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Abstract
Mixed‐species groups are usually explained by foraging
advantages and reduced predation risk for at least one
of the participating species. Given that animals trade‐
off foraging and vigilance, the optimal level of vigilance
of individuals in mixed‐species groups depends partly
on the vigilance levels of both conspecifics and heterospecifics. However, the benefits and costs of being
part of a mixed‐species group do not need to be evenly
distributed between the species in a group. In this
paper, we modeled the evolutionary stable strategy
(ESS) for the optimal level of vigilance of an individual
in a mixed‐species group influenced by the effects of
“many eyes,” “dilution” and “attraction,” and unequal
costs and benefits between the species. Our model illustrates under what conditions associations with other
species may facilitate reduced predation risk for at least
one of the participating species. We show that vigilance
of individuals in mixed‐species groups becomes a social
game, and that the ESS of these vigilance games may
predict the individual's adaptive level of vigilance. This
paper provides the first step in the development of a
predictive theory for the numerous empirical studies
on mixed‐species groups.
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Mixed‐species groups have frequently been observed in mammals, birds and fishes (Avarguès‐
Weber et al., 2013; Hankerson et al., 2006; Heymann & Hsia, 2015; Morse, 1977; Stensland et al.,
2003). Functional explanations for mixed‐species groups are usually related to reduced predation
risk and foraging advantages for at least one of the participating species (Heymann & Hsia, 2015;
Stensland et al., 2003). Although foraging benefits may be significant (Barnett & Shaw, 2014;
Bshary et al., 2006; Norconk, 1990), we focus in this paper on reduced predation risk in mixed‐
species groups by investigating the trade‐off between foraging and vigilance. There are three effects
of groups on predation risk, namely the “many‐eyes effect,” “dilution effect,” and “attraction
effect.” None of these effects is unique to mixed‐species groups, although they can be enhanced or
reduced by the presence of another species with different characteristics.
First, the “many‐eyes effect” allows each individual to spend less time being vigilant and
promotes earlier detection (Bednekoff & Lima, 1998; Bshary & Noe, 1997). Animals often take time
from feeding to scan the environment to detect approaching predators. As group size increases,
more individuals scan the environment for predators. This has been found in many single‐species
groups, such as in antelopes (FitzGibbon, 1990) and primates (Gautier‐Hion et al., 1983), and also
in a variety of mixed‐species groups (Huang et al., 2011; Magrath, Haff, McLachlan, et al., 2015;
Morse, 1970). Mixed‐species groups could additionally benefit from the many‐eyes effect if the
participating species are somewhat different when they scan for predators (Seppänen et al., 2007).
One of the species could contribute more to the reduction in predation risk due to its behavior or
ability to detect predators better than the other species. For example, spinner dolphins (Stenella
longirostris) seek out groups of the more alert spotted dolphins (S. attenuate) to get protection
(Norris & Dohl, 1980), and olive colobus monkeys (Colobus verus) associate often with Diana
monkeys (Cercopithecus diana) because of their ability to detect predators early (Bshary & Noe,
1997; Oates & Whitesides, 1990). Such increased predator detection by the one species may occur
due to eavesdropping on the warning calls of the other species (Slater et al., 2004). Thus, relying on
heterospecifics can provide access to information that is difficult to obtain from individual sampling
or from conspecifics (Chittka & Leadbeater, 2005). Also, non‐social animals can benefit from the
surrounding vigilant heterospecific animals sharing the same habitat to improve their detection
rate (Avarguès‐Weber et al., 2013). For example, Gunther's dik dik (Madoqua guentheri), a non‐
social antelope, eavesdrops on alarm calls of the white‐bellied go‐away bird (Corythaixoides leucogaster) (Lea et al., 2008).
Second, grouping may confer safety in numbers, that is, the “dilution effect,” as the presence of many companions in a group dilutes the individual risk. Mixed‐species groups may
additionally benefit from this advantage when both species are predated by the same predator
that has a preference for one of the prey species (Gautier‐Hion & Tutin, 1988). The most
preferred prey species becomes more difficult to spot for the predator in the presence of the
other species than without this other species, while it means for the least preferred species that
they are less likely to be attacked by the predator in the presence of a more preferred prey
species (Bertram, 1978; Hamilton, 1971; McNamara & Houston, 1992; Pulliam et al., 1982). For
example, Grant's gazelles (Gazella granti) and Thomson's gazelles (G. Thomsoni) frequently
associate in mixed‐species groups. One of the main predators of gazelles, cheetahs (Acinonyx
jubatus), has a preference for the smaller Thomson's gazelle over Grant's gazelle, which
results in a lower predation risk for an individual Grant's gazelle in a group with Thomson's
gazelles than for an individual Grant's gazelle in an equally large group of conspecifics
(Fitzgibbon, 1990).
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Third, large animal groups may attract predators or they can be more easily detected than
small groups, that is, the “attraction effect” (Hebblewhite & Pletscher, 2002; Howe, 1979).
Mixed‐species groups may be less vulnerable to this “attraction effect” when one of the species
can deter the predator by an antipredator response (Gautier‐Hion & Tutin, 1988).
The three effects of grouping on individual predation risk, namely the many eyes effect,
dilution effect and attraction effect, may determine the level of vigilance of individuals in
groups. The three effects are, however, not mutually exclusive and all can operate simultaneously to influence predation risk and the level of vigilance. Given that animals trade‐off
foraging and vigilance (Brown, 1999), the optimal level of vigilance in mixed‐species groups
depends thus partly on the vigilance levels of both conspecifics (Ale & Brown, 2007) and
heterospecifics. In contrast to being part of a single‐species group, the benefits and costs may
differ between the species that participate in a mixed‐species group (Stensland et al., 2003). We
do not consider differences between individuals of the same species, which can be found in
single‐species and mixed‐species groups. Although not always clear from empirical studies,
mixed‐species groups can yield benefits for one species, and be beneficial, neutral or costly for
the other.
In this paper, we consider mixed‐species groups of two species occurring together for at
least a certain period of time. By using a modeling approach, we explore the effects of some
mixed‐species group characteristics and group sizes on the optimal level of vigilance. We
determine the evolutionary stable strategy (ESS) for vigilance for an individual in a mixed‐
species group influenced by the effects of many eyes, dilution and attraction and unequal costs
and benefits between the species.

