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Abstract. Through its behavior, an organism intentionally or unintentionally produces
information. Use of this “social information” by surrounding conspecifics or heterospecifics is
a ubiquitous phenomenon that can drive strong correlations in fitness-associated behaviors,
such as predator avoidance, enhancing survival within and among competing species. By elicit-
ing indirect positive interactions between competing individuals or species, social information
might alter overall competitive outcomes. To test this potential, we present new theory that
quantifies the effect of social information, modeled as predator avoidance signals/cues, on the
outcomes from intraspecific and interspecific competition. Our analytical and numerical
results reveal that social information can rescue populations from extinction and can shift the
long-term outcome of competitive interactions from mutual exclusion to coexistence, or vice
versa, depending on the relative strengths of intraspecific and interspecific social information
and competition. Our findings highlight the importance of social information in determining
ecological outcomes.
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INTRODUCTION

The mere presence and even simple behaviors of an
individual animal produce sensory information that
becomes publicly available to surrounding individuals
(Danchin et al. 2004, Dall et al. 2005, Goodale et al.
2010). Such “social information” has long been a central
topic of interest in select study systems in which individ-
uals intentionally produce signals (Templeton and Giral-
deau 1995, Magrath et al. 2015). However, recent
empirical and theoretical evidence from various systems
indicates that social information use extends far beyond
intentional signaling and appears to be a general phe-
nomenon in systems in which individuals that cohabit a
landscape share needs (Sepp€anen et al. 2007, Goodale
et al. 2010, Gil and Hein 2017, Gil et al. 2017, 2018,
Kane and Kendall 2017). Perhaps the best studied and
most common individual need that is enhanced by social
information is predator avoidance: alarm calls warn of
approaching predators in avian and primate systems
(Zuberb€uhler 2001, Danchin et al. 2004, Magrath et al.
2015), postures, evasive movements, or the use of preda-
tor-free space inadvertently provide information on the

proximity of threats in avian, mammalian, and fish sys-
tems (Griffin 2004, Schmitt et al. 2016, Gil and Hein
2017), and even plants can use chemical cues from dam-
aged neighboring plants to induce defenses to protect
against herbivores (Karban et al. 2000, Dicke and Bruin
2001). Because social information typically enhances the
fitness of receiving individuals, and, because any individ-
ual in a population can repeatedly receive such benefits,
social information could affect the dynamics of popula-
tions (Gil et al. 2018). Thus, understanding the degree
to which social information can affect population
dynamics is a pressing question in ecology.
Social information creates the potential for indirect

positive interactions within and across species and might
drive positive density dependence. Positive density depen-
dence (i.e., an “Allee effect”) occurs when a greater den-
sity of individuals in a population enhances the growth
rate of that population (Courchamp et al. 1999, Stephens
et al. 1999). This simple process can drive profound
changes to the dynamics of a population, affecting not
only a population’s carrying capacity but also its likeli-
hood of sudden change or collapse (Stephens and Suther-
land 1999, Schreiber 2003). For example, under positive
density dependence, loss of individuals (e.g., due to har-
vesting) can become increasingly detrimental to a popula-
tion, even leading to negative population growth when a
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population falls below a critical threshold (sensu a “strong
Allee effect”; Stephens et al. 1999). Positive density
dependence and the critical population thresholds they
can cause are putatively common though difficult to rig-
orously identify in natural systems and are, therefore, of
particular interest to natural resource conservation and
management (Stephens and Sutherland 1999, Berec et al.
2007, Gregory et al. 2010). Positive density dependence
has been classically attributed to non-information-
mediated mechanisms, such as mate limitation or habitat
amelioration, and to information-mediated mechanisms
in species that form cohesive groups, such as flocks or
schools (Courchamp et al. 1999, Stephens and Suther-
land 1999, Stephens et al. 1999, Gascoigne and Lipcius
2004b). Yet, positive density dependence can arise due to
social information regardless of whether or not individu-
als form cohesive groups or are conspecifics. Social infor-
mation typically enhances individual survival or
reproduction and increases with the density of informa-
tion-producing individuals (Kenward 1978, Jackson et al.
2008, Kazahari and Agetsuma 2010, Lister 2014, Berdahl
et al. 2016, Gil et al. 2017, 2018).
Social information use is most likely between individu-

als in similar guilds (e.g., those on the same trophic level
with shared predators) and, thus, typically occurs in the
context of intraspecific and interspecific competition for
resources. As a negative interaction, competition coun-
ters the effects of social information. Effects of both
competition and social information are density-depen-
dent, but in opposing ways. Social information typically
is most beneficial at low to intermediate population den-
sities, where information is less redundant or its benefits
less ephemeral. In contrast, competition typically is most
detrimental at higher densities, where resources are more
limited (Gil et al. 2018). Thus, we expect social informa-
tion to have stronger net per capita effects when popula-
tion densities are low, as they often are in human-altered
landscapes (Courchamp et al. 1999). Nonetheless, to
measure the net impact of social information requires
knowing the strength of competition. Furthermore,
competition and the exchange of social information can
occur to varying degrees both within species and across
species (Monkkonen et al. 1999, Sepp€anen et al. 2007,
Goodale et al. 2010). Therefore, to understand the eco-
logical consequences of social information requires that
we examine the joint effects of intraspecific and inter-
specific social information and intraspecific and inter-
specific competition.
Population models offer a framework through which

to explore the population- and community-level conse-
quences of social information use in wild animals. Clas-
sic models that measure the demographic effects of
predator functional response, positive density depen-
dence, and facilitation provide conceptual precursors to
the study of social information. Noy-Meir (1975)
showed that the deceleration of a generalist predator’s
attack rate across low prey densities (a Type II func-
tional response [Holling 1966] can generate a strong

