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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 eliciting 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.
Key words: Allee effect; coexistence; competition; density dependence; facilitation; functional response;
mutualism; public information; social behavior; stability theory.

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 individuals intentionally produce signals (Templeton and Giraldeau 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 phenomenon 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 predator-free space inadvertently provide information on the
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proximity of threats in avian, mammalian, and fish systems (Griffin 2004, Schmitt et al. 2016, Gil and Hein
2017), and even plants can use chemical cues from damaged 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 individual in a population can repeatedly receive such benefits,
social information could affect the dynamics of populations (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 dependence (i.e., an “Allee effect”) occurs when a greater density 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 likelihood of sudden change or collapse (Stephens and Sutherland 1999, Schreiber 2003). For example, under positive
density dependence, loss of individuals (e.g., due to harvesting) can become increasingly detrimental to a population, 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 rigorously 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-informationmediated 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 Sutherland 1999, Stephens et al. 1999, Gascoigne and Lipcius
2004b). Yet, positive density dependence can arise due to
social information regardless of whether or not individuals form cohesive groups or are conspecifics. Social information typically enhances individual survival or
reproduction and increases with the density of information-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 individuals 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 counters the effects of social information. Effects of both
competition and social information are density-dependent, but in opposing ways. Social information typically
is most beneficial at low to intermediate population densities, 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 information to have stronger net per capita effects when population 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 ecological consequences of social information requires that
we examine the joint effects of intraspecific and interspecific social information and intraspecific and interspecific competition.
Population models offer a framework through which
to explore the population- and community-level consequences of social information use in wild animals. Classic models that measure the demographic effects of
predator functional response, positive density dependence, 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 functional response [Holling 1966] can generate a strong
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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 interspecific 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, Schmidt 2017) focus on the case of enhanced breeding habitat 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 multispecies context.
Here, we use models of a single species and of competing species to build a theory of the demographic consequences 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 information can alter qualitative expectations for population
and community dynamics in specific cases, to thoroughly and comprehensively quantify, and develop metrics 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 information affect the existence of critical thresholds, equilibrium 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 question: 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 findings lay the groundwork for further theoretical and
empirical investigation of how social information scales
up to affect the ecology and conservation of natural systems.
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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 population size N that exhibits logistic growth, determined by
intrinsic per capita growth rate r and intraspecific competition 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; Danchin 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 single species dynamics are
dN
Np
¼ rN ð1  aN Þ 
:
dt
1 þ bN

(1)

Here, per capita predation risk saturates at high prey
densities because prey reach the maximal per capita benefit 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). Furthermore, while Eq. 1 allows social information to drive the
predation rate to zero, an unlikely outcome in most natural 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 measure 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 capita predation rate, pi, follow the same dynamics and notation as Eq. 1, but these species compete with one another
at a rate aij, which represents the per capita negative effect
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of the j-th species on the i-th species, where i ¼
6 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 movements) 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 represents the magnitude of the effect of intraspecific social
information and bij (i ¼
6 j) that of interspecific social information, such that the dynamics of the i-th species are


dNi
Ni pi
¼ ri Ni 1  aii Ni  aij Nj 
;
dt
1 þ bii Ni þ bij Nj
where i; j ¼ 1; 2 and i 6¼ j:

(2)

We provide a mechanistic derivation of this two-species 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 population, 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.,
~; b11 ¼ b22
r1 ¼ r2 ¼ r; a11 ¼ a22 ¼ a; a12 ¼ a21 ¼ a
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 stability. We use these methods in conjunction with numerically 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 maximal 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)
rﬃﬃﬃ rﬃﬃﬃ!2
r
b
a

p ¼
þ
:
(3)
4
a
b
Eq. 3 implies that social information that is strong relative 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 densities (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 causing positive density dependence and rescuing populations under high predation is robust to the functional
form of the reduction of predation due to social information (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 qualitatively 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 provide information about the invasibility of the singlespecies equilibria and the multiplicity of equilibria on
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the single-species axes and on the two-species symmetric
(N1 = N2) axis (see Appendix S3 for details). These analyses identify under what conditions increasing the maximal 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 equilibrium 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 increasing this predation rate leads to alternative stable states
supporting both species or alternative states only supporting 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
~
b
weak (i.e., ab~ < 1 and a~bþ
þa < 1; see Appendix S3 for details),
the interaction index equals