2 |
2.1

MODEL
| Trade‐off between foraging and vigilance

We assume that the fitness of an organism G is the product of the probability of surviving
predation p and the fitness F when it survives to the end of a certain time period t (i.e., F is
referred to as survivor's fitness). During this time period, the animal gains energy through
feeding (f as the feeding rate in joules per unit time), loses energy through metabolism (c as the
metabolic costs in joules per unit time), and incurs a risk of predation µ. The animal can use
vigilance to trade‐off feeding rate and reduced predation risk, it devotes the fraction of time v to
vigilance. We assume that increasing vigilance v reduces predation risk µ. The probability of
surviving predation is a function of predation risk (Brown, 1999):
p = exp (− μt ).

(1)

By increasing the fraction of time being vigilant, the animal has a higher probability to
detect predators before their attack. Due to this higher detection probability, it is expected that
the lifespan of the animal increases. Hence, the probability of surviving predation increases
proportionally with time. The effect of changing vigilance on surviving predation is
∂p
∂μ
= −pt .
∂v
∂v

(2)

4 of 15

|

VAN LANGEVELDE

Natural Resource Modeling

ET AL.

The survivor's fitness F[e(v,t)] is determined by its energetic profit e (in joules) over the time
period t. We assume that the animal's feeding rate f declines linearly with the proportion of
time devoted to vigilance: f = (1 − v) fmax. Here fmax is the forager's feeding rate in the absence
of vigilance. Over all activities, the energetic profit can be written as
e = t ((1 − v ) fmax − c ).