Allee effect [Noy-Meir 1975]). In this model, and in most
population models, this deceleration of the predator’s
attack rate with prey density is attributed to properties
of the predator (e.g., satiation, handling time; [Oaten
and Murdoch 1975]). However, this deceleration could
be driven by properties of the prey themselves (i.e., if
more prey better help one another avoid predation).
More recently, models exploring the demographic effects
of mutualism have shown that even when positive inter-
specific interactions are constrained to low and narrow
population density ranges, they can quantitatively and
qualitatively affect the fate of one or both interacting
populations (Hernandez 1998, 2008, Hernandez and
Barradas 2003, Zhang 2003, Zhang et al. 2007, Holland
and DeAngelis 2009, 2010). Social information provides
a possible mechanism for density-dependent mutualism,
but with the added complexity of being shared not only
between species but also within species (Gil et al. 2018).
The two existing population models that explicitly
account for social information (Schmidt et al. 2015, Sch-
midt 2017) focus on the case of enhanced breeding habi-
tat selection among conspecifics and show that social
information can drive strong Allee effects. Evaluating
whether such critical thresholds occur in multispecies
systems with social information requires building on this
theory to explicitly model social information in a multi-
species context.
Here, we use models of a single species and of compet-

ing species to build a theory of the demographic conse-
quences of social information use in wild animals. We
focus on the widespread use of social information about
predators. We modify a framework developed in Gil
et al. (2018), where we demonstrated that social infor-
mation can alter qualitative expectations for population
and community dynamics in specific cases, to thor-
oughly and comprehensively quantify, and develop met-
rics for, when such qualitative changes are expected to
occur. We first quantify the intraspecific effects of this
social information using a reparameterization of the
classic Noy-Meir model to address the question: under
what conditions does this common form of social infor-
mation affect the existence of critical thresholds, equilib-
rium densities or persistence of a population? We then
expand to a two-species population model, in which
competition and the exchange of social information can
occur within and between species, to address the ques-
tion: how does social information affect the nature and
outcome of species interactions? Our study reveals that
social information can alter competitive outcomes and
generate multiple alternative stable states in a predictable
manner depending on the relative strengths of intra- and
interspecific competition, intra- and interspecific social
information, and predation. Our modeling framework is
general, meaning it is not system-specific, and our find-
ings lay the groundwork for further theoretical and
empirical investigation of how social information scales
up to affect the ecology and conservation of natural sys-
tems.

Article e02835; page 2 M. A. GIL ET AL. Ecology, Vol. 100, No. 11



METHODS

Effects of social information on single species dynamics

To lay the groundwork for our two-species model, we
begin with the dynamics of a single species with popula-
tion size N that exhibits logistic growth, determined by
intrinsic per capita growth rate r and intraspecific com-
petition coefficient a (the carrying capacity is 1/a). The
population also experiences mortality due to a generalist
predator at a maximal rate p, and per capita mortality
decays with prey density, through the sharing of social
information (e.g., alarm calls, evasive movements; Dan-
chin et al. 2004, Goodale et al. 2010, Magrath et al.
2015), and the per capita strength of social information
b. In other words, social information reduces per capita
predation rates by extending capture time. Thus, the sin-
gle species dynamics are

dN
dt

¼ rN 1� aNð Þ � Np
1þ bN

: (1)

Here, per capita predation risk saturates at high prey
densities because prey reach the maximal per capita ben-
efit of social information on predator avoidance (i.e.,
diminishing returns on information due to redundancy,
ephemeral benefits or occlusion of information motivate
a saturating functional form; Kenward 1978, Sepp€anen
et al. 2007, Jackson et al. 2008, Lister 2014, Berdahl
et al. 2016). The model assumes the predator population
size remains constant, independent of prey density, N,
and that the predator has a linear functional response.
However, if we assume the predator exhibits a Type II
functional response, then we still get the same functional
form of the predation term in Eq. 1 (Type II) but with
new parameters (see Appendix S1 for details). Further-
more, while Eq. 1 allows social information to drive the
predation rate to zero, an unlikely outcome in most nat-
ural systems, this equation is mathematically equivalent
to a functional form in which social information causes
predation rate to level off at a nonzero value, determined
by an additional parameter (see Appendix S1 for
details). Thus, all of our results about Eq. 1 also apply
to models with a Type II predator functional response
and a nonzero minimal predation level even when the
volume of social information is high.

Effects of social information on competing species with
shared predators

We expand upon the model presented in Eq. 1 to mea-
sure how social information can affect the long-term
dynamics of two competing species. We follow population
sizes Ni of each species i, where within-species population
growth, ri, density dependence, aii, and a maximal per cap-
ita predation rate, pi, follow the same dynamics and nota-
tion as Eq. 1, but these species compete with one another
at a rate aij, which represents the per capita negative effect

of the j-th species on the i-th species, where i 6¼ j. Both
species experience per capita mortality due to predation at
a rate that decays with increasing densities of both species
(the two-species analog of the mortality term in Eq. 1);
i.e., both conspecifics and heterospecifics share and use
social information (e.g., from alarm calls or evasive move-
ments) to enhance predator avoidance (Danchin et al.
2004, Goodale et al. 2010, Magrath et al. 2015). Note
that this functional form of mortality could also be used
to model non-information-mediated interactions, such as
species-specific prey handling times by the predator, or
group defenses that increase with density. Here, bii repre-
sents the magnitude of the effect of intraspecific social
information and bij (i 6¼ j) that of interspecific social infor-
mation, such that the dynamics of the i-th species are

dNi

dt
¼ riNi 1� aiiNi � aijNj

� �� Nipi
1þ biiNi þ bijNj

;

where i; j ¼ 1; 2 and i 6¼ j: (2)

We provide a mechanistic derivation of this two-spe-
cies model by considering transitions between informed
and uninformed behavioral states of individuals in the
community (Appendix S1). Note that Eq. 2 is equivalent
to a version of the model that includes predator handling
time (i.e., a Type II functional response) under special
cases (Appendix S1, Eq. S3).

Analysis of models

For the single species model in Eq. 1, we conduct a
global bifurcation analysis for different values of b, to
determine under what conditions social information
about predators can alter the persistence of a popula-
tion, generate a strong Allee effect, and alter the
equilibrium density of a persisting population. For the
mathematical and numerical analysis of the competing
species model in Eq. 2, we focus primarily on the
case that the species are symmetric, i.e.,
r1 ¼ r2 ¼ r; a11 ¼ a22 ¼ a; a12 ¼ a21 ¼ ~a; b11 ¼ b22
¼ b; b12 ¼ b21 ¼ ~b; p1 ¼ p2 ¼ p. For this two-species
model, we analytically derive conditions for different
community outcomes and develop an analytically based
numerical method to identify all equilibria and their sta-
bility. We use these methods in conjunction with numeri-
cally computed isoclines to determine how social
information affects the nature and outcome of species
interactions. Specifically, we compare individual and
combined effects of intraspecific and interspecific social
information under different relative strengths of
intraspecific and interspecific competition.

