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ABSTRACT

The extent to which interspecific interference competition has contributed to character evolution is one of the
most neglected problems in evolutionary biology. When formerly allopatric species come into secondary contact,
aggressive interactions between the species can cause selection on traits that affect interspecific encounter rates
(e.g. habitat preferences, activity schedules), competitor recognition (e.g. colouration, song), and fighting ability
(e.g. weaponry, body size). We define agonistic character displacement (ACD) as the process of phenotypic
evolution in a population caused by interference competition with one or more sympatric species and which
results in shifts in traits that affect the rate, intensity or outcome of interspecific aggression. After clarifying the
relationships between ACD and other evolutionary processes that may occur when species come into secondary
contact, we develop an individual-based, quantitative genetic model to examine how traits involved in competitor
recognition would be expected to evolve under different secondary contact scenarios. Our simulation results show
that both divergence and convergence are possible outcomes, depending on the intensity of interspecific
exploitative competition, the costs associated with mutual versus unilateral recognition, and the extent of
phenotypic differences prior to secondary contact. We then devise a set of eight criteria for evaluating putative
examples of ACD and review the empirical literature to assess the strength of existing evidence and to identify
promising avenues for future research. Our literature search revealed 33 putative examples of ACD across
insects, fishes, bats, birds, lizards, and amphibians (15 divergence examples; 18 convergence examples). Only one
example satisfies all eight criteria for demonstrating ACD, but most case studies satisfy four or more criteria. The
current state of the evidence for ACD is similar to the state of the evidence for ecological character displacement
just 10 years ago. We conclude by offering suggestions for further theoretical and empirical research on ACD.

Key words: character displacement, interference competition, interspecific territoriality, mistaken identity,
misidentification theory, alpha selection, competitor recognition, species recognition, competitive mimicry,
competitive interference.
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I. INTRODUCTION

Interspecific exploitative competition is recognized as
a potent mechanism of selection on traits that influence a
species’ ecological niche (see Section VIII: Glossary; Adams
& Rohlf, 2000; Schluter, 2000a; Dayan & Simberloff, 2005).
Much less attention has been paid to the evolutionary
consequences of interspecific interference competition (see
Section VIII; Peiman & Robinson, 2007). When formerly
allopatric species come into secondary contact, the initial
response of one species to the other is not likely to be
adaptive, simply because the species have previously evolved
in isolation from each other. Competitive interference bet-
ween the species in the zone of sympatry may cause selection
on traits that affect interspecific (1) encounter rates (e.g
habitat preferences, activity schedules), (2) competitor re-
cognition (see Section VIII; e.g. colouration, song, response
thresholds), and (3) fighting ability (e.g. weaponry, body size).
The evolutionary dynamics of traits in the second category
are particularly interesting.

If two species are in competition for a limiting resource,
selection In sympatry may cause convergence in traits
involved in competitor recognition because of the benefits
of mutual recognition between true competitors (Cody,
1969, 1973). Conversely, if the species are not in competition
for a limiting resource, the costs of accidental interspecific
aggression may select for divergence in such traits (Lorenz,
1962, 1966). Although these ideas date back to the 1960s,
there have been very few attempts to model or test them
rigorously. Ironically, the same kinds of traits that are most
useful for recognizing conspecific competitors have received
a tremendous amount of attention in the context of sexual
selection (Andersson, 1994; Kokko, Jennions & Brooks, 2006;
Clutton-Brock, 2007). Most sexual selection research has
focused on mate choice, but many traits classified as
“ornaments” or “sexual signals” are known to play a role in
intrasexual competitive interactions (Savalli, 1994; Berglund,
Bisazza & Pilastro, 1996; Grether, 1996; Pryke & Andersson,
2003; Heinsohn, Legge & Endler, 2005; Setchell & Jean
Wickings, 2005; Meyers ¢ al., 2006; Kraaijeveld, Kraaijeveld-
Smit & Komdeur, 2007). The extent to which interspecific
interference competition has contributed to the evolution of
such traits 15 one of the most neglected problems in
evolutionary biology (Fig. 1).
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Here, we begin by clarifying the relationships among
different evolutionary processes that may occur when species
(especially congeners) come into secondary contact (Section
IT). We then focus specifically on the effects of interspecific
aggression on the evolution of agonistic signals (Section III)
and develop a simple model to examine how such signals and
competitor recognition functions would be expected to evolve
under different secondary contact scenarios (Section I'V). Our
simulation results show that both divergence and conver-
gence are possible outcomes, depending on the intensity of
interspecific exploitative competition. Next we devise a set of
criteria for evaluating putative examples of agonistic char-
acter displacement (Section V) and review the empirical lit-
erature with the goals of assessing the strength of existing
evidence and identifying the most promising avenues for
further research (Section VI).

II. AGONISTIC CHARACTER DISPLACEMENT
AND RELATED PROCESSES

Character displacement (Brown & Wilson, 1956) can be
defined as a geographic pattern or as an evolutionary
process, but using both types of definitions simultaneously is
problematic because multiple patterns can result from the
same process and multiple processes can result in the same
pattern (Taper & Case, 19924; Schluter, 20004; Goldberg &
Lande, 2006; Konuma & Chiba, 2007). We think the best
solution is to define each form of character displacement
as a process and describe the possible geographic patterns
using more specific terms.

Two forms of character displacement are widely recog-
nized: ecological character displacement (ECD) and repro-
ductive character displacement (RCD). RCD can be defined
as the process of phenotypic evolution in a population caused
by cross-species mating and which results in enhanced pre-
zygotic reproductive isolation between sympatric species.
This process is known as reinforcement if speciation is
incomplete and hybrids have low (but non-zero) fitness. Some
authors prefer to use the term RCD only when hybrids are not
produced or hybrid fitness is zero (reviewed in Coyne & Orr,
2004). For our purposes, however, this distinction is not
crucial. For brevity, we use the term “RCD” to encompass
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Fig.1. Some processes that may cause secondary sexual characters to evolve. Far more research effort has been devoted to
intraspecific and interspecific-intersexual processes than to interspecific-intrasexual processes. Agonistic character displacement
and reproductive character displacement are defined in Section II. (A shortcoming of this diagram is that competition need not be

strictly intrasexual).

both reinforcement and post-speciation RCD. RCD may
involve temporal isolation, habitat isolation, enhanced mate
recognition, mechanical barriers to gamete transfer, and post-
mating fertilization barriers.

ECD can be defined as the process of phenotypic
evolution in a population caused by exploitative competi-
tion with one or more sympatric species and which results
in shifts in traits that affect resource use. This definition
does not encompass all phenomena that have at one time or
another been referred to as ECD, but it is true to the
original use of the term (see Section XI) and consistent with
all existing theoretical models of ECD. ECD has been
modeled in many ways, but all formal ECD models are
based on differential resource utilization (exploitation) (e.g.
Abrams, 19874, Taper & Case, 19925, Goldberg & Lande,
2006). Interference competition and other processes, such
as predation, may influence the evolutionary outcome (see
Abrams, 1986, 19875h), but the evolvable traits in ECD
models (if explicit) are those that affect resource use. ECD
can involve evolutionary shifts in body size, trophic traits
(e.g feeding apparatus), habitat preferences, and seasonality.
Evolutionary shifts in the same traits could arise through
other mechanisms and yield the same effects on resource
use, but this would not qualify as ECD. For example, if
cross-species mating caused a shift in body size, we would
refer to this as RCD, not ECD, even if the shift in body size
had trophic effects that reduced resource competition
(cf. Konuma & Chiba, 2007). Clearly, multiple processes
could contribute to any given phenotypic shift and
separating them empirically can be difficult; our point is
simply that the processes are conceptually distinct.

Interspecific interference competition alone may also
cause character displacement (Adams, 2004, Peiman &
Robinson, 2007), but there is no established general term
for this process. Some authors have advocated broadening
the definition of ECD to include interference competition
(e.g. Adams, 2004), but recent reviews of ECD have placed
interference competition in a separate category along with
other processes, such as intraguild predation, that could
generate similar patterns and therefore might be confused
with exploitative competition (e.g. Taper & Case, 19924,
Schluter, 2000a, Dayan & Simberloff, 2005). Although
mterference mechanisms may themselves have evolved in
response to past exploitative competition (Case & Gilpin,
1974, Gill, 1974), once evolved they affect the fitness landscape
in ways that are distinctly different from resource depletion.
Interspecific interference can also arise as a pleiotropic effect of
other processes, including intraspecific competition (Schluter,

20006, Groning & Hochkirch, 2008). Like cross-species
mating, interference competition could result in evolutionary
shifts in traits (e.g. body size) that inadvertently affect resource
use, but this is not the same process as ECD (Peiman &
Robinson, 2007).