(3)

Hence, changing the amount of vigilance while foraging has the following effect on the survivor's fitness:
 ∂F   ∂e   ∂F 
∂F
=     =   (−fmax t ).
∂v
 ∂e   ∂v   ∂e 

(4)

The effect of vigilance on fitness is then:

 ∂p 
 ∂F 
∂G
= p   + F  .
∂v
 ∂v 
 ∂v 

2.2

(5)

| Effects of group size on vigilance

Predation risk µ can be modeled as a function of vigilance v as (Brown, 1999):
μ=

m
,
k + bv

(6)

where predation risk increases with the encounter rate with predators m and the predator's
lethality in the absence of vigilance 1/k, and decreases with the effectiveness of vigilance b. For
k = 1, an encounter with the predator is always lethal in the absence of vigilance, whereas k > 1
means that the predator is less lethal in the absence of vigilance.
Ale and Brown (2007) added the three group‐size effects, that is, many eyes, dilution and
attraction, to the model of predation risk:
μ=

mN α
N

k + (N − 1) βv ̅ + bv

.

(7)

The dilution effect is incorporated by dividing the predator encounter rate by group size N, which
is based on the assumption that dilution is based on simple luck‐of‐the‐draw: capture probability
declines with N as a/(aN) = 1/N, where a is the likelihood that an individual is attacked by the
predator. Multiplying this encounter rate by Nα captures the attraction effect. The scaling exponent
α determines the interaction between the dilution effect and the attraction effect: for 0 ≤ α < 1, the
attraction effect is smaller than the dilution effect, whereas the dilution effect is canceled out by the
attraction effect when α = 1, and α > 1 means that the attraction effect dominates the dilution effect.
The many‐eyes effect is determined by β and v̅ , where β scales the value of the vigilance of
conspecifics in reducing an individual's risk of predation, and v̅ is the average vigilance level of
the other N − 1 individuals in the group. When β = 0, there is no many‐eyes effect as the
vigilance of others provides no safety. For β < b, the vigilance of others is effective but less so
than one's own vigilance, whereas the opposite is true for β > b.
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| Optimal vigilance in mixed‐species groups

In mixed‐species groups, differences in catchability or predator preference between the species
may result in differences in the likelihood of an individual being attacked by the predator.
Therefore, the different species may experience different dilution effects, for example, formulated for species 1 (indices refer to species 1 or 2):
a1
1
=
,
a
a1 N1 + a2 N2
N1 + a2 N2

(8)

1

where a1 is the likelihood that an individual of species 1 is attacked by the predator, and a2 for
species 2. N1 is the group size of species 1 and N2 of species 2.
The many‐eyes effect in mixed‐species groups for an individual of species 1 depends on the
value of vigilance by the other individuals of the same species in reducing an individual's risk of
predation β1 and the value of vigilance by the individuals of the other species β2. The average
vigilance level may also differ between the species: for species 1, the average level of vigilance of
the other N1 − 1 individuals is v̅ 1, whereas the average vigilance level of the N2 individuals of
species 2 is v̅ 2 .
For the attraction effect, we acknowledge that predators can have preference for individuals
of the one species above the other (e.g., Fitzgibbon, 1990). We simply assume that the attraction
effect of species 1 is independent of the one of species 2, formulated as
δ1 N1α1 + δ2 N2α2,

(9)

where δ1 and δ2 scale the relative differences in attraction between the species (δ1 + δ2 = 1).
Both species have exponents α1 and α2 for determining the interaction between the dilution
effect and the attraction effect.
The three effects of group size on the predation risk for individuals of species 1 when
together with species 2 in a group can be written as

(

m δ1 N1α1 + δ2 N2α2

μ1 =

N1 +

)

a2
N
a1 2

k1 + (N1 − 1) β1 v ̅ 1 + N2 β2 v ̅ 2 + b1 v1

.