RESULTS

Single-species model of social information use

In the single-species model, social information can
enhance persistence likelihood, with threshold dynamics,
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and equilibrium population size (Fig. 1). When the
intrinsic per capita growth rate r is greater than the max-
imal per capita predation rate p, the population persists
at a stable equilibrium for all positive initial densities.
Our mathematical analysis (see Appendix S2 for details)
implies that this stable equilibrium density always
increases with social information (Fig. 1b; Appendix S2:
Fig. S1a).
When the maximal per capita predation rate exceeds

the intrinsic rate of growth, the extinction equilibrium is
stable, and the population tends to extinction whenever
the initial population density is low. Social information,
however, can generate a strong Allee effect and allow the
population to persist whenever the maximal per capita
predation rate lies below threshold value (see
Appendix S2 for details)

p� ¼ r
4

ffiffiffi
b
a

r
þ

ffiffiffi
a
b

r !2

: (3)

Eq. 3 implies that social information that is strong rel-
ative to competition (b > a) can prevent extinction for a
population at sufficiently high density (Fig. 1b;
Appendix S2: Fig. S1b). When the maximal per capita
predation rate, p, exceeds the critical threshold p*, the
population goes extinct for all initial population densi-
ties (Appendix S2: Fig. S1c); population persistence is
not possible. When there is a strong Allee effect (i.e.,
r < p < p*), social information has opposing effects on
the unstable equilibrium (below which the population
tends to extinction) and the positive stable equilibrium.
The population density at the unstable equilibrium
decreases with increasing social information, while the
density at the stable equilibrium increases (see
Appendix S2 for a proof; compare dashed and solid
curves in Fig. 1b). Thus, with more social information, a
population can recover from larger disturbances that
reduce their densities and can ultimately approach
higher densities. This pattern of social information caus-
ing positive density dependence and rescuing popula-
tions under high predation is robust to the functional
form of the reduction of predation due to social infor-
mation (Appendices S1 and S2; Appendix S2: Figs. S1
and S2, including the functional form used in Gil et al.
2018, where the results here indicate the level of social
information necessary to produce the type of qualita-
tively distinct behavior in the example case study of Gil
et al. 2018: Box 2).

Two-species model of social information use

Whether and how social information changes the
qualitative outcome from competition within and
between species depends on its strength and type. Our
mathematical analyses of the two-species model (Eq. 2;
Fig. 2a) when the competing species are symmetric pro-
vide information about the invasibility of the single-
species equilibria and the multiplicity of equilibria on

the single-species axes and on the two-species symmetric
(N1 = N2) axis (see Appendix S3 for details). These anal-
yses identify under what conditions increasing the maxi-
mal per capita predation rate changes the ecological
dynamics in two ways. First, we identify when increasing
the predation rate shifts the system from coexistence via
mutual invasibility (i.e., each species can invade the equi-
librium determined by the other species) to mutual
exclusion (i.e., each of the single species equilibria are
stable), or vice versa. Second, we identify when increas-
ing this predation rate leads to alternative stable states
supporting both species or alternative states only sup-
porting a single species. This analysis reveals that the
dynamics of the system depend qualitatively on the joint
effects of social information and competition via two
simple net interaction indices whose form depends on
the strength of social information. When both
intraspecific and interspecific social information are

weak (i.e., b~a < 1 and bþ~b
~aþa < 1; see Appendix S3 for details),

the interaction index equals

Iw ¼ ~b� b
� �

� ~a� að Þ: (4)

When at least one form of social information (in-

traspecific and/or interspecific) is strong (i.e., b~a > 1 or bþ~b
~aþa

> 1; see Appendix S3 for details), the interaction index
equals

Is ¼
~b
b
� ~a
a
: (5)

As detailed below, these net interaction indices serve
two distinct purposes: (1) their signs determine the
sequence of possible dynamics a symmetric system can
exhibit (i.e., whether social information will push a sys-
tem toward competitive exclusion or coexistence), and
(2) depending on the strength of social information and
predation, these indices can mark the boundary between
coexistence and mutual exclusion or the boundary
between persistence (of one or both species) and extinc-
tion. We first explore the effect of social information
under neutral competition and then evaluate the full
array of outcomes under non-neutral competition, clos-
ing with a description of the contexts in which we would
expect social information to alter competitive outcomes.

Effects of social information in competitively neutral
communities

For the neutral dynamics (Fig. 2b), because ~a� a ¼ 0
and a

~a = 1, the signs of Iw and Is always agree, and this
index is positive only if interspecific social information is
stronger than intraspecific social information (i.e.,
~b� b[ 0, or, equivalently, ~b

b [ 1). In this case, inter-
specific social information, which effectively decreases
competitiveness between species by countering this nega-
tive effect, causes each species to have a positive per cap-
ita growth rate when it is rare and its competitor is
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common (Fig. 2c). At high densities, diminishing returns
of social information (e.g., due to redundancy, ephemeral
benefits or occlusion of information; Kenward 1978,
Sepp€anen et al. 2007, Jackson et al. 2008, Lister 2014,
Berdahl et al. 2016) will saturate the positive effects of
heterospecific density (Fig. 2c) and competition will
ultimately constrain population growth. Therefore, for Iw
> 0 or equivalently Is > 0, social information promotes
coexistence: e.g., even weak interspecific social informa-
tion (bþ~b

~aþa < 1; see Appendix S3 for details) shifts competi-
tively neutral Lotka-Voltera dynamics (Fig. 2b) to
coexistence (Fig. 2c). Conversely, if intraspecific social
information is greater than interspecific social informa-
tion (i.e., ~b

b \ 1), such that Iw < 0 or, equivalently, Is < 0,
then intraspecific social information, which effectively
increases competitiveness between species by countering
negative interactions within species, causes each species
to have a negative per capita growth rate when rare and
its competitor is common. Therefore, even weak
intraspecific social information (b~a < 1; Appendix S3)
shifts neutral coexistence to exclusion (Fig. 2d).

Effects of strong social information in competitively
non-neutral communities

Under non-neutral Lotka-Volterra competitive dynam-
ics (i.e., that lead to coexistence or mutual exclusion,
depending on competitive strength, given our assumption
of symmetric competitors), social information interacts

with the relative strengths of intraspecific and interspeci-
fic competition for symmetric species to determine the
sign of Is, and the outcomes further depend on the maxi-
mal per capita predation rate (p). Increasing p strengthens
the effects of both intraspecific and interspecific social
information, relative to the effects of competition and,
thus, leads to different qualitative outcomes for the effect
of social information on competitive dynamics. Below, we
evaluate the effects of social information first when nei-
ther form (intraspecific or interspecific) is strong, then
when only one form is strong, and, finally, when both
forms are strong.
When neither form of social information is strong,

prey populations persist only when r > p, and, in this
case, the sign of Iw (Eq. 4) determines whether one prey
species can drive the other to extinction or the two com-
peting species can coexist (Fig. 3a). When either form of
social information is strong or both forms are strong,
whether competing prey species will coexist or go extinct
depends on predation level and on the sign of Is (Fig. 3b,
Eq. 5), which determines the suite of possible dynamics
the system can exhibit, as detailed below.
When only one form of social information is strong,

that form determines the sign of Is. If intraspecific social
information is strong and interspecific social informa-