We define agonistic character displacement (ACD) as the
process of phenotypic evolution in a population caused by
interference competition with one or more sympatric
species and which results in shifts in traits that affect the
rate, intensity or outcome of interspecific aggression. Like
exploitative competition, interference competition can have
diverse effects. For example, interspecific aggression involves
multiple stages at which selection could operate (encounter,
detection, identification, pursuit, attack, efe; Peiman &
Robinson, 2007). Specific evolutionary responses may
include temporal or spatial shifts in activity, improvements
in competitor recognition, shifts in agonistic signals, and im-
provements in interspecific fighting ability. Just as RCD
includes selection on both mate recognition functions and the
traits upon which mate recognition is based (Coyne & Orr,
2004, Lemmon, Smadja & Kirkpatrick, 2004), ACD includes
selection on both competitor recognition functions and the
traits upon which competitor recognition is based.

Below, we focus on the effects of secondary contact on the
evolution of traits involved in competitor recognition. In the
Conclusions, we offer general predictions about the effects of
interference competition on the evolution of niche separation
and reproductive isolation (i.e. the interplay between char-
acter displacement processes).

ITII. INTERSPECIFIC AGGRESSION AND THE
EVOLUTION OF AGONISTIC SIGNALS

Lorenz (1962, 1966) proposed that species- and age-specific
colouration evolved in coral reef fishes because it enables
territorial aggression to be directed exclusively towards
conspecific competitors. No territorial coral reef fish, he
argued, could afford to repel all intruders, and because of
the high degree of niche specialization on coral reefs, there
would be no advantage in doing so (but see Low, 1971,
Ebersole, 1977; Ehrlich et al, 1977; Neudecker, 1989).
Meanwhile, ornithologists were debating the adaptive
significance of interspecific territoriality in birds (e.g; Lanyon,
1959; Johnson, 1963; Ashmole, 1968). Orians & Willson
(1964) argued that interspecific territoriality would be too
costly to persist in the absence of benefits and that it may be
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adaptive when species that still overlap broadly in resource
use come into secondary contact. Cody (1969, 1973)
extended this line of reasoning and proposed that resource
competition can select for convergence between species in
agonistic signals (also see Moynihan, 1968). Although
Lorenz’s and Cody’s hypotheses predict opposite geographic
patterns (i.e. divergence versus convergence in agonistic
signals), they can be reconciled by considering that selection
favours individuals that distinguish between true competitors
and classes of individuals that are not in competition for
the same limiting resource. This puts the emphasis on com-
petitor recognition (see Section VIII), as opposed to species
recognition.

Gill (1974) introduced the term o-selection to refer to
selection for enhanced interspecific competitive ability
through interference mechanisms. When this results in
specialized adaptations (behavioural, morphological, or
chemical) for fighting with another species, it is distinct
from the processes described by Lorenz (1962, 1966) and
Cody (1969, 1973). Most empirical studies of a-selection,
however, have focused on interspecific aggression per se. In
this context, a-selection has often been contrasted with the
hypothesis that interspecific aggression is a non-adaptive
byproduct of intraspecific aggression (misidentification
theory; Murray, 1981; Nishikawa, 1987; Adams, 2004).
This too is best viewed as a competitor recognition problem.
It is not robust to assume that selection in sympatry always
favours increases in interspecific aggression over the allopatric
condition, although this has often been presented as the
a-selection prediction.

In a critique of Cody’s hypothesis, Murray (1976) pointed
out that competing species might not have to converge
phenotypically to recognize each other as competitors. An
analogous objection applies to Lorenz’s hypothesis: species
might not have to diverge further than they already have to
recognize each other as non-competitors. Nevertheless,
a shift in competitor recognition alone could have im-
portant consequences if, for example, it enabled two species
to coexist by lowering the intensity of interspecific
competition relative to intraspecific competition.

Our definition of agonistic character displacement
(Section II) links all of these hypotheses together, for the
first time, into a coherent conceptual framework.

IV. A COMPETITOR RECOGNITION-BASED
MODEL

Here we develop a model that is meant to capture the
essential elements of the evolutionary processes described by
Lorenz (1962) and Cody (1969). This model could also
serve as a platform for developing a more general model of
ACD or models customized for particular systems.

(1) Scope and limitations of the model

Our primary goal is to determine whether the evolutionary
trajectory of agonistic signals switches from divergence to
convergence between species as the degree of exploitative
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competition increases. To test Murray’s (1976) idea that shifts
in competitor recognition might preempt shifts in agonistic
signals, we also model the evolution of the recognition
function. The model could allow for other forms of ACD,
such as shifts in activity patterns or improvements in
interspecific fighting ability, but we do not explore such
alternatives herein. The model is not specific about the nature
of exploitative competition and does not allow resource
utilization traits to evolve (i.e. ECD is precluded). Likewise, the
model does not permit cross-species mating, which precludes
RCD. With our modeling approach, these assumptions could
casily be modified to examine interactions among different
character displacement processes.

(2) Specific assumptions

In the model, every individual pursues the same hawk-like
strategy (Maynard Smith, 1982) of competing for territo-
ries/space (L.e. no floaters or sneakers). At each time step,
each individual tries to keep or acquire a territory and
encounters one opponent with probability p, where p equals
the overall encounter rate. We do not model territoriality
explicitly (i.e. spatially) but simply assume that the number
of territories is limited and individuals can be classified, at
a given point in time, as either residents or intruders.
Encounters are random, i.e. the expected rate of encounter
with individuals of each species and phenotype depends
only on the density of each species and the distribution of
phenotypes. No encounter in a particular time step means
that the focal individual intruded on a vacant territory or
already held a territory and no intrusion occurred.
Competitor recognition is based on a phenotypic trait z,
and the recognition function itself is defined by central
location p and width ¢ (i.e. the function peaks at ). The
probability that an individual with trait value z; is
recognized as a competitor by an individual with uy and
09 1s 1.0 when z; = o and decreases as z; departs from o
following a Gaussian curve defined by ¢o. Whether an
encounter results in a short or protracted territorial fight
depends on whether recognition is mutual and therefore on
both individuals’ values of z, 4 and . The model assumes
no variation in fighting ability within or between species,
and thus the probability of an individual winning
a territorial fight is 0.5. W, is the maximum expected
fitness accrued in a given time step if no encounter occurs.
Based on these assumptions, the possible outcomes of
encounters and their associated fitness calculations are:

(1) Neither individual recognizes the other as a competitor
(share territory). Fitness is calculated as W = W, /(E+1)
where £ is the degree of exploitative competition (1.0 for
conspecifics, 0 for species that do not compete for a limiting
resource, and intermediate values for species that partially
overlap 1n resource use).

(2) Both individuals recognize the other as a competitor
(fight). Winner takes territory, loser leaves. Both pay costs of
fighting Cy. Winner’s payoff is Wy, = W,,,, — . Losers
payoffis Wy = g*W,,.. — G, where g is a value from 0 to 1
representing the expected fitness of a non-territory holder
relative to a territory holder.
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(3) Only one individual recognizes the other as
a competitor (protracted fight). Winner eventually takes
territory and loser leaves. Both pay costs of a protracted
fight ). Winner’s payoft is Wy, = W, — C,. Losers payoff
is I/VL = g*I/Vmax - Cp~

Wi#) is the reproductive success of individual 7 of species
7 In time step { after taking into account the effects of
exploitative competition or territorial fights. Lifetime fitness,
the sum of Wj/) across all time steps until death, stochastically
determines the population density (n;) and distribution of zj, u;
and j in the next generation for each species.

The algorithm described above was embedded in a robust
individual-based model with the following simplifying
assumptions. For each species, z, 4 and ¢ are unlinked,
continuous traits (normally distributed at the start) and
genetic variation is introduced only by mutation (no
recombination or gene flow). Mortality is random with
respect to phenotype (no survival selection), individuals are
born mature and reproduce clonally, and generations are
discrete (non-overlapping). It is possible that altering these
assumptions could affect the results. For example, under
some circumstances, survival selection on the agonistic
signal might prevent character displacement from occur-
ring. A strength of this modeling approach is that one could
easily explore the effects of varying these and other factors.

We implemented the model using a computer program
and systematically varied the degree of exploitative
competition (£) and the cost of fighting associated with
mutual recognition (C). In most biologically plausible
scenarios, the cost associated with unilateral recognition
(G,) would equal or exceed the cost associated with mutual
recognition (), simply because interactions in which
recognition is one-sided are likely to take more time and
energy to resolve than interactions in which both individ-
uals recognize each other as competitors. In our simu-
lations, we varied Crbetween zero and 1 while holding €,
constant at 1. Each simulation was run for 2500
generations, with up to four encounters possible per
individual. For these simulations, we set the per trait, per
generation mutation rate at 0.01 to ensure that there was
sufficient phenotypic variation for natural selection to act
on during the simulations. Each simulation began with 75
individuals of each species. Each species had a carrying
capacity of 2000 individuals, and in all simulations the
populations reached their carrying capacity within a few
generations.

(3) Simulation results

With moderate amounts of pre-secondary contact diver-
gence between the species (e.g. 1-3 standard deviations), the
effects of varying the intensity of exploitative competition
(E) are in line with the basic predictions of our extension of
the Lorenz-Cody hypothesis. When there is no cost
associated with sharing a territory with heterospecifics
(£ = 0), the species diverge from each other in both the
agonistic signal (trait z) and the mean of the recognition
function (u) (upper left panel of Fig. 2). By contrast, when
there 1s complete competitive overlap (£ =1), so that
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sharing a territory with heterospecifics is just as detrimental
as sharing a territory with conspecifics, the species converge
in both u and z (lower left panel of Fig. 2). Between these
extreme values of F, an abrupt shift from divergence to
convergence occurs (at about £ = 0.5 in upper right panel
of Fig. 2).