(10)

For N2 = 0 (and δ1 = 1), Equation (10) collapses to Equation (7), which describes the predation risk of an individual in a single‐species group as analyzed by Ale and Brown (2007).
With N1 = 1 (and δ1 = 1) and N2 = 0, Equation (10) becomes equal to Equation (6) analyzed by
Brown (1999).
The optimal level of vigilance v1* for an individual from species 1 within a mixed‐species
group can be calculated by setting Equation (5) to zero, ∂G/∂v = 0, using Equations (2), (4),
and (10):

v1* =

(

F1 m δ1 N1α1 + δ2 N2α2

(

b1 fmax,1 N1 +

a2
N
a1 2

)

)( )
∂F1
∂e1

−

k1 + (N1 − 1) β1 v¯ 1 + N2 β2 v¯ 2
.
b1

(11)
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A similar equation can be derived for the optimal vigilance level v2* for an individual from
species 2 within this mixed‐species group.
An individual's optimal vigilance level for species 1 v1* depends on the sizes of the two
groups N1 and N2 and on the average vigilance level of the others v̄ 1 and v̅ 2 . According to the
definition of ESS, an individual does best by using the same level of vigilance as its conspecifics,
then v1* = v̄ 1 for species 1. This ESS can be found by setting the strategy of the individual equal
to the mean level of vigilance of the group, that is, v1* = v̅ 1, and solving for v1*

(

b1 F1 m δ1 N1α1 + δ2 N2α2

v1* =

(

fmax,1 N1 +

a2
N
a1 2

)

)( )
∂F1
∂e1

− (k1 + N2 β2 v¯ 2)

b1 + (N1 − 1) β1

.

(12)

Equation (12) is a game of vigilance in which the optimal level of vigilance of an individual
of species 1 depends upon the average vigilance level of the individuals of the other species.

3 | CHANGES I N E SS LEVEL OF VIGILANCE AS A
F U N C T I O N O F M O D E L PA R A M E T E R S
We first evaluate the effect of several model parameters and changes in group sizes of both
species N1 and N2 on the ESS level of vigilance v1* of species 1 (Equation 12, Figure 1). In the
case that v1* > 1, the animal chooses complete vigilance, v1* = 1. Similarly, if v1* < 0, then the
animal should exhibit absence of any vigilance, v1* = 0. The ESS level of vigilance for species 1
increases with the encounter rate of the mixed group with predators m (as ∂v1*/∂m > 0 for all
parameter values >0, Figure 1a), whereas it decreases with the marginal value of energy ∂F1/∂e1
(as ∂v1*/(∂F1/∂e1) < 0, Figure 1b). The increase in either N1 or N2 causes a decrease in vigilance
v1*. The effect of the increase in N1 is larger than the same increase in N2 for values of the
model parameters (m in Figure 1a, ∂F1/∂e1 in Figure 1b and in b1 Figure 1c) where v1*>v̅ 2 , that
is, species 2 spend a smaller fraction of time being vigilant than species 1 (for Figure 1, the
average vigilance level of species 2, v̅ 2 = 0.3). For the values of the model parameters where
v1* < v̅ 2 , the opposite is true: an increase in N2 leads to a larger decrease in v1* than as result of
an increase of N1. The same patterns with this switch point for the values of the model
parameters where v1* = v̅ 2 is seen in all panels of Figure 1 (the line for N1 = 15 and N2 = 5
crosses the line for N1 = 5 and N2 = 15 at the value of vigilance v1* = v̅ 2 = 0.3). This suggests
that group size of the one species becomes more relevant when the other species is less vigilant.
At small group sizes of both N1 and N2, an increase in the effectiveness of vigilance b1 shows
first an increase in the optimal vigilance v1*, whereas v1* decreases at higher values of b1 (∂v1*/
∂N1 > ∂v1*/∂N2 for small values of b1 and ∂v1*/∂N1 < ∂v1*/∂N2 for large values of b1) (Figure 1c).

4 | EFFECT OF MIXED ‐ S P ECIE S G RO UP S I Z E A N D E S S
LEVEL OF VIGILANCE
The importance of the different parameters in the many‐eyes effect, the dilution effect and the
attraction effect is further investigated by changing the characteristics for species 1 relative to
the ones for species 2 (Figure 2). When a1 < a2, then individuals of species 2 are more likely to
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(b)

(c)