tion is weak (i.e., b
~a > 1 and bþ~b

~aþa < 1), then Is is negative
and social information promotes mutual exclusion as p
increases (Fig. 4a). Alternatively, if interspecific social
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FIG. 1. How social information can affect the dynamics of a single population. (a) Inclusion of effects of social information on
per capita mortality due to predation can give rise to positive density dependence in the per capita population growth rate (blue
curve). This can expand, relative to the logistic model with predation (gray line), the conditions under which a population can per-
sist, and (b) it increases population size at equilibrium across a range of conditions. When the predation rate exceeds the population
growth rate (p > r), as it does in panel a, social information can give rise to a strong Allee effect, causing alternative stable states
(e.g., stable equilibria represented by a solid curve and a solid line at N = 0 for r = 0.2 or 0.3 in panel b). The alternative stable
states are separated by unstable equilibria (e.g., the dashed curves corresponding to r = 0.2 and 0.3 in panel b), which represent the
Allee threshold: if a population exceeds this threshold it will grow (represented by the up arrow) and if it falls below this threshold
it will collapse (represented by the down arrow). When r ≥ p, social information simply increases the stable population size at equi-
librium (shown for r = 1, 3 in panel b). Parameter values: a = 0.01, r = 0.8 (for a only), b = 0 (gray line) or 0.05 (blue curve; for a
only), and p = 1.
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information is strong and intraspecific social informa-

tion is weak (i.e., b
~a < 1 and bþ~b

~aþa > 1), then Is is positive
and social information promotes coexistence as p
increases (Fig. 4b, where Fig. 4biii is the specific case
study in Gil et al. 2018: Box 3 using a different func-
tional form for the social information feedback).
With either form of strong social information, once

the predation rate (p) exceeds the intrinsic rate of growth
(r) of the two prey species, alternative stable states occur
(as in the single-species model: Fig. 1), while both spe-
cies would go extinct without social information. When
Is is negative, there are three alternative stable states:
each species persisting in isolation or mutual extinction,
and coexistence can no longer occur (Fig. 4aiv). In other
words, when predation is sufficiently high, strong
intraspecific social information alone can cause competi-
tors to become “obligate excluders” (i.e., the only

equilibria require competitive exclusion). Conversely,
when Is is positive, single-species equilibria are elimi-
nated, and there are two alternative stable states: species
coexistence or extinction of all species (Fig. 4biv). Thus,
strong interspecific social information alone can cause
competitors to become obligate mutualists (i.e., the only
equilibria require coexistence) at this critical level of pre-
dation.
Further increasing the predation rate results in the

extinction of all species as the only outcome (see single-
species analog in Appendix S2: Fig. S1c). Where exactly
the extinction threshold for the two-species system
occurs depends, again, on the sign of Is. When Is is nega-
tive, system-wide extinction occurs when the predation
level p exceeds the critical predation level p* that we
found for the single-species model (Eq. 3). When Is is
positive, the critical predation level is

p�� ¼ r
4

ffiffiffiffiffiffiffiffiffiffiffiffi
bþ ~b
~aþ a

s
þ

ffiffiffiffiffiffiffiffiffiffiffiffi
~aþ a

bþ ~b

s0
@

1
A

2

; (6)

(see Appendix S3 for additional details).
When both forms of social information are strong

(b~a > 1 and bþ~b
~aþa > 1), their opposing effects generate

greater dynamical complexity with the introduction of
additional alternative stable states. As before, when Is is
negative (i.e., intraspecific social information is
stronger than interspecific social information; Fig. 5a,
Appendix S3: Fig. S2a) and as p increases, even a system
with low interspecific competition will shift from out-
comes at equilibrium that can include stable coexistence
(Fig 5ai, ii and Appendix S3: Fig. S2ai–iii) to those that
include only mutual exclusion or extinction (Fig. 5aiii, iv
and Appendix S3: Fig. S2aiv–viii). Conversely, when Is is
positive (i.e., intraspecific social information is
weaker than interspecific social information; Fig. 5b,
Appendix S3: Fig. S2b) and as p increases, even a system
with high interspecific competition will shift from out-
comes at equilibrium that can include mutual exclusion
(Fig. 5bi, ii and Appendix S3: Fig. S2bi,ii) to those that
include only coexistence or extinction (Fig. 5biii, iv and
Appendix S3: Fig. S2biii–viii). As before (Fig. 4), the
system goes extinct when Is is negative and p exceeds p*
(Eq. 3; Appendix S3: Fig. S2aviii), or when Is is positive
and p exceeds p** (Eq. 6; Appendix S3: Fig. S2bviii).
When predation rate, p, exceeds the intrinsic rate of

growth, r, strong social information of both forms further
increases the range of parameters where persistence and
coexistence can occur (Fig. 5), in comparison to when
only one form of social information is strong (Fig. 4).
When Is is negative, coexistence equilibria do not vanish
until predation rate exceeds p** (Eq. 6, the system-wide
extinction threshold when only interspecific social infor-
mation is strong), while single-species equilibria remain
(Appendix S3: Fig. S2av, vi). When Is is positive, single-
species equilibria do not vanish until predation rate
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FIG. 2. Outline of the two-species social information model
(Eq. 2), including distinct effects of intraspecific social informa-
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Boxes indicate the two population state variables, and arrows
indicate dynamics and are labeled with the associated parame-
ters. Each population exhibits logistic growth, engages in
intraspecific competition (aii) and interspecific competition
(aij), and is consumed by the same predator at a maximal per
capita rate pi. These competing species can also reduce their
mortality rate due to predation by sharing intraspecific social
information (bii, in blue) and/or interspecific social information
(bij, in green); e.g., through alarm calls or evasive movements
that provide early warnings of attacks). In panels b–d, we show
example phase plane plots of the competitive dynamics (b) with-
out social information, (c) with only intraspecific social infor-
mation, Is = infinity, and (d) with only interspecific social
information, Is = �1. In these phase plane plots, colored lines
are nullclines that indicate where each population exhibits a
zero growth rate (dN1

dt = 0: red line/curve, dN2
dt = 0: yellow line/

curve; these intersect at equilibria) and grey arrows denote the
trajectories populations take through time, starting from the
edges of the plotted area. Open points denote unstable equilib-
ria, and closed points denote stable equilibria. Parameter val-
ues: r1 = r2 = 1, p1 = p2 = 0.5, a11 = a22 = a12 = a21 = 0.01 with
b11 = b22 = 0 (b, c) or 0.1 (d) and b12 = b21 = 0 (b, d) or 0.1 (c).
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cal dashed line, predation rate p exceeds the intrinsic growth rate r such that the extinction of all species would occur without social
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exceeds p* (Eq. 3, the system-wide extinction threshold
when only intraspecific social information is strong), while
coexistence equilibria remain (Appendix S3: Fig. S2bv,
vi). Thus, when both forms of social information are
strong, a greater diversity of prey community states are
possible at high predation rates (Fig. 5), relative to cases
when only one form of social information is strong
(Fig. 4), or neither form is strong (in which case, system-
wide extinction occurs when p > r, which is represented
by the vertical dashed line in Figs. 4, 5; Appendix S3:
Figs. S1, S2). Furthermore, while conditions that give rise
to obligate excluders or obligate mutualists also emerge
when both forms of social information are strong
(Appendix S3: Fig. S2avi,vii, and Fig. S2bvi,vii), they gen-
erally do so over a narrower range of predation rates than
when only one form of social information is strong.