With large amounts of pre-secondary contact divergence
between the species (e.g. 10 standard deviations), divergence
rarely occurs, even when the species are not competing
ecologically (i.e. low F; lower right panel of Fig. 2). This is
because the species already treat each other as non-
competitors at the start. Convergence is also prevented,
even when the species are strong ecological competitors (i.e.
high E), if the cost associated with mutual recognition (() is
low relative to the cost associated with unilateral recogni-
tion (C),) (lower right panel of Fig. 2). The latter result seems
paradoxical when viewed only from the standpoint of
heterospecific encounters, but it makes sense when the
effects of conspecific encounters are considered. Conver-
gence is prevented when the cost of failing to achieve
mutual recognition with conspecifics exceeds the benefit of
achieving unilateral recognition with heterospecifics. This is
because a “convergent” mutant who deviates from its own
species mean g or mean z enough to achieve unilateral
recognition with heterospecifics will be penalized by getting
into protracted fights (or worse, sharing the resource) with
conspecifics. The average fitness consequences of intraspecific
and interspecific recognition will depend on the encounter
rates with competitors of both species (approximately equal in
our simulations). Presumably the species are more likely to
evolve in response to each other as the interspecific encounter
rate increases relative to the intraspecific encounter rate (see
also Singer, 1989).

While these simulations explore only a small subset of
biologically relevant parameter space, they serve to confirm
that both convergence and divergence in agonistic signals
are possible outcomes and that the outcome depends at
least partially on the intensity of interspecific exploitative
competition.

V. CRITERIA FOR AGONISTIC CHARACTER
DISPLACEMENT

Evidence for character displacement falls into three basic
categories: geographic patterns, m siu measurements of
selection or mechanisms of selection, and manipulative
experiments. Experiments manipulating phenotype distribu-
tions or species composition, combined with measurements
of selection or responses to selection, provide the strongest
tests of character displacement hypotheses (Schluter, 2000g;
Gray & Robinson, 2002). The most frequently reported
geographic pattern is a phenotypic shift in sympatry in com-
parison to allopatric populations of the same species. Other
patterns that may be products of ACD include: a phenotypic
shift along a gradient in relative abundance of two or more
sympatric species (e.g. Tynkkynen, Rantala & Suhonen,
2004); a phenotypic shift along a gradient in the intensity of
competition between sympatric species (e.g. Reed, 1982); and
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Fig. 2. Agonistic character displacement model simulation results. See Section IV for a description of the model and interpretation
of these results. Left: Representative simulation runs showing divergence in the central location of a recognition function () and
the phenotypic trait on which recognition is based (z) between two species that do not compete exploitatively (£= 0; upper graph)
and convergence in z and u between two species that compete intensely for a limiting resource (£=1; lower graph). Right: A
graphical summary of two sets of simulations in which % and the cost of fights resulting from mutual recognition (() were varied
systematically from O to 1. The cost of fights resulting from unilateral recognition (C;) was held at 1 in these simulations. Colours
show the natural log of the mean difference between the species in trait z after 2500 generations. Upper right: here the starting
mean values were z=>5 and u= 5 for species | and z=7.5 and u= 7.5 for species 2 [initial mean In(|Az|) = 0.92]. Red indicates
divergence while the other colours represent different levels of convergence. An abrupt shift from divergence to convergence occurs
near /=0.5. Lower right: here the starting mean values were z=5 and u = 5 for species 1 and z =15 and u = 15 for species 2
[initial mean In(|Az|) = 2.3]. In this case, red indicates stasis (because the species were already strongly divergent at the start of these
simulations) and the other colours represent different levels of convergence. In all these simulations, the per-trait mutation rate was
0.01 and other parameter values were set as follows: maximum expected fitness in a time step if no encounter occurs W, = 5;
expected fitness of a non-territory holder relative to a territory holder g=0.7. The mean values of the width of the recognition
function g; were approximately 1.0 at the start and changed little throughout the simulations (not shown). In the simulations runs
shown on the left, ;= 0.5.

greater similarity (or dissimilarity) within sympatric species
pairs compared with allopatric species pairs (e.g. Cody 1973;
Diamond, 1982). For a more complete list of patterns that
may be indicative of character displacement, see Goldberg &
Lande (2006).

To build a convincing case that an observed geographic
pattern was caused by a particular form of character
displacement, it is important to show that the pattern (1) is
at least partially genetic, (2) 1s unlikely to have arisen by

chance, (3) represents evolutionary change, not differential
extinction or merging, (4) persists after controlling for
environmental variables other than the presence of the
relevant species, (3) is not likely to be a pleiotropic effect
of another evolutionary process, and (6) is not a product of
hybridization. The first five criteria apply to most forms of
character displacement (Schluter, 2000q), while the sixth
criterion is relevant only for cases of possible convergence
in sympatry. Two additional criteria apply specifically to
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ACD: (7) evidence that the observed (or inferred) pheno-
typic shift affects the intensity of interspecific competitive
interference in the predicted direction, and (8) independent
evidence for interspecific interference competition. The first
six criteria help evaluate whether an observed geographic
pattern is likely to be a product of processes other than
ACD and the last two criteria test for mechanisms specific
to ACD. In our review of the literature, we evaluated the
degree to which published studies fulfilled each criterion,
with the following considerations.

(1) A common-garden experiment is usually the most
direct way to determine whether a phenotypic difference
between populations has a genetic basis. A complementary
approach is to determine whether the same phenotypic shift
can be induced by exposure to environmental factors that
differ between sympatric and allopatric sites. Phenotypic
plasticity itself may be a product of selection, however, and
it is important to consider that norms of reaction may differ
between sympatric and allopatric populations because of
past interspecific competition (Rice & Pfennig, 2007). Thus,
demonstrating that a phenotypic shift in competitor
recognition or a territorial signal (e.g. bird song) involves
learning does not automatically rule out genetic divergence.
Such cases may require reciprocal translocation experi-
ments, in which animals from allopatric sites are raised at
sympatric sites and vice versa. Very few of the studies in our
review were conclusive in this regard.

(2) At a minimum, addressing the second criterion
requires replication of populations (or species) and a statis-
tical test comparing the observed pattern to a random
expectation (Adams & Collyer, 2007). Replicate populations
may not be independent, however, because of gene flow or
shared phylogenetic history. Showing that the same
phenotypic shift has occurred in multiple secondary contact
events is the most direct way to address this issue, but such
opportunities are rare (Schluter & McPhail, 1993). When
evaluating published studies, we simply asked whether any
level of replication was achieved and, if so, whether the
pattern was compared statistically to a random expectation.

(3) Differential extinction could lead to the same kinds of
sympatry/allopatry patterns as ACD if phenotypic similar-
ity affects coexistence. Likewise, differential merging (i.e.
complete hybridization) could lead to the same kinds of
sympatry/allopatry patterns as ACD if phenotypic similar-
ity affects reproductive isolation. For population-level
comparisons, we considered the third criterion to be met
if the “displaced” trait means of populations in sympatry lie
outside the range of trait means of the same species in
allopatry. For species-level comparisons, we considered this
criterion to be met if the displaced trait means lie outside
the range of trait means of closely related allopatric species.

(4) Phenotypic shifts in sympatry can result from species
evolving independently in response to the same (or different)
environmental factors. We considered the fourth criterion to be
tentatively met if the researchers attempted to control for the
most obvious environmental factor(s). We considered shifts in
competitor recognition alone (i.e. without a corresponding
trait shift) to satisfy this criterion automatically.

(5) Convergent ACD is unlikely to be confused with other
character displacement processes but it could be confused
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with protective or social mimicry (Moynihan, 1960, 1968).
In protective mimicry, one or more species gains protection
from predators by evolving to resemble an unpalatable or
otherwise protected species (reviewed in Ruxton, Sherratt &
Speed, 2004). Social mimicry refers to an evolved re-
semblance between species that facilitates the formation of
mixed species groups (Moynihan, 1960). Whether these
forms of mimicry offer a plausible alternative to convergent
ACD depends on the study system. Divergent ACD can be
confused with both ECD and RCD, and these processes are
not mutually exclusive. For example, the colour shift of male
pied flycatchers (Ficedula hypoleuca) in sympatry with collared
flycatchers (I albicollis) can be explained by both ACD
(Alatalo, Gustafsson & Lundberg, 1994) and RCD (Saetre
et al., 1997, Saether et al., 2007) (see below). In some cases,
however, evolutionary processes other than ACD can be
ruled out. We considered the fifth criterion to be met if
competitor recognition is displaced in sympatry, because
this strongly implicates interspecific aggression as the agent
of selection.

(6) An additional challenge for convergent ACD
1s demonstrating that the pattern i1s not caused by
introgression (i.e. increased similarity through post-
secondary contact gene exchange). We considered this
sixth criterion to be met if the species in question belong
to different genera, but otherwise we checked for records
of hybridization.