~  aÞ:
b  b  ða
(4)
Iw ¼ ~
When at least one form of social information (in~
b
traspecific and/or interspecific) is strong (i.e., ab~ > 1 or a~bþ
þa
> 1; see Appendix S3 for details), the interaction index
equals
~
~
b a
(5)
Is ¼  :
b a
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 system 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 extinction. We first explore the effect of social information
under neutral competition and then evaluate the full
array of outcomes under non-neutral competition, closing 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
~a¼0
For the neutral dynamics (Fig. 2b), because a
and aa~ = 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, bb [ 1). In this case, interspecific social information, which effectively decreases
competitiveness between species by countering this negative effect, causes each species to have a positive per capita growth rate when it is rare and its competitor is

SOCIAL INFORMATION DRIVES COEXISTENCE

r=

0.0
80
−0.2

−0.4

−0.6

3
r=

1
r=

0.3
r=

b
0.2

60

40

20

No social information

−0.8

Article e02835; page 5

100

a

N at equilibrium

Per capita population growth rate (dN/Ndt)

November 2019

Social information

−1.0

r = 0.2 or 0.3

0

0

20

40

60

80

100

N

0.0

0.2

0.4

0.6

0.8

1.0

Strength of social information (b)

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 persist, 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 equilibrium (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.

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~b
tion (a~bþ
þa < 1; see Appendix S3 for details) shifts competitively neutral Lotka-Voltera dynamics (Fig. 2b) to
coexistence (Fig. 2c). Conversely, if intraspecific social
information is greater than interspecific social informa~
tion (i.e., bb \ 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 (ab~ < 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 dynamics (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 interspecific competition for symmetric species to determine the
sign of Is, and the outcomes further depend on the maximal 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 neither 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 competing 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~
b
tion is weak (i.e., ab~ > 1 and a~bþ
þa < 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. 2. Outline of the two-species social information model
(Eq. 2), including distinct effects of intraspecific social information (blue) and interspecific social information (green). (a)
Boxes indicate the two population state variables, and arrows
indicate dynamics and are labeled with the associated parameters. 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) without social information, (c) with only intraspecific social information, 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
dN2
1
zero growth rate (dN
dt = 0: red line/curve, 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 equilibria, and closed points denote stable equilibria. Parameter values: 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).

information is strong and intraspecific social informa~
b
tion is weak (i.e., ab~ < 1 and a~bþ
þa > 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 functional 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 species 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 competitors to become “obligate excluders” (i.e., the only
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equilibria require competitive exclusion). Conversely,
when Is is positive, single-species equilibria are eliminated, 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 predation.
Further increasing the predation rate results in the
extinction of all species as the only outcome (see singlespecies 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 negative, 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

0sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ12
~ þ aA
a
r@ bþ~
b
þ
¼
;
~þa
4
a
bþ~
b

(6)

(see Appendix S3 for additional details).
When both forms of social information are strong
~
b
(ab~ > 1 and a~bþ
þa > 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 outcomes 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 outcomes 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 information is strong), while single-species equilibria remain
(Appendix S3: Fig. S2av, vi). When Is is positive, singlespecies equilibria do not vanish until predation rate
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(b) the persistence–extinction boundary (Is = 0) when at least one form of social information is strong. Parameter values: r = 1;
~ = 0 to 0.1; b = 0.010 (A), 0.011 (B); ~b = 0 to 0.1.
p = 0.999999 (A), 1.002271 (B); a = 0.011 (A), 0.010 (B); a
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from the relative effects of social information and comeptition; Eq. 5), and, thus, the progression of equilibrium outcomes that a
system can experience, as the predation rate, p, which is affected by social information, increases (bottom x-axis). Right of the vertical dashed line, predation rate p exceeds the intrinsic growth rate r such that the extinction of all species would occur without social
information. For p < r, coexistence would occur without social information in panel a, and mutual exclusion would occur without
social information in panel b. Parameter values used are provided in the extended version of this figure (Appendix S3: Fig. S1).
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(Appendix S3: Fig. S2).