Context-dependent effects of social information on
competitive outcomes

Overall, qualitative shifts in competitive outcomes
can occur under each of two conditions (Fig. 6,
Appendix S3: Fig. S3): (1) predation exceeds population
growth such that the positive effects of social informa-
tion can rescue the system from extinction (Fig. 6,
Appendix S3: S3a,b) or (2) strengths of intraspecific and
interspecific social information are asymmetric in favor
of an outcome that opposes that of competition.
Regarding the second condition, high intraspecific social

information can cause mutual exclusion under low inter-
specific competition (below the dashed line in Fig. 6c),
or high interspecific social information can cause coexis-
tence under high interspecific competition (above the
dashed line in Fig. 6d; Appendix S3: Fig. S3). As the
strength of social information increases, greater asym-
metries between intraspecific and interspecific social
information are needed to qualitatively shift outcomes
from expectations based on competition alone (see
curved boundaries between coexistence and mutual
exclusion: Fig. 6).

DISCUSSION

Our theoretical models reveal that the simple and
ubiquitous use of social information by individual ani-
mals (e.g., using the alarm calls or flight responses of
others to avoid danger) can scale up to qualitatively
affect population and community outcomes. Specifically,
our results indicate that by having positive effects on per
capita population growth, even when net positive effects
are restricted to low population densities, social infor-
mation typically raises equilibrium population sizes and
allows persistence, with Allee effects, when extinction
would otherwise occur (due to either predation or inter-
specific competition in our models; Figs. 1, 6). These
effects of social information on population and commu-
nity stability arise because social information can
decrease mortality and can give rise to critical
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sion would occur without social information in panel b. Parameter values used are provided in the extended version of this figure
(Appendix S3: Fig. S2).
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population thresholds, and if a population or commu-
nity falls below such a threshold it will have insufficient
information from conspecifics or heterospecifics to grow
and, thus, will be susceptible to sudden and rapid col-
lapse (Figs. 1, 4, 5). Furthermore, we show that the com-
munity-level consequences of social information are
strongly context-dependent, where new metrics, the net
interaction indices (Eqs. 4 and 5), which measure rela-
tive strengths of intraspecific and interspecific social
information and competition, determine the direction in
which social information influences competition (toward
coexistence or mutual exclusion) and, therefore, the suite
of qualitative outcomes that are possible in a multi-spe-
cies system (Figs. 3–6). Thus, social information can
qualitatively change the long-term outcome of species
interactions from mutual exclusion to coexistence or
from coexistence to mutual exclusion, by allowing sys-
tems to overcome net effects of competition (i.e.,
intraspecific social information counters effects of
intraspecific competition, and interspecific social infor-
mation counters effects of interspecific competition; Fig. 6).
The types of qualitative differences in population and

community dynamics with social information illustrated

for two specific case studies in Gil et al. (2018) can occur
under a broad range of parameters, including a range of
competitive interactions. As we develop this new theory,
it is important to recognize the challenges of empirically
measuring effects of social information in many natural
systems. While notable work has been done to quantify
behavioral effects of social information in the form of
vocalizations in avian systems (Betts et al. 2008, Magrath
et al. 2015), and this work has been used to inform demo-
graphic models of socially enhanced resource acquisition
(Schmidt et al. 2015, Schmidt 2017), social information
is shared through more nuanced behaviors, such as move-
ments, in many systems. Fortunately, recent advances in
the collection of large, high-resolution data sets on indi-
vidual behaviors in the wild, combined with probabilistic
models, are able to reveal strong information-mediated
behavioral effects that emerge from subtle individual
movements (Strandburg-Peshkin et al. 2015, Gil and
Hein 2017, Hein et al. 2018). These and other advances
could aid in determining the functional form and param-
eter values of system-specific models that extrapolate
these effects to their demographic consequences and test
the theory we develop here.

FIG. 6. Social information drives qualitative shifts in the dynamics of competing species. The outcomes at equilibrium for
competing populations respond to the relative strengths of social information types (intraspecific, x-axes; interspecific, y-axes).
These responses depend on interspecific competition ([a, c] low, a[ ~a, such that coexistence would occur without social informa-
tion; and [b, d] high, (a\~a, such that mutual exclusion would occur without social information), and predation ([a, b] high, p > r,
such that system-wide extinction would occur without social information; and [c, d] low, p < r). Furthermore, the direction in which
social information influences the competitive outcome (toward coexistence or competitive exclusion) and, therefore, the suite of
qualitatively distinct dynamics that the system can exhibit (e.g., Fig. 4a vs. 4b, Fig. 5a vs. 5b; Appendix S3: Fig. S1a vs. S1b,
Fig. S2a vs. S2b), depends on the sign of the net interaction indices Is, Iw (Eqs. 4 and 5), where Is = 0 along the dashed line, Is < 0
below the dashed line, and Is > 0 above the dashed line. Parameter values: r = 1, a = 0.01, ~a = 0.009 (left side; a, c) or 0.011 (right
side; b, d), p = 1.2 (top row; a, b) or 0.9 (bottom row; c, d).

November 2019 SOCIAL INFORMATION DRIVES COEXISTENCE Article e02835; page 9



Single-species model

Our findings on the effects of social information on a
single species expand upon the results of (Schmidt et al.
2015, Schmidt 2017), which showed that eavesdropping
on breeding habitat quality can affect the dynamics and
persistence of a population. Here, we model the use of
intentional signals or unintentional cues about predators
and show that social information could be a driver of
positive density dependence and critical thresholds in
relevant natural populations (Courchamp et al. 1999,
Gascoigne and Lipcius 2004a, Suding and Hobbs 2009,
Kelly et al. 2015).
Our findings further suggest that social information

could serve as a stabilizing mechanism for predator-prey
interactions: high levels of predation that would other-
wise reduce prey populations to extinction and, conse-
quently, threaten predator populations can be sustained
when there is sufficient social information available to
prey (Figs. 1, 3–6). Thus, social information about
predators would be most important to the coexistence of
predators and prey in systems in which predators can
exert high pressure on individual prey populations (e.g.,
Van de Koppel et al. 2005, Sandin et al. 2008). Because
we assume non-dynamic predators, demographic effects
of social information in the face of such factors as
dynamic predators and differential social information
use across trophic levels remain important, unexplored
topics for further research. Nonetheless, our models are
representative of instances in which predator and prey
populations are demographically decoupled (e.g., due to
wide-dispersing or ranging predators; Hixon et al. 2002,
Van de Koppel et al. 2005) and provide an important
first step toward understanding how predation pressure
can interact with effects of social information and com-
petition to shape how populations of prey species grow,
persist, and interact.