(7) Evidence that a phenotypic shift affects interspecific
interactions in the predicted direction can be obtained in
several ways. Phenotype manipulation experiments are
probably the best way to determine whether shifts in
territorial signals affect heterospecific responses. Observa-
tional data (i.e. correlations between trait values and
responses) may be confounded by phenotypic condition or
other factors. We rated published studies on whether they
provided observational or experimental evidence that this
criterion was met. We considered shifts in competitor
recognition to meet this criterion automatically.

(8) Independent evidence for interspecific interference
competition can take the form of natural history observa-
tions, measurements of interspecific aggression or territori-
ality in sympatry, or removal/addition experiments showing
the impact of one species on the other.

VI. EMPIRICAL EVIDENCE FOR AGONISTIC
CHARACTER DISPLACEMENT

We searched the literature for studies in which a role for
interference competition in character displacement was
suggested by the authors and evaluated the degree to which
each study fulfilled the criteria above. Specifically, we
searched online literature databases and obtained a list of
papers citing Lorenz (1962, 1966), Cody (1969, 1973), or
Gill (1974). The reference lists of these papers and key
words were used to identify additional candidate studies.
For inclusion in Table 1 and 2, criterion 7 or 8 had to be
met, which excludes examples of patterns without evidence
for interference competition. Examples of “convergence”

Biological Reviews 84 (2009) 617-635 © 2009 The Authors Journal compilation © 2009 Cambridge Philosophical Society



Gregory F. Grether and others

624

SO0

Q) SUSVINDI DULOSOIDY")

(z00g) ouemey] /S onmadsenuy q0 ~ ®/U - vd Ad S — oz1s Apogq RISy 1SLIINOS 1SO[199(| SOIDOUTYY
#STHDAUG ]
R sy Snamnydinsqns ;g
(6008) v 12 PYsIY Y/ dyadsenuy av ‘4o as  e/u - vVd Ad SYH - s[eusts [B20A ROLYY [eOUD)  ISPAQINULY, Supnauoso]
v [ 41920 CF]
(eyep ‘[qndun) 1oypain) € DUDIUIUD [T
W'D R uospuy N V/S oywadsenuy IVI0 D O B/UD MDD - QY —  uonIuS0daI [eNsI\ BOLIDWY [LION] ISOI[J[OSWIRD DULIIDIIL]
*DPG) 3 7 45991909 )
(1661) 1oeg X YOUAT V/S ogwadsenuy q0 XD O e/u gD ¥D - - - UOTITUS00IT [BIOA spue[s] Areuen) SOUPRUIeYD vjpsuLL]
(100g) sygooIquIeT] eILGY N Lol o
¥ wuepPONo(] /S dynadsenuy q0 — /U - - AT SY - S[RUSTS [EDOA odomry (enud) N SNV T S SNAD]
sypongw o
x mad 3
(¥661) v 12 oerely v/ dypadsenuy qd0 as  e/u - - - dd4 OD S[eusts ensip PuEponH SIOUIVeIAYY Vpnpasny
(oeprrydoutuey,
(S00g) uoppag /S dymadsiouy 40 - or/u Xd vl A4 SY - S[eusSIs 2207 spuemol [eardon-0aN] Apurey) sprqpuy
WS N
R SHopIga0U N\
(300%) AMAPIN  V/S ommadsenuy TIvI0 1S e/u — - - QY — oz1s Apogq RIURWISE ], ISYULYS $10U2050001\"
(900g) SUnIeN ¥ pIO  V/S dyadsioug q0 74 - - QY - S[eusIs Tensip sordon ueoroury SpIezIy syouy
sy $saqopadudiy
By Syviowaf saqojy
(900g) 77 72 exmbzowry /g oyoadsenuy Iva0 D e/u gD M0 AT SY - UOTITUS0DIT [EIOA uiseq UOZeury :S30I] pneqoIpud(T
(£861) BMEYIYSIN (umousyun Kyepow) VS SUIeIUnoN  aquynda) R s1fjvaau
{(¢ge1) mosIre] /S oygadsenuy WY IV — (o1 - - — - - UONTUS0ONT uernpereddy  uopoyja)g s1opuewIRTRg
SPIYPR
(¥002) aurwo.yoydey
IMN[UOG § UISNeyYadg /S dymadsioyuy q0 — e/u XA VA -S4 OD S[eusIs Tensip BOLIJY IS BLIOIIA 9yer]
SIIDINID SN2S0LI)SVE)
SYORCRQONS
pourds-ooay T,
(L00g) “17 12 139q1y v /§ dyadsenuy q0 - or/u Xy - Ad S¥4 OD S[PUSIS [ensiy  edLOWY N [BOU) R e L |
ogua )
N g SusPUIs vy
($007) 77 72 WQUAYUAT, W oymoadsenur v ‘90 IS e/u — - - <Y OD STRUSTS TensIA puerurLy STJ[osTRp Xdiarqopnr)
SOOUAIIY uwroned 9 L 9 c ¥ I rd 1 Jreay, uoneI0| saradg
omydersoan

ADV 10] 2oupIAY

PouIeXd SOANRUINY

"PIsSOIpPE U99(| J9A 10U SBY UOLINLID 9y} ey} sayedrpur — [qedrdde jou ‘e /u -soywodsoraay jo sduepunge sanear o ur Suryip suonemndod
uoamiaq Yrys ordLrouoyd somads-urpm e =y oywadsenuy (sowoads ornedorre jo ey woay sofp soads orneduwis Suoure yuowededsp ordfjouoyd = y/g ogoodsioyuy
ssuonendod omnedwis Juarepp woamiaq Yrys saads-unpm e =g /g ogmadsenuy suonemdod otnedopre pue otnedwds woamiaq yrys ordLyouayd soads-unpm =y
/S dyoadsenur :sopod wened orydersoan wraned yuowodedsip 1010eIRYD B SUIMOYS 9SOT) IR (4) SYSLIASE UE [IIM pasIewt so10adg "90uapras Arenuod Anuoprt sasoyjuared
UT PASO[OUD SOPOY) "9DUPIAD Jo spury Iepnonaed ojouap 01 pasn sopod o) pue (([HY) Juduadedsip 1o1oererd snstuoge jo 1onpoid e st uroned orydeisoas e ety sjensuowop
01 poxmbar LI IS O IST[ 9M D[(B) Y} MO[Ig "UONTUS0I21 10INdWOd UT PIA[OAUT S)TeI) JO TONTUG0aT I0Inadurod ur oouaSroarp jo sojdurexo o[qissoq 1 9[qe],

Biological Reviews 84 (2009) 617-635 © 2009 The Authors Journal compilation © 2009 Cambridge Philosophical Society