F I G U R E 1 Effects of the (a) encounter rate with predators m, (b) marginal value of energy ∂F1/∂e1, and
(c) effectiveness of vigilance b1 on the ESS level of vigilance v1* of species 1 for different group sizes of N1 and N2
(Equation 12). Parameter values: m = 0.05, F1 = 2, ∂F1/∂e1 = 0.2, k1 = 1, fmax,1 = 0.01, β1 = β2 = 0.5, b1 = 5,
a1 = a2 = 0.5, δ1 = δ2 = 0.5, α1 = α2 = 0.5, v̅ 2 = 0.3. ESS, evolutionary stable strategy

be attacked by a predator than species 1 when occurring in a mixed‐species group (dilution
effect is stronger for species 1), and species 1 can have low vigilance v1*, even at relatively low
group sizes of N2 (Figure 2a). When a1 > a2, the vigilance levels decrease with increasing N1.
The species that benefits most from the dilution effect can have low levels of vigilance, whereas
the other species can only have low vigilance levels when its number is high.
If the effectiveness of vigilance of species 2 is higher than of species 1 (β1 < β2), then the ESS
level of vigilance v1* of an individual of species 1 is low and only slightly decreases with
increasing N1 (Figure 2b). The species that benefits most from the many eyes effects can have
low levels of vigilance. The vigilance level of species 1 more strongly decreases with increases in
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F I G U R E 2 Effects of the parameter values for species 1 relative to values for species 2 of the many eyes,
dilution and attraction effects on the ESS level of vigilance v1* of species 1 as a function of N1 (N2 = 5)
(Equation 12). For all panels, we used the parameter values: m = 0.05, F1 = 2, ∂F1/∂e1 = 0.2, k1 = 1, fmax,1 = 0.023,
b1 = 5, v̅ 2 =0.3. (a) Changes in the likelihood that species 1 is attacked by predators a1, and a2 for species 2 (with
β1 = β2 = 0.5, δ1 = δ2 = 0.5, α1 = α2 = 0.5). (b) Changes in the vigilance by other individuals of the same species
β1, and the value of vigilance by the individuals of species 2 β2 (with a1 = a2 = 0.5, δ1 = δ2 = 0.5, α1 = α2 = 0.5).
(c) Changes in the scaling parameters δ1 and δ2 for differences in attraction between species 1 and 2 (note that
δ1 + δ2 = 1) (with β1 = β2 = 0.5, a1 = a2 = 0.5, α1 = α2 = 0.5). (d) Changes in the scaling parameters α1 and α2 for
determining the interaction between the dilution effect and the attraction effect (with β1 = β2 = 0.5, δ1 = δ2 = 0.5,
a1 = a2 = 0.5). ESS, evolutionary stable strategy

N1 when the opposite is true (β1 > β2). If species 2 has a larger attraction effect than species 1
(δ1 < δ2 and δ1=δ2), then species 1 should be more vigilant than the case where δ1 > δ2
(Figure 2c). The difference between the two cases disappears with increasing N1, but the
difference changes sign as N1 becomes larger than N2. For symmetry reasons due to the choice

VAN LANGEVELDE

ET AL.

Natural Resource Modeling

|

9 of 15

of the parameters, the three cases (δ1 < δ2, δ1 = δ2 and δ1 > δ2) coincide at N1 = N2 = 5. The
cases differ in how many predators are attracted, which affects the ESS level of vigilance. When
N1 < N2, more predators are attracted if δ1 < δ2. This is further illustrated by the differences in
the scaling parameters α1 and α2 for determining the interaction between the dilution effect
and the attraction effect (Figure 2d). When the importance of the attraction effect for species 1
is smaller than the attraction effect for species 2 (α1 < α2), vigilance levels of species 1 are high,
especially at low values of N1. Species 1 might suffer from the predator attraction effect due to
species 2. When the opposite is true (α1 > α2), vigilance levels are low at low levels of N1,
increase with increasing N1 due to the increased predator attraction by species 1, and then
decrease again with increasing N1 due to the dilution and many‐eyes effects. Here individuals
in small groups of species 1 can benefit from the low predator attraction by species 2.