Two-species model

Ecologists have long recognized that the qualitative
nature of species interactions (negative, positive, neutral)
are not static in space or time, but vary on a continuum
in nature (Bronstein 1994, 2001). Understanding the
context dependence of species interactions that shape
fundamental rates at the population, community and
ecosystem levels remains an open but pressing challenge
in the discipline of ecology (Agrawal et al. 2007). Here,
we provide theory that shows that a common driver
of animal behavior, social information, can be a power-
ful force that shapes the strength or sign of species
interactions.
We show that the fate of competing species can be

determined not by the relative strengths of intraspecific
and interspecific competition, per se (as we convention-
ally expect), but instead by the interplay between com-
petition and social information (Fig. 4, 5), Further, we
show that because positive effects of social information

can strongly affect demographics at low to moderate
population densities, while negative effects of competi-
tion are strongest at high densities, these opposing
effects do not simply cancel one another out but
instead interact to give rise to a range of stable popula-
tion states. For example, we show that strong
intraspecific relative to interspecific competition can
fail to cause long-term coexistence, as we would other-
wise expect, if the effect of intraspecific social informa-
tion is stronger than the effect of interspecific social
information (Figs. 4a, 5a). In nature, this scenario
could result when predators of competing species differ
to enough of a degree that social information about
predators is more valuable when it comes from con-
specifics than when it comes from heterospecifics, or in
the extreme case that intraspecific social information,
alone, is of value (Sepp€anen et al. 2007). Conversely,
we show that weak intraspecific competition relative to
interspecific competition can fail to drive a system to
long-term mutual exclusion, as we would otherwise
expect, if the effect of intraspecific social information is
weaker than the effect of interspecific social informa-
tion (Figs. 4b, 5b). In nature, such a scenario could
result when individuals are distributed in space such
that they are more likely to be proximate to (and, thus,
privy to information from) heterospecifics than con-
specifics (e.g., in mixed-species bird flocks; Graves and
Gotelli 1993, Greenberg 2000, Templeton and Greene
2007, Mart�ınez et al. 2018). Effects of interspecific (rel-
ative to intraspecific) social information can be further
enhanced by phenotypic differences among species,
allowing some species heightened sensory abilities and/
or more effective means of transmitting information
(Sepp€anen et al. 2007, Goodale et al. 2010). In either
case, surrounding species can come to rely upon such
information producers; for example, various bird spe-
cies are highly responsive to even the nuances of alarm
calls from keystone informant species (Templeton et al.
2005, Templeton and Greene 2007), and similarly,
zebras respond strongly to simple movements of gir-
affes (i.e., body postures directed at predators), which
possess a much higher vantage point to spot shared
predators (Schmitt et al. 2016). Thus, while we may
typically expect the strength of the effect of social infor-
mation on prey demographics to be more pronounced
in individuals that more frequently aggregate (e.g., in
cohesive flocks, herds or schools), highly useful infor-
mation (e.g., that prevents predation) could have strong
demographic effects even when it is received infre-
quently.
To simplify our presentation and for analytical

tractability (Appendix S3), we primarily focus on sym-
metrically competing populations. However, the same
principles revealed above apply to cases when competing
populations exhibit differences in competitive ability:
social information counters effects of competition,
within or between species, and, consequently, can tip the
scales in favor of competitively inferior species or
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strengthen the dominance of competitively superior spe-
cies (Appendix S4: Fig. S1). Furthermore, we assume
that competing species share a generalist predator and
that social information reduces encounter rates with this
predator. However, a specialist predator would create
dissimilarities in the value of social information between
species, such that the prey species that is preferred by the
predator would exhibit a stronger positive response to
social information than the less-preferred prey species,
and this can affect the long-term outcome for both prey
populations (Appendix S4: Fig. S2). It is also true that
when social information enhances resource acquisition
(Dall et al. 2005, Goodale et al. 2010), instead of or in
addition to enhancing predator avoidance, it could exac-
erbate resource or interference competition in certain
contexts (Gil et al. 2017). Consequently, other factors,
such as the abundance and distribution of resources,
could strongly influence the overall effect of social infor-
mation on competitive outcomes. In summary, our mod-
els show that when net effects of social information
exceed and oppose net effects of competition, social
information can affect the qualitative outcome at equi-
librium, but there remains vast opportunity to expand
our framework to incorporate specific features of natu-
ral history of various systems.

CONCLUSIONS

Mounting empirical and theoretical evidence sug-
gests that social information, a ubiquitous driver of
animal behavior and fitness (Goodale et al. 2010,
Magrath et al. 2015), can play a significant role in the
ecology of natural systems (Gil et al. 2018). Yet, our
paper is the first to our knowledge to formalize the
inclusion of social information in both single and mul-
ti-species population models and to rigorously charac-
terize the demographic effects thereof. Our study
provides an important step in our understanding of
the potential for social information to underlie the
persistence, coexistence and diversity of species across
systems.
Our study also highlights a multifaceted potential

impact of social information on expectations for con-
servation management. Social information can raise
population size and allow persistence that we would
not otherwise expect (e.g., due to high predation and/
or competition); however, under conditions of high pre-
dation, social information can cause putatively com-
mon critical population thresholds (Courchamp et al.
1999, Gascoigne and Lipcius 2004a, Suding and Hobbs
2009, Kelly et al. 2015) that, if not identified by
resource managers, can lead to unrealized risks of sud-
den population collapse (Holt 2007). The probability of
such information-mediated local extinctions could
increase with demographic or environmental stochastic-
ity (Gilpin and Soul�e 1986, Lande 1998). Furthermore,
the demographic effects of social information that we
reveal suggest that environmental changes that simply

inhibit social cueing/signaling among individuals (e.g.,
anthropogenic increases in turbidity or disruption of
chemical cues in aquatic systems (Kimbell and Morrell
2015, Chivers et al. 2016), urban noise masking audi-
tory signals in terrestrial systems (Patricelli and Blick-
ley 2006)) could drive unexpected changes to extinction
risk, the outcome of competition, and ultimately the
community state (Holt 2007). Furthermore, by chang-
ing the expected community structure as it depends on
competitive and predation rates, social information
could affect the expected ecological outcome of an
invasive predator or competitor. The directionality of
this effect on expected invasiveness and invasive impact
will inevitably depend on the interplay between compe-
tition and social information, as described above. Con-
sequently, our findings point to social information as
an important factor that could affect how we conserve
and manage natural resources, particularly for endan-
gered species at small population sizes where social
information is more likely to influence demographic
rates.