625

Agonistic character displacement

] O A > ® == o= =0 oo Q= > >~ 0T wno— e G PP [V ol o] — on o o on w2 ) ko] O
2 SEEESEEECESES FESSCIEELCECEEEEREEY SEETEEELEE T i
o= =) H O = o, > oo 2N =T - 0 = XS = = = = =]
2 %Uﬁ.nm = 5 .Q 20w o 5 . 38BE L2083 CH £E08 552 1229 87 2 8 vEZ
z o = = 23 §°5:38.9 MRS = I w2 o s™m o8 a =z e .85 80xnc—8§ g5 T &
" RS g «Fe s SEEE EPSERESCE2 883 sz pESE2REEFTLEER R
= . = - = o X = O~ O @» S o0 o - =R 3 clm < = +~
© ammmstdm.mewm s bR g5 mkwrewpmlrm SEE T2eESE SSEERET
> T E LO0OE = o © & < o 08 = 2 § & 2 2 dx o = 2E8z8_-_ ~uv3dEE =i
= SEZTELTE8ERE S CENAE"Z28E288°5%E, 8558 SESCEGgESFETE S8
& Y . = cR R © A N~ <= = SIS B2 8" T = ° =
5 g2 A% 488 o S oA 3} T8 0w o & = 8 S CRSE 580 S o
© = L = S o 9 a0 =) S O S )
2 LR Ny ErSgS g CEAECCSEENE JSESESESEREEEL]
= mrmcomoyaadmmmpa wmsdmmm o sf¥SEESEcs SRS SizTCEERES
=S 0.8 = T A »n @ & S & o g .5 = 5 O T .o YR = o g v o 9.5 ==
© v oOH &g = 3] 5] =0 S S o= = = RS A = @ 2 fEe=S 230 F =225 8
= P E—=2 D20 0SS 2 o0 E MR S s L B S.I.OM.lﬂ.df CT O g 5 ol S=—"_ & n g8
] [Siad=! S 83T O O = © D S 0= =4 ©w O AF =) O < 0w 59 2 g X " 2T @ T =
2= SoE58.8798 X205 08 EofE8=SSx=E o5 EREB s 29232 E=-273 A~ cg -5
7 s 8 ews, S oS24 z 2 o0 < S, = & 8oV Sy o582 28.94% 23 c &
2 = g = 5 = CERE r=5 3 L 0= 2 S« ¢ CET EISE ¢ 5 - O =
9 e 22 E XFTE 1S < @ =5 35835 =8 E S g f oz o 2 & = T2 EQ Eo 5 <
= =) .2 0T =] = Q =5 Q. S 0SS oW STz & o © =
UOG\,.N o S o @ P=file= — Wmarbmle Ca:,tp an pe=t @n = S oo
o i v o = . Az ) g ) O s S ag =N Qs
= EegosEofz88EE CECEE R RPE R R -y L S r I L
= 88508 _%2g5 o508 83 s T8 SF e ©g9g's % o 52427 8,470
- O K= [ = - oS Em g o 2. < .I.dnCC.lsm o~ — =5 c < 1S a0 0 —
ERe l@ra.IOrm.mw L o o Couvo¥¥Lo.g SRRSO 2 32 8<55 8 § = 3 o 9 SR®
22 p o giffpiccEEced SRS E e s T E et EEYSEE g5 EL 88T E G2
252 SPEiEEviEzs il R e E LR RS R R b
c s &858 0 = S [ = O L o — S Y © oS eS8 = ©
=28 = SEEgieE-lZg¥C RS S EN-E FNS LR TP Ly I-P P P
e} o = O o <8 L =Y S = ap 5] = » g 0 & =" .@ PR TR L o o= He= oo =8
S oo ETo.SEzsgsgEcSy S BEgF S,  EEZC et E{SEi8 558 T8, 825885 8¢
s} = 5} o« O 0O & 4 S == o] o »n 7} [I= P e R N . =U C 5]
o o - I .= B= o n o= i = = = - & o .4 = 0 0 & < o S = 8 o== 53048 0.0
z [} S V% — mlTr.nrcr.e el X.Bs.mnnaec O= L 0 g = pumge o rcuasadec B BN
© > O < 8~ g g = » =] ES3 8 2350w 0 a2 <A s o s Jie B 58 5.8
= . s — 5} = S8 s 0 0.5 3 o = 1%} 772 N =1 S O nW a anm 5 g 0 8 Qg
< £ o S 22 x0T .E " QEE o= < o0 = 3 ¢ 80 g v S o 9= a8 O SIS S 9 g 8o 89 L8
< . . _H.me,.H2 0O rn @ = < = < = =5 @
5 9% SECESREgESTIEY S S SRt ETi il E et i TR R 252
= —~ = 5] A — ZF = ° . 29 = - et O > = — a9 5}
< N = =S 0FEE~nETEEEEEE = EE 0TSSP ESETELESTCE TEERBEEREXL RS B

JuowLIRdX0 [eAOWAX B YSNOIY) uonnoduiod 90ULINNINUT OYIIdSIONUT 0] 90UIPIAD FUOMS = JATY S(SUOISNOUT PAJB[NUUIS A( PIIDIP ‘3°9)
uolssa13se oyadsiour 10y 0duapIAd [eIURWILIAAXD = Ty {pasIasqo sonoL) dradsiaur Surdderoso-uou QarsnPxo= 7] {UOISSAIZSe JMJIIodsIoNUI 10] IDUIPIAD [PUONBAIISUO = ()
:uonnedurod vousIdpIoIUT dYdSINUI 10] 20uIPIAY Juspuadopu (g) "uorssardse omgadsionur s1oope Prys drdLjouoyd poaTasqo ot Je) moys 01 pasn st juoturiadxo uonemdruewr
adfouayd e =g ‘uorssaasdse onadsiaur spape yiys ordKiouayd rey 2ouapiad opraoad ‘suonendruew srdfiouoyd moym ‘soads wamiaq s1oyunodud pasers =g ‘Aneduwds
ur wonTusodar 10)naduwod jo Juauase[dstp SuImoys Aq Parsnes UOLINLID = Y1) :uondaarp paorpaid o ur suonoeraur ogadsiayur s109pe Jyrys drdLiouayd (parrojur 10) poaTasqo o
B 9OUIPIAY (/) "0INTBU UI JAISUIIXD UONRZIPLIGAE] = (X9) ‘ounjeu ur SuroSuo uonezipgA] = (uo) ‘ormeu ur parrodar uonezipriqAry = (91) ornyeu ur pariodas Jou uonezipriqAy = YN
IOUST] J0 [9AQ] SNULS o1 & payeredos axe soads pue parrodar jou uonezpriqhy = N :uonezprig4y jo 1onpod e oq 03 Appyun st wioned oy T, (9) ‘woneue[dxo renusjod e se papnpxo
ST JuowAOR[dSIp 1910RIRYD [22150[009 = X7 ‘uoneur[dxo [enuajod e se popnpoxa st juawadedsp 1odereyd aanonpordor =Xy ‘Anedwds ur uontusosar 1onadwod jo judwadedsp
SUIMOUS A PaysTes TOLINLID = 1) AnedwAs ur surtmodo ssedoxd Areuonnjoad ropoue jo 1090 srdonorord e o 01 Asrjun st wraned oY T, (C) "UONEBLIEA [EIUIWUOIIAUD 10] SUI[[OINTOD
10ye sists1ad 9ouasqe /oouasaxd d1adsoranoy Jo 1090 [eINsNeIS = Y XS IOYI0 ) Ul UONELIEA SUIDUIN[JUI UONEBLIEA [EJUIUIUOIAUD JOJ [OJIUOD B SB PISN XIS U0 T ‘[0NU0D
xas-osoddo = gy ‘Anedwds ur vonrugooar roinaduiod jo juowade[dsp Sumoys Aq ParjsHEs WOLINLID = Y1) :$9129ds 1910 911 Jo 20uasaId o) UeY) IO SI(ELIBA [LIUIWUOIIATD
103 Surfjonuod ayye ssisaad wioned oy T, () Anedopre ur yussard uonerrea jo aguer o) aprsino a1y Anedwiks ur yrexy padedsip o jo sueowr uonemdod = A7y :Sursow uonemdod 1o
UOTOUNXI [BNUIJIP Jou ‘98ueyd Areuonnjoad syuasardor uroned oy T, (¢) Xnedore pue Anedwds 120Mm)o(| SOOUIIIPIP 91eN[LAD 0] 1$9) [EINSNIE)S [EULIO] B SUISN ‘PIIIPISUOD dTe (sI109ds
10) suonemndod ornedorre pue srneduws ayeorjdor = gy ‘Anedorre pue Anedwds 129Mm19( SOIUAIIIP 91BN[LAD 0 159 [EINSNEIS [BULIOJ B TNOTPIM PATIPISUOD Are (sardads 10) suonemndod
ornedopre pue ornedwAs aeordor = Iy :9oueyd Aq uastre ey 03 ApAyIuN st uIaned oy, (7) N0 PI[NI JOU WLIOU UONILII UT IDUISIIAIP dNUIS INq (Surures §-9) Lionserd jo ojox e
10J 90uaPIAd Suons = ([d) {A[oyI[un 9ouasIaAIp onouas soyew suonemndod osunedoye pue srneduwAs U0aM)( 20URISIP 1IOYS 10 MOJJ dUdS Y31y = (J3) ‘10Inaduod e Jo 2duasqe 10 aduasaxd
ot 03 19adsax m onserd o 03 APYIUN ST YOIYM TOTRIO[0d soAjoaur Yiys drdLjousyd = () Guowrrodxo uopIes-uowod e YSnoay) PIysIqeIss Jres) pade[dsip Jo siseq o1oUas = nyn)
fstseq oNAUAS (uerPpuAA) ofdwirs € aaey 01 UMOYS JudtAIR[dSIP e = 710 dnouas Afpenaed 1seaf e st uroned oy [, (1) *eLIILID (DV 2YSId oY) 0] g 2 [ SI[qE], UI Pasn Sapoy)

wSLpISOddy -y
Aper] uraynos N . apdina sngojouryyy

(£00g) v 12 ossny /S dyadsenuy q0 74 S\ S . G S[eusTs 8207 pue eruipieg ‘syeq prydojouryy

Biological Reviews 84 (2009) 617635 © 2009 The Authors Journal compilation © 2009 Cambridge Philosophical Society