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, systemwide 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 generally 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 information 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 interspecific competition (below the dashed line in Fig. 6c),
or high interspecific social information can cause coexistence under high interspecific competition (above the
dashed line in Fig. 6d; Appendix S3: Fig. S3). As the
strength of social information increases, greater asymmetries 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 animals (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 information typically raises equilibrium population sizes and
allows persistence, with Allee effects, when extinction
would otherwise occur (due to either predation or interspecific competition in our models; Figs. 1, 6). These
effects of social information on population and community stability arise because social information can
decrease mortality and can give rise to critical
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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).
~, such that coexistence would occur without social informaThese responses depend on interspecific competition ([a, c] low, a [ a
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
~ = 0.009 (left side; a, c) or 0.011 (right
below the dashed line, and Is > 0 above the dashed line. Parameter values: r = 1, a = 0.01, a
side; b, d), p = 1.2 (top row; a, b) or 0.9 (bottom row; c, d).

population thresholds, and if a population or community 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 collapse (Figs. 1, 4, 5). Furthermore, we show that the community-level consequences of social information are
strongly context-dependent, where new metrics, the net
interaction indices (Eqs. 4 and 5), which measure relative 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-species 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 systems to overcome net effects of competition (i.e.,
intraspecific social information counters effects of
intraspecific competition, and interspecific social information 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 demographic models of socially enhanced resource acquisition
(Schmidt et al. 2015, Schmidt 2017), social information
is shared through more nuanced behaviors, such as movements, in many systems. Fortunately, recent advances in
the collection of large, high-resolution data sets on individual 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 parameter values of system-specific models that extrapolate
these effects to their demographic consequences and test
the theory we develop here.
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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 otherwise reduce prey populations to extinction and, consequently, 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 competition 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 powerful 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 conventionally expect), but instead by the interplay between competition and social information (Fig. 4, 5), Further, we
show that because positive effects of social information
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can strongly affect demographics at low to moderate
population densities, while negative effects of competition 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 population states. For example, we show that strong
intraspecific relative to interspecific competition can
fail to cause long-term coexistence, as we would otherwise expect, if the effect of intraspecific social information 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 conspecifics 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 information (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 conspecifics (e.g., in mixed-species bird flocks; Graves and
Gotelli 1993, Greenberg 2000, Templeton and Greene
2007, Martınez et al. 2018). Effects of interspecific (relative 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 species 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 giraffes (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 information on prey demographics to be more pronounced
in individuals that more frequently aggregate (e.g., in
cohesive flocks, herds or schools), highly useful information (e.g., that prevents predation) could have strong
demographic effects even when it is received infrequently.
To simplify our presentation and for analytical
tractability (Appendix S3), we primarily focus on symmetrically 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 species (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 exacerbate 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 information on competitive outcomes. In summary, our models show that when net effects of social information
exceed and oppose net effects of competition, social
information can affect the qualitative outcome at equilibrium, but there remains vast opportunity to expand
our framework to incorporate specific features of natural history of various systems.
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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 auditory signals in terrestrial systems (Patricelli and Blickley 2006)) could drive unexpected changes to extinction
risk, the outcome of competition, and ultimately the
community state (Holt 2007). Furthermore, by changing 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 competition and social information, as described above. Consequently, our findings point to social information as
an important factor that could affect how we conserve
and manage natural resources, particularly for endangered species at small population sizes where social
information is more likely to influence demographic
rates.
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CONCLUSIONS
Mounting empirical and theoretical evidence suggests 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 multi-species population models and to rigorously characterize 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 conservation 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 predation, social information can cause putatively common 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 sudden population collapse (Holt 2007). The probability of
such information-mediated local extinctions could
increase with demographic or environmental stochasticity (Gilpin and Soule 1986, Lande 1998). Furthermore,
the demographic effects of social information that we
reveal suggest that environmental changes that simply
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