ACKNOWLEDGMENTS

We thank Andrew Hein, Andy Sih, and Orr Spiegel for help-
ful feedback in early discussions of this model. This research
was funded by a National Science Foundation Postdoctoral
Research Fellowship awarded to M. A. Gil.

LITERATURE CITED

Agrawal, A. A., et al. 2007. Filling key gaps in population and
community ecology. Frontiers in Ecology and the Environ-
ment 5:145–152.

Berdahl, A., P. A. H. Westley, S. A. Levin, I. D. Couzin, and T.
P. Quinn. 2016. A collective navigation hypothesis for home-
ward migration in anadromous salmonids. Fish and Fisheries
17:525–542.

Berec, L., E. Angulo, and F. Courchamp. 2007. Multiple Allee
effects and population management. Trends in Ecology &
Evolution 22:185–191.

Betts, M. G., A. S. Hadley, N. Rodenhouse, and J. J. Nocera.
2008. Social information trumps vegetation structure in
breeding-site selection by a migrant songbird. Proceedings of
the Royal Society B 275:2257–2263.

Bronstein, J. L. 1994. Conditional outcomes in mutualistic
interactions. Trends in Ecology and Evolution 9:214–217.

Bronstein, J. L. 2001. Mutualisms. Pages 315–330 in C. Fox, D.
Fairbairn, and D. Roff, editors. Evolutionary ecology. Oxford
University Press, New York, New York, USA.

Chivers, D. P., M. I. McCormick, B. J. M. Allan, and M. C. O.
Ferrari. 2016. Risk assessment and predator learning in a
changing world: understanding the impacts of coral reef
degradation. Scientific Reports 6:32542.

Courchamp, F., T. Clutton-Brock, and B. Grenfell. 1999.
Inverse density dependence and the Allee effect. Trends in
Ecology and Evolution 14:405–410.

Dall, S. R. X., L. A. Giraldeau, O. Olsson, J. M. McNamara,
and D. W. Stephens. 2005. Information and its use by animals
in evolutionary ecology. Trends in Ecology and Evolution
20:187–193.

Danchin, E., L. A. Giraldeau, T. J. Valone, and R. H. Wagner.
2004. Public information: from nosy neighbors to cultural
evolution. Science 305:487–491.

November 2019 SOCIAL INFORMATION DRIVES COEXISTENCE Article e02835; page 11



Dicke, M., and J. Bruin. 2001. Chemical information transfer
between plants: back to the future. Biochemical Systematics
and Ecology 29:981–994.

Gascoigne, J. C., and R. N. Lipcius. 2004a. Allee effects in mar-
ine systems. Marine Ecology Progress Series 269:49–59.

Gascoigne, J. C., and R. N. Lipcius. 2004b. Allee effects driven
by predation. Journal of Applied Ecology 41:801–810.

Gil, M. A., and A. M. Hein. 2017. Social interactions among
grazing reef fish drive material flux in a coral reef ecosystem.
Proceedings of the National Academy of Sciences USA
114:4703–4708.

Gil, M. A., Z. Emberts, H. Jones, and C. M. S. Mary. 2017.
Social information on fear and food drives animal grouping
and fitness. American Naturalist 189:227–241.

Gil, M. A., A. M. Hein, O. Spiegel, M. L. Baskett, and A. Sih.
2018. Social information links individual behavior to popula-
tion and community dynamics. Trends in Ecology and Evolu-
tion 33:535–548.

Gilpin, M. E., and M. E. Soul�e. 1986. Minimum viable popula-
tions: processes of species extinction. Pages 19–34 in M. E.
Soul�e, editor. Conservation biology: the science of scarcity
and diversity. Soul�e Sinauer Associates, Sunderland, Mas-
sachusetts, USA.

Goodale, E., G. Beauchamp, R. D. Magrath, J. C. Nieh, and G.
D. Ruxton. 2010. Interspecific information transfer influences
animal community structure. Trends in Ecology & Evolution
25:354–361.

Graves, G. R., and N. J. Gotelli. 1993. Assembly of avian
mixed-species flocks in Amazonia. Proceedings of the
National Academy of Sciences USA 90:1388–1391.

Greenberg, R. 2000. Birds of many feathers: the formation and
structure of mixed-species flocks of forest birds. Pages 521–
558 in S. Boinski, and P. A. Gerber, editors. On the move:
How and why animals travel in groups. University of Chicago
Press, Chicago, Illinois, USA.

Gregory, S. D., C. J. A. Bradshaw, B. W. Brook, and F. Cour-
champ. 2010. Limited evidence for the demographic Allee
effect from numerous species across taxa. Ecology 91:2151–
2161.

Griffin, A. S. 2004. Social learning about predators: a review
and prospectus. Animal Learning and Behavior 32:131–140.

Hein, A. M., M. A. Gil, C. R. Twomey, I. D. Couzin, and S. A.
Levin. 2018. Conserved behavioral circuits govern high-speed
decision-making in wild fish shoals. Proceedings of the
National Academy of Sciences USA 115:12224–12228.

Hernandez, M. J. 1998. Dynamics of transitions between popu-
lation interactions: a nonlinear interaction alpha-function
defined. Proceedings of the Royal Society B 265:1433–1440.

Hernandez, M.-J. 2008. Spatiotemporal dynamics in variable
population interactions with density-dependent interaction
coefficients. Ecological Modelling 214:3–16.

Hernandez, M.-J., and I. Barradas. 2003. Variation in the out-
come of population interactions: bifurcations and catastro-
phes. Journal of Mathematical Biology 46:571–594.

Hixon, M. A., S. W. Pacala, and S. A. Sandin. 2002. Population
regulation: historical context and contemporary challenges of
open vs. closed systems. Ecology 83:1490–1508.

Holland, N. J., and D. L. DeAngelis. 2009. Consumer-resource
theory predicts dynamic transitions between outcomes of
interspecific interactions. Ecology Letters 12:1357–1366.

Holland, J. N., and D. L. DeAngelis. 2010. A consumer–re-
source approach to the density-dependent population dynam-
ics of mutualism. Ecology 91:1286–1295.