Gregory F. Grether and others

626

(9£61) 12PIO (§L61)
Tomyoy “(6¢61) Mizg

DI2)5oU G pUR LDUTDU

¥ S[re {(£c61) wokue /< oywadsenu I UV ‘90 YD @) ¥y I - -~ (9 UOTITUS00AT [BIOA BOLIDUWY N [BOUI)) DJJoUINS' SYIRIMOPBITA
(6261) Tomyo DG "G PUR LDUSHUL
& e N #
{(1cp1) mokueT /< ogwadsenur I UV ‘90 — (wo) - §O - J39 OD S[RUSTS TensIA BOLIOWTY “N] [eNUI0) DjjouIn)S SETR[MOPERITA]
snnowa0yd ;g pue
(900g) 77 12 Yooepag Y/S oywadsenu] v ‘T ‘90 AD (X)) YD ¥D — ) UOTITUS00AT [BIOA o1qNdoy] YO0z 4 S04n120 (J :SITRISPIT SNANIMUI0Y ]
soyouywsau ] pue
LDuaasn)
(9861) wouoliog y/g oywadsenul gy Id ‘O ¥D () ¥D ¥D -~ 44 -~ uonIuS0dI 20/ so[eSunySIu vunosny
vyomuauunLg saaqdu)y pue
(0£61) umoxg % Apopy /S dyadsenuy 14 ‘40 -~-ON - - - - S[eusts [ensip 20 )i $IYPUY przIdqUIE
smupypypydosyia ;J pue wao
(0£61) umoxg % Apopy y/§ dyodsenuy 14 ‘40 - ) - - - = - s[eusts [220A Ot *$YPUY przIIaqUI
soyoudywsau
pue ywusn)
(9861) wouoliog y/g ogwodsenup v I ‘40 dS () XA~ Ad 49 (d) S[eUSTS 2207 so[eSunySIU punaswy
(1661) ‘oxeg s DUIOUD T PU
ScLeT) o woquy Y/ oywadsenu]l I AV GO AD X)) D MO - J9 (@) UOTITUS0DIT [BIOA ROLIOWY "N [BIUQY)  w0oundd ;J SSUNUNQ DULISSDT
DU [J pue
(€L61) v 92 waq /S ogwadsenul I “UIV ‘90O - X - - AT a3 @ STRUSTS TBOOA BOLIOWIY “N] [eNUQY)  w0oundd ;J SSUNUNQ DULISSD]
SnaIDUPUNIDY " pUR
(9861) ST quss
ST ¥ dodyxnen /S ogwadsenuy IV 90 D G YO AD — - (49 UOTITUS00AT [BIOA SID[IRM SIDY(2I0L0]7
suysmod
pue . snamduos
srodypdre oradsenu ¢ uo - - - UOTIUG0DAT [0, STO[QIRM SMDYydar0L)
8,61) 2lodymeyy v/ dywadsenuy av ‘4o AD D D DIUS009X [BD0A 19 102040y
suvpuupf ) pue
WD GvpGyoig )
1 oyadsenu ¢ uo - - - UONIUS0AT [0, :s10doa10000y vIy2
L661) D V/S dywadsenuy av'do ¥ D D DIuS0091 [220A d 1j143)
WY ‘T slolbut snipg M 1913
(@861) PO §/§ dyradsenuy AV 40 ¥D ON ¥D ¥ -~ — (9 uonIuS0dI 20/ R 4597200 v)jisuL] qouLRYD)
(-dds uowapy) spanqrery
(¢861) puowrerq v/ oywadsioug a0 ~ ON — — Ad 49 0D S[PUSIS [ENSIA BIUMD) MON “BIOR[[EA R (dds smoup) sopo10
wlH]IAL 3 st iouy i
(£L861) Nodsarg V/S dywadsenup 11 AV ‘90 D (1) YD D UONIUG0IAT [EIOA epeue)) ‘oLeIu() SIOUDIRIAT Xvuoprguisy
(S003) 2100\ 3 [PqroM snsoja o g suasaqng
{(z00%) 21PN ¥ uosyoe[ /S ogadsenuyr q0 - 3NN - - - - 0D S[RUSTS [ensIA :s1osadpoom sapron
15qqny DIGUINQON
mouurwpnn drdwA[o
(000g) 121500 % NOdS X SHIDINID SNIISO4F)SVL)
“(0861) 7w 12 uIBey  v/§ oyadsenuy - 4SS ON ~— — A - 4D STPUSIs [ensip VSN ‘uosurysepy yorqappPns pautds-oauy,
smyisung smpsung 9
(£00g) wosuIqoy X WewIdJ (umouyun SSUD)SU0IUL
{(600g) ‘wosuiqoy ¥ Aexry /g dywadsenuy AV D ON ¥D ¥D Ad S¥ DD Anepow) uonmusodoy vprue)) ‘oueuQ Davpny) SYORQIFPIS
SOOI uroned 9 / 9 ¢ ¥ ¢ 3 1 Jreay, saradg
PoATasq(O)

DV 10§ 2ouapiay

paulirexo SoATEUINY

'900g AQIIRDOTA UT PAs[IAYD SeM SPII( J10] SNJe)s UONRZIPLIGAY ‘g UOLIILID I0] | BT, 98 ‘9OUIPIAD
Jo spury qemoned 9)0Udp 01 pasn s9POd Y} JO IS B 10, "UONTUS00aT 101119dW0D Ul PIAJOAUL S)TRI) 10 UONIUG0AT 10INadwod Ul 90ua81aAu0d jo sajdwexa a[qIssoq g 9[qe],

Biological Reviews 84 (2009) 617-635 © 2009 The Authors Journal compilation © 2009 Cambridge Philosophical Society



Agonistic character displacement

explanation (Boughman, 2001; Boughman e al, 2005;
Albert et al., 2007). Interspecific interference competition is
a plausible alternative because interspecific aggression over
nesting sites occurs, with limnetic males tending to get
displaced by the larger benthic males (Rowland, 1989).
Whether limnetics with more divergent colouration receive
less aggression from benthics remains to be determined.

Geographic evidence for ACD can take the form of
a phenotypic shift along a gradient in the relative
abundance of sympatric species. Calopleryx splendens and
C. virgo are sympatric damselflies in which the males display
blue-black wing spots and compete for mating territories.
The wing spots of C. virgo are uniformly large while those of
C. splendens vary both within and among populations.
Tynkkynen et al. (2004) found that the average wing spot size
of C. splendens decreased with increasing relative abundance
of C. virgo. Subsequent research showed that C. vizgo males
have greater territory-holding ability than C. splendens males,
that C. virgo males are most aggressive towards C. splendens
with relatively large wing spots, and that selection on the size
of the wing spots of C. splendens is affected by C. virgo removal
(Tynkkynen ez al., 2004, 2005, 2006). In combination, these
results provide a strong case for divergent ACD. RCD is
a plausible alternative explanation for the geographic
pattern, however. Male Calopteryx damselflies perform
courtship displays and there is evidence that females choose
males on the basis of wing colouration (Siva-Jothy, 1999;
Cordoba-Aguilar, 2002; Svensson et al., 2007). Whether
female choice in C. splendens shifts in response to the relative
abundance of the two species should be examined. It also
remains to be shown that variation in the relative abundance
of these two species is stable enough to have evolutionary
effects.

Four examples in Table | involve divergence in compet-
itor recognition functions and thus escape the potentially
confounding influence of RCD. For example, males of the
poison dart frog Allobates femoralis have narrower frequency

1.0
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response curves (Fig. 3) at sites where this species co-occurs
with Epipedobates trivittatus, which calls at a similar but lower
frequency than A. femoralis, compared to sites where
E. trivittatus is absent (Amézquita et al., 2006). Amézquita
et al. (2006) also tested for but did not detect a corresponding
shift in the calls of Allobates femoralis. This is one of the few
studies to investigate geographic variation in both agonistic
signals and response functions. In another example of
divergence in competitor recognition, territorial males in
the damselfly genus Hetaerina use species differences in
wing coloration to discriminate between conspecific and
heterospecific intruders in sympatry but not in allopatry
(G. N. Anderson & G. E Grether, unpublished data). That
is, competitor recognition functions are narrower in
sympatry. Whether the underlying proximate mechanisms
in these examples involve genetic divergence or adaptive
phenotypic plasticity remains to be determined.

The most frequently cited example of a-selection may
mstead be an example of divergence in competitor
recognition. Hairston (1983) used removal and transloca-
tion experiments to study interspecific competition between
plethodontid salamanders in the Appalachian Mountains.
He found that the per capita negative effect of one species on
another (o) differs between mountain ranges and further
deduced that a change in interspecific interference, not
niche partitioning, was responsible for the shift in o (see also
Hairston; Nishikawa & Stenhouse, 1987). Nishikawa (1987)
brought salamanders from the same localities into the
laboratory and measured levels of aggression in staged
encounters between ‘“residents” and “intruders”. In the
Great Smoky Mountains, where Hairston (1983) found
strong interspecific competition, residents of both species
were highly aggressive but did not discriminate between
conspecific and heterospecific intruders. In the Balsam
Mountains, where interspecific competition is weaker, one
species (now called P metcalfi) displayed less aggression to
heterospecifics than to conspecifics while the other species
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Fig. 3. Geographic variation in competitor recognition functions of the dendrobatid frog Allobates femoralis, as measured from
territorial responses to playback of synthetic calls of varying frequency. The frequency-response curves of A. femoralis are significantly
narrower at sites where another dendrobatid with an overlapping call frequency, Epipedobates trivittatus, is present (bottom row) than
where it is absent (top row). Grey bands show the call frequency range of E. trivittatus. Modified from Amézquita et al. (2006)
(reproduced by kind permission John Wiley & Sons). [Correction added on 12 October 2009 after first online publication: ‘(per-
mission pending)’ was replaced by ‘(reprinted with permission of John Wiley & Sons, Inc.)’].
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(now called P, teyahalee) was less aggressive in general and did
not discriminate between conspecifics and heterospecifics.
Nishikawa (1987) interpreted these results as supporting
Hairston’s (1983) inference that interspecific interference
had increased in the Great Smoky Mountains through
a-selection. However, if one assumes that a lack of species
discrimination represents the ancestral (secondary contact)
condition, then the inferred shift in o could have been
caused by P metcalfi evolving the ability to distinguish
between conspecifics and heterospecifics in the Balsams.
These species do not seem to compete for a limiting
resource (Hairston ¢t al., 1987), and thus it seems more likely
that selection would favour a reduction in interspecific
aggression than an escalation.

