uttered by a Southern US
speaker, that is similar to a novel-song error in our model.
It seems plausible that some of the solutions to these prob-
lems we modeled here, such as increasing the complexity
of the signal and relying on categorization to shape learn-
ing, might apply to other systems, too, and might reflect
deep similarities found between learned communication
systems.
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