Holling, C. S.. 1966. The functional response of predators to
prey density and its role in mimicry and population regula-
tion. Memoirs of the Entomology Society of Canada 97:5–
60.

Holt, R. D. 2007. IJEE Soapbox: The unraveling of nature’s
information webs: The next depressing frontier in conserva-
tion? Israel Journal of Ecology and Evolution 53:229–236.

Jackson, A. L., G. D. Ruxton, and D. C. Houston. 2008. The
effect of social facilitation on foraging success in vultures: a
modelling study. Biology Letters 4:311–313.

Kane, A., and C. J. Kendall. 2017. Understanding how mam-
malian scavengers use information from avian scavengers: cue
from above. Journal of Animal Ecology 86:837–846.

Karban, R., I. T. Baldwin, K. J. Baxter, G. Laue, and G. W. Fel-
ton. 2000. Communication between plants: induced resistance
in wild tobacco plants following clipping of neighboring sage-
brush. Oecologia 125:66–71.

Kazahari, N., and N. Agetsuma. 2010. Mechanisms determin-
ing relationships between feeding group size and foraging
success in food patch use by Japanese macaques (Macaca fus-
cata). Behaviour 147:1481–1500.

Kelly, R. P., A. L. Erickson, L. A. Mease, W. Battista, J. N. Kit-
tinger, and R. Fujita. 2015. Embracing thresholds for better
environmental management. Philosophical Transactions of
the Royal Society B 370:20130276.

Kenward, R. E. 1978. Hawks and dove—factors affecting suc-
cess and selection in goshawk attacks on woodpidgeons. Jour-
nal of Animal Ecology 47:449–460.

Kimbell, H. S., and L. J. Morrell. 2015. Turbidity influences
individual and group level responses to predation in guppies,
Poecilia reticulata. Animal Behaviour 103:179–185.

Lande, R. 1998. Anthropogenic, ecological and genetic factors
in extinction and conservation. Researches on Population
Ecology 40:259–269.

Lister, B. C. 2014. Information, behaviour and population
dynamics. Oikos 123:1431–1438.

Magrath, R. D., T. M. Haff, P. M. Fallow, and A. N. Radford.
2015. Eavesdropping on heterospecific alarm calls: from
mechanisms to consequences. Biological Reviews 90:560–586.

Mart�ınez, A. E., H. S. Pollock, J. P. Kelley, and C. E. Tarwater.
2018. Social information cascades influence the formation of
mixed-species foraging aggregations of ant-following birds in
the Neotropics. Animal Behaviour 135:25–35.

Monkkonen, M., R. Hardling, J. T. Forsman, and J. Tuomi.
1999. Evolution of heterospecific attraction: using other spe-
cies as cues in habitat selection. Evolutionary Ecology 13:91–
104.

Noy-Meir, I. 1975. Stability of grazing systems: an application
of predator-prey graphs. Journal of Ecology 63:459–481.

Oaten, A., and W. W. Murdoch. 1975. Switching, functional
response, and stability in predator-prey systems. American
Naturalist 109:299–318.

Patricelli, G. L., and J. L. Blickley. 2006. Avian communication
in urban noise: causes and consequences of vocal adjustment.
Auk 123:639–649.

Sandin, S. A., et al. 2008. Baselines and degradation of coral
reefs in the Northern Line Islands. PLoS ONE 3:e1548.

Schmidt, K. A. 2017. Information thresholds, habitat loss
and population persistence in breeding birds. Oikos
126:651–659.

Schmidt, K. A., J. Johansson, and M. G. Betts. 2015. Informa-
tion-mediated Allee effects in breeding habitat selection.
American Naturalist 186:E162–E171.

Schmitt, M. H., K. Stears, and A. M. Shrader. 2016. Zebra
reduce predation risk in mixed-species herds by eavesdrop-
ping on cues from giraffe. Behavioral Ecology 27:1073–1077.

Schreiber, S. J. 2003. Allee effects, extinctions, and chaotic tran-
sients in simple population models. Theoretical Population
Biology 64:201–209.

Sepp€anen, J.-T., J. T. Forsman, M. M€onkk€onen, and R. L.
Thomson. 2007. Social information use is a process across

Article e02835; page 12 M. A. GIL ET AL. Ecology, Vol. 100, No. 11



time, space, and ecology, reaching heterospecifics. Ecology
88:1622–1633.

Stephens, P. A., and W. J. Sutherland. 1999. Consequences of
the Allee effect for behaviour, ecology and conservation.
Trends in Ecology and Evolution 14:401–405.

Stephens, P. A., W. J. Sutherland, and R. P. Freckleton. 1999.
What is the Allee effect? Oikos 87:185–190.

Strandburg-Peshkin, A., D. R. Farine, I. D. Couzin, and M. C.
Crofoot. 2015. Shared decision-making drives collective
movement in wild baboons. Science 348:1358–1361.

Suding, K. N., and R. J. Hobbs. 2009. Threshold models in
restoration and conservation: a developing framework.
Trends in Ecology and Evolution 24:271–279.

Templeton, J. J., and L. A. Giraldeau. 1995. Patch assessment in
foraging flocks of European starlings - evidence for the use of
public information. Behavioral Ecology 6:65–72.

Templeton, C. N., and E. Greene. 2007. Nuthatches eavesdrop
on variations in heterospecific chickadee mobbing alarm calls.

Proceedings of the National Academy of Sciences USA
104:5479–5482.

Templeton, C. N., E. Greene, and K. Davis. 2005. Allometry of
alarm calls: black-capped chickadees encode information
about predator size. Science 308:1934–1937.

Van de Koppel, J., R. Bardgett, J. Bengtsson, C. Rodriguez-Bar-
rueco, M. Rietkerk, M. Wassen, and V. Wolters. 2005. The
effects of spatial scale on trophic interactions. Ecosystems
8:801–807.

Zhang, Z. 2003. Mutualism or cooperation among competitors
promotes coexistence and competitive ability. Ecological
Modelling 164:271–282.

Zhang, B., Z. Zhang, Z. Li, and Y. Tao. 2007. Stability analysis
of a two-species model with transitions between population
interactions. Journal of Theoretical Biology 248:145–153.

Zuberb€uhler, K. 2001. Predator-specific alarm calls in Camp-
bell’s monkeys, Cercopithecus campbelli. Behavioral Ecology
and Sociobiology 50:414–422.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version of this article at http://onlinelibrary.wiley.com/doi/
10.1002/ecy.2835/suppinfo

November 2019 SOCIAL INFORMATION DRIVES COEXISTENCE Article e02835; page 13

http://onlinelibrary.wiley.com/doi/10.1002/ecy.2835/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/ecy.2835/suppinfo