Table 1 only includes examples for which the researchers
suspected a role for interference competition in driving
divergence, but some putative cases of RCD may actually be
cases of ACD. For example, character displacement patterns
in chemical signals have often been interpreted as examples
of RCD (Smadja & Ganem, 2005, 2008, Symonds & Elgar,
2008), but given that scent marks may be used to advertise
territory ownership and competitive ability (Hurst & Beynon,
2004), ACD may provide a plausible alternative explanation
for the patterns. We encourage researchers who have inter-
preted their results as evidence for RCD to consider whether
ACD is a viable alternative.

(2) Convergent ACD
(a) Summary

Our review of the literature revealed several compelling
examples of convergence in competitor recognition or traits
involved in competitor recognition (Table2). Taken
together, they provide a strong case for further research
on this phenomenon. Most examples involve passerine
birds, but this might be an artifact of research effort rather
than an indication of the true taxonomic distribution of
convergent ACD. Recognition functions have more often
been the subject of investigation than have agonistic signals.
This imbalance likely reflects the relative ease of simulating
territory intrusion with vocal playback in birds. Few
examples satisfy criterion 1 (genetic basis). Oscine passerines
learn their songs, and song recognition also shows sub-
stantial plasticity (e.g. Richards, 1979; Whaling et al., 1997;
Hansen & Slagsvold, 2003). Song convergence in sympatric
buntings (Passerina spp.), for example, seems to result at least
partially from the incorporation of heterospecific song
phrases (Emlen, Rising & Thompson, 1975). As noted
above, however, showing that a phenotypic shift involves
learning does not rule out a genetic component to the shift
because learning capabilities themselves can evolve. Com-
mon-garden or translocation experiments could help
resolve this issue.

A general problem with demonstrating convergent ACD
is that hybridization can yield a very similar pattern. The
two processes may be indistinguishable without substantial
behavioural or genetic evidence showing that hybridization
does not occur. Putative examples of ACD for which
hybridization appears to be the most plausible explanation
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are not considered further in this review (e.g. Streptopelia
doves: de Kort & ten Cate, 2001; de Kort, den Hartog & ten
Cate, 2002; den Hartog, de Kort & ten Cate, 2007; Hippolais
warblers: Secondi, Faivre & Kreutzer, 1999; Secondi et al.

2003).

(b) Case studies

The contact zone between eastern and western meadow-
larks (Sturnella magna and S. neglecta) in central North
America is a classic example of character convergence.
These species hybridize infrequently and have highly
divergent territorial songs, yet they appear to occupy
exclusive interspecific territories in sympatry (Lanyon,
1957, 1979; Rohwer, 1972, 1973). Rohwer (1973) showed
that two male plumage characters appear to converge in the
sympatric zone: the size of the black V> marking on the
breast and the yellow colour of the breast plumage (Fig. 4).
Songs do not appear to have converged in sympatry (Ordal,
1976), but male meadowlarks respond to playbacks of
heterospecific song more strongly in sympatry than in
allopatry (Rohwer, 1973). This classic example has short-
comings, however. While population differences in plumage
are likely to be genetically based, the same cannot be said
for population differences in responses to song. Rohwer
(1973) did not control for environmental gradients in his
analysis of plumage differences between sympatric and
allopatric meadowlarks (save using female plumage as
a quasi control). Further behavioural research is also
needed to establish whether plumage convergence results
in improved heterospecific competitor recognition in
sympatry.

Diamond (1982) presented compelling evidence that
several species of oriole (Orwolus spp.) in the Indonesian
archipelago are visual mimics of sympatric friarbirds
(Philemon spp.). He proposed that orioles may gain two
distinct, non-mutually-exclusive benefits from mimicking
the friarbirds. First, they may escape aggression from the
friarbirds, which drive smaller birds from shared feeding
trees but seldom attack conspecifics or mimetic orioles.
Second, by mimicking the larger, more aggressive friarbirds,
orioles may be more effective at excluding other competing
species. Either way, this system may be considered a putative
case of convergent ACD as well as competitive mimicry
(sensu Rainey & Grether, 2007). The proposed benefits of
mimicry in this system are quite different from those of
Cody’s (1969) hypothesis: rather than honestly advertising
their identity to facilitate interspecific spacing, orioles may
deceive their competitors with mimetic colors. Additional
research on this system is needed to rule out other possible
explanations for the pattern and to determine whether
orioles benefit from resembling friarbirds in the ways that
Diamond (1982) suggested.

Chaffinches (Fringilla coelebs) and great tits (Parus major) co-
occur across much of Europe, where they typically coexist
without aggression in highly overlapping territories. On
some islands, however, these species are interspecifically
territorial, and their territories do not overlap (Reed, 1982).
The islands have simpler vegetation structure than the
mainland, which may force the two species to compete
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Fig.4. North American meadowlarks show convergence in breast colour in sympatry. Western Sturnella neglecta (A, C) and Eastern
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more intensely for food or nest sites on the islands. Reed
(1982) conducted song playback experiments at mainland
and island sites i Scotland. Territory holders of both
species responded to playbacks of the other species’ song on
the island but not on the mainland. When chaffinches were
removed from part of the island, great tits significantly
increased the size of their territories, expanding into areas
formerly occupied by chaffinches (Reed, 1982). Because
of the close proximity of mainland and island sites in this
study (8 km), it seems unlikely that the site differences in
competitor recognition are genetic, but this remains to be
determined.

One case study meets all of our criteria for convergence
in competitor recognition. In Ontario, brook sticklebacks
(Culaea inconstans) occur both in sympatry and allopatry with
the ninespine stickleback (Pungitius pungitius). In sympatry,
the species have diverged somewhat in feeding niche but
still appear to compete for resources (Gray & Robinson,
2002; Gray, Robinson & Parsons, 2005). In laboratory
experiments on wild-caught adult fish, sympatric brooks
show greater aggression toward ninespines than do
allopatric brooks (Peiman & Robinson, 2007). Peiman &
Robinson (2007) raised brooks from eggs in a common

environment and found genetic differences in aggression
between allopatric and sympatric populations but not
between replicate populations within these categories. The
researchers inferred that heterospecific aggression of brooks
toward ninespines predates secondary contact (because even
allopatric brooks are aggressive toward ninespines) and that
a-selection led to the evolution of heightened heterospecific
aggression in sympatry (Peiman & Robinson, 2007). We see
this as equivalent to hypothesizing that competitor recogni-
tion was enhanced in sympatry. While it has not been
demonstrated that heightened heterospecific aggression, per
se, has increased the ability of sympatric brooks to compete
for resources with ninespines, a field enclosure experiment
showed that sympatric brooks grow more rapidly in the
presence of ninespines than do allopatric brooks (Gray &
Robinson, 2002).

Taken together, the cases described above and other
examples in Table 2 provide strong empirical evidence for
convergent ACD. The systems presented in Table 2 are the
best-studied cases, but they are not the only ones. Cody
(1969, 1973) presented several other candidate cases of
character convergence, and Diamond (1982) pointed to
other systems that may be similar to the oriole/friarbird
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system discussed above. None of these examples yet satisfy
criterion 7 or 8, however. More work needs to be done to
explore putative cases of convergent ACD, especially in
non-avian systems.

VII. CONCLUSIONS

(1) Together, Lorenz’s (1962) and Cody’s (1969) hypotheses
held the potential to explain a considerable amount of
variation among species in agonistic signals. What became
of these ideas? Some early papers reported that Lorenz’s
(1962) hypothesis does not apply to particular species of
coral reef fish (e.g. Low, 1971; Ebersole, 1977, Ehrlich et al.,
1977; Neudecker, 1989), but more recent studies provide
support for the hypothesis in other taxa (Table 1). Similarly,
several of Cody’s (1969, 1973) original avian examples were
shown not to be valid cases of convergence in sympatry
(Murray, 1976), but other examples remain plausible and
several new examples have appeared (Table2). Thus far,
only one study, on brook sticklebacks, satisfies all eight
criteria for ACD, but several studies satisfy four or more
criteria (Tables1 & 2). This situation is not drastically
different from the state of the evidence for ECD at the time
of Schluter’s (2000a) review, which seemed to reinvigorate
and also increase the rigor of research on ECD. We hope
that the present review has the same effects on the study of
ACD.

(2) Perhaps the most serious shortcoming of the current
evidence for ACD is that, in the vast majority of cases, it is
unclear whether the shift in agonistic signals or competitor
recognition has a genetic basis (Table1). Laboratory
common-garden experiments and field translocation experi-
ments are needed to address this issue. Environmental
manipulations can also be informative, but it is critical to take
into account that norms of reaction can diverge genetically
among populations. Demonstrating that a particular pheno-
typic shift involves plasticity (e.g. learning) does not rule out
a genetic component to the shift.

(3) The modeling approach that we have previewed here
goes beyond optimality models of interspecific territoriality
(e.g. Cody, 1973; Mikami & Kawata, 2004) by considering
the coevolution of agonistic signals and competitor recogni-
tion functions across two species. We found that high ex-
ploitative competition between species readily facilitates
convergence in both the agonistic signal and the competitor
recognition function, as originally hypothesized by Cody
(1969, 1973), while low exploitative competition favours
divergence in both the agonistic signal and the competitor
recognition function, as hypothesized by Lorenz (1962,
1966). This was true except when the species were already
strongly divergent (and largely outside each other’s recogni-
tion range) at the start of the simulation. In this scenario,
convergence was inhibited when the cost associated with
mutual recognition was low relative to the cost associated
with unilateral recognition. This result can be understood by
considering the fate of a mutant with a convergent agonistic
signal (or recognition function) that is recognized by (or
recognizes) heterospecifics but is not recognized by (or does
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not recognize) conspecifics. For such a mutant to be
successful, the average benefit of achieving unilateral
recognition with heterospecifics must exceed the average
cost of failing to achieve mutual recognition with conspecifics
(weighted by the relative encounter rates).

(4) Is displacement of competitor recognition more
common than displacement of agonistic signals, or uvice
versa? Are these are usually alternative or co-occurring
outcomes? The analogous question has occasionally been
raised in the RCD literature (e.g. Hobel & Gerhardt, 2003;
Lemmon et al., 2004). Unfortunately our literature review
was not very informative in this regard because most ACD
studies did not test for shifts in both competitor recognition
functions and agonistic signals. In our model simulations,
the agonistic trait and recognition function usually tracked
cach other closely. More complex models (e.g. allowing for
multiple “peaks” of recognition) should be explored to
determine the generality of this finding.

(5) Shifts in competitor recognition are reported as
frequently as shifts in agonistic signals, but the former
usually involves convergence in sympatry while the latter
usually mvolves divergence in sympatry (Tables 1 & 2). We
suspect that this pattern merely reflects a bias in research
effort. Most divergence studies involve testing for geo-
graphic shifts in visual signals, while most convergence
studies involve testing for shifts in song recognition. Future
studies should attempt to test for both kinds of shifts. While
it 1s particularly easy to test for vocal recognition (using
vocal playbacks to simulate territory intrusion), there are
several ways to test experimentally for recognition of visual
signals as well (e.g. video playback, model presentation, live
animal presentation). We are not aware of any examples of
ACD involving chemical signals, but the relative ease of
using scent to simulate territory intrusion suggests that this
would be a promising avenue for future research.

(6) Another important direction for future theoretical and
empirical work is to study interactions between ACD and
other evolutionary processes. When the same traits are used
for both mate recognition and competitor recognition (e.g.
Hawaiian cricket song; Mendelson & Shaw, 2006), how does
interspecific interference competition affect the evolution of
prezygotic isolation and thus speciation? We predict that
ACD and RCD are mutually reinforcing processes if the
species are not in competition for a limiting resource but
antagonistic processes if the species are in competition for
a limiting resource. Thus, for example, sympatric species in
which males only defend mating territories might diverge
more rapidly in secondary sexual traits than sympatric species
in which males defend all-purpose territories.

The relationship between ACD and ECD probably
depends on how nterference competition affects resource
use. To the extent that interspecific territoriality reduces
exploitative competition, it weakens divergent selection on
resource exploitation traits (Ashmole, 1968) and thus
convergent ACD may prevent ECD from occurring.

The interaction between ACD and within-species sexual
selection also warrants study. On the one hand, strong
sexual selection on secondary sexual characters might
prevent ACD from occurring in the same traits. On the
other hand, ACD might perturb secondary sexual traits
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away from their sexually selected optima at sympatric sites.
Evidence that RCD can have this effect on secondary sexual
characters was provided by an elegant experimental
evolution study on Drosophila serrata (Higgie & Blows, 2008).

(7) Most putative examples of divergent ACD are
complicated by female choice and might, upon further
study, prove to be cases of RCD, but the reverse also seems
likely. This is primarily a concern for shifts in secondary
sexual characters and temporal or spatial shifts in activity. It
1s conceivable, however, that mate recognition and
competitor recognition functions are linked through
pleiotropy, such that selection on one could result in
evolutionary changes in the other as a correlated response.
If so, this would make distinguishing between these
processes quite challenging;

VIII. GLOSSARY

Agonistic signal: any phenotypic trait that conveys
information about an individual’s status as a potential
competitor and influences the behaviour of some class of
receivers in an interference competition context (examples
include territorial song and conspicuous age-, sex- or species-
specific colouration). This definition does not require the
informative aspect of the trait (e.g. species-specificity) to have
evolved because of the effect it has on the behaviour of
receivers and thus includes “cues” as well as true signals
(Hasson, 1994, Maynard Smith & Harper, 1995).

Competitor recognition: the identification of and
discrimination among different classes of individuals in
relation to the level of exploitative competition (inferred
operationally from behavioural responses to intruders of
different classes).

Exploitative competition: indirect, mutually negative
interactions among individuals through depletion of
a common, limiting resource.

Interference competition: any harmful interaction
among individuals over access to a resource, whether or not
the resource is limiting (Park, 1962, Krebs, 2001). Interspecific
territoriality, for example, qualifies as interference competi-
tion whether it affects access to a resource used by both species
(e.g. food) or a species-specific resource (e.g. mates).
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XI. APPENDIX

Here we explain our decision to introduce the term agonistic
character displacement (ACD) instead of expanding the
definition of ecological character displacement (ECD) to
include trait shifts caused by interspecific interference
competition. Some authors have suggested that ECD was
not originally defined as being caused by exploitation alone,
and so we first address this misconception.

Brown & Wilson (1956) coined the term “character
displacement” and identified two underlying evolutionary
mechanisms: reinforcement of reproductive barriers and
“ecological displacement” (p. 39). In explaining the latter
process, they wrote: “It seems clear from an a priori basis that any
further ecological divergence lessening competition between the
overlapping populations will be favoured by natural selection if it
has a genetic basis (Mayr, 1949).” Thisis essentially a restatement
of Mayr’s (1949) assertion that natural selection ... tends to
eliminate individuals that are closest to other sympatric species
in their ecological requirements.” (p. 519). Any ambiguity about
what Brown & Wilson (1956) meant by ecological displacement
is dispelled when they explain their concept of “competition”.
Referring to the definition of competition proposed by
Andrewartha & Birch (1954), they wrote:

“We would adopt the part of their definition that
deals with the common striving for some life requisite, such
as food, space or shelter, by two or more individuals,
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populations or species, etc. [...] But Andrewartha and
Birch, following many other writers, allow their competition
concept to include another idea — that expressing direct
interference of one animal or species with the life processes
of another, as by fighting. On the surface, this inclusion of
aggression as an eclement of competition might seem to
some familiar and reasonable, but we wonder whether the
concept of competition could be more useful in biology if it
were more strictly limited to ‘seeking, or endeavoring to
gain, what another is endeavoring to gain at the same time’,
the first meaning given in Webster’s New International
Dictionary ... It is noteworthy that competition as defined
by this dictionary fails to include the idea of aggression in
any direct and unequivocal way:.

“It may therefore be more logical in the long run to
regard the various kinds of aggression between potential
competitors ... as another method, parallel with character
displacement and dispersion . . . by which organisms seek to
lessen or avoid competition.” (p. 60-61)

In short, Brown & Wilson (1956) clearly did not intend
ecological character displacement to include the evolution of
traits involved in interference competition. For the most part,
the term has continued to be used in the way that they
intended. While reviews of ECD have not included character
shifts caused by interspecific interference competition, it is
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perhaps equally telling that researchers studying such shifts
have not presented their results as evidence for ECD [the sole
exception that we encountered is Melville (2002)].

We think that expanding the definition of ECD to
subsume the evolutionary effects of interference competition
would be a mistake for at least two reasons. First, such
a redefinition would result in a discontinuity between the
existing literature on ECD and any future work. Existing
theoretical models and reviews of ECD would logically have
to be viewed as incomplete for failing to include traits used
in interference competition. Second, and perhaps more
important, evolutionary responses to exploitative and
interference competition can involve entirely different traits
and be opposite in direction.

In some cases it may be difficult, if not impossible, to
determine which character displacement process is respon-
sible for a given trait shift. For example, shifts in body size
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may simultaneously affect resource acquisition, mate
recognition and fighting ability. This is an empirical
problem, however, not a conceptual or theoretical problem.
Moreover, there are certainly traits that are unlikely to be
affected by exploitative competition alone (e.g territorial
signals) and others that are unlikely to be affected by inter-
ference competition (e.g feeding adaptations), so distinguish-
ing between different character displacement processes is not
inherently intractable.

Another possible argument for expanding the definition
of ECD to include evolutionary responses to interference
competition is that interference mechanisms (e.g. territorial
aggression) may have evolved in response to exploitative
competition. We think it is conceptually clearer, however, to
treat interference competition and exploitative competition
as separate processes, each of which can influence the
evolution of the other.
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