5 |

VIGIL ANC E GAM E I N M IX E D ‐S PE C I E S G RO UPS

Individuals of species 1 may join with individuals of species 2 when the latter are more vigilant
than themselves. When individuals of species 1 join a group of species 2, however, individuals
of species 2 will adjust their level of vigilance, shown by the ESS level of vigilance v2* of species
2 (in structure similar to Equation 12). This vigilance game in a mixed‐species group with two
species can be depicted by plotting their respective ESS levels of vigilance as a function of the
average vigilance level of the other species: the optimal level of vigilance of a species changes
when the vigilance level of the other species changes. The point where the two lines cross is the
optimum level of vigilance for both species (Figure 3). When increasing the effectiveness of
vigilance β1 of the individuals of species 1 (many eyes effect becomes more effective for species
1), the optimum level of vigilance of both species decreases (Figure 3a). Increases in the
likelihood that species 1 is attacked by the predator a1 causes an increase in the optimum level
of vigilance of species 1, whereas it decreases for species 2 (Figure 3b). When the importance of
the attraction effect increases relative to the dilution effect for species 1 (higher values of α1),
the optimum level of vigilance of both species 1 and 2 increases (Figure 3c). The same is true
when species 1 has a higher attraction for predators δ1, where species 2 has lower values for δ2
(δ2 = 1 − δ1) (Figure 3d). When the mixed‐species group has an increased attraction effect
caused by one of the species, both species have higher values of vigilance.
The benefits and costs of mixed‐species groups are illustrated by plotting the ESS levels of
vigilance of both species together with the ESS level of vigilance of single‐species groups of the
same size (N1 + N2 = N, Figure 4). With low effectiveness of vigilance β1, individuals of species
1 i mixed‐species groups dominated by species 2 (when N2 > N1) have lower ESS levels of
vigilance than the ESS level of vigilance in single‐species groups, showing that mixed‐species
groups are beneficial for both species compared to single‐species groups (Figure 4a). However,
when the contribution of species 1 to the mixed‐species group increases, the vigilance levels of
species 1 increases so that it is beneficial to occur in single‐species groups. When the mixed‐
species group is dominated by species 1, its levels of vigilance decrease again. A shift from
costly to beneficial to join mixed‐species groups can also be seen for high effectiveness of
vigilance β1: mixed‐species groups that have more individuals of species 1 with high values for
β1 have lower levels of vigilance compared to single‐species groups (Figure 4b). The species
with low values for its attractiveness for predators (a1 in Figure 4c and a2 in Figure 4d) results
in low vigilance levels and hence it is beneficial for this species to join mixed‐species groups.
When the dilution effect is more important than the attraction effect for species 1 (α1 < 1,
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F I G U R E 3 Parameter planes of the ESS level of vigilance of species 1 and 2 where the vigilance level of the
one species depends on the other's level for different parameter values (Equation 12). The ◊ indicates the
optimum level of vigilance for species 1 and 2 for each parameter value: (a) varying the value of vigilance β2 of
the individuals of species 2 from 0 to 1.5 in steps of 0.1, a1 = a2 = 0.5, α1 = α2 = 0.5, δ1 = δ1 = 0.5, β1 = 0.5,
(b) varying the value of vigilance β1 of species 1 from 0 to 1.5 in steps of 0.1, a1 = a2 = 0.5, α1 = α2 = 0.5,
δ1 = δ1 = 0.5, β2 = 0.5, (c) varying the likelihood that species 1 is attacked by predators a1 from 0.1 to 0.9 in steps
of 0.1 (α1 = α2 = 0.5, β1 = β2 = 0.5, δ1 = δ1 = 0.5, (d) varying the importance of the attraction effect relative to the
dilution effect α1 for species 1 from 0.5 to 1.5 in steps of 0.1, a1 = a2 = 0.5, β1 = β2 = 0.5, δ1 = δ1 = 0.5, α2 = 0.5,
(e) varying the attraction for predators δ1 for species 1 from 0 to 1.0 in steps of 0.1 (and note that δ2 = 1 − δ1),
a1 = a2 = 0.5, α1 = 1.5, α2 = 0.5, β1 = β2 = 0.5. Each arrow indicates the increase in the parameter that is changed
per panel. Other parameter values: N1 = N2 = 5, m = 0.05, F1 = F2 = 2, ∂F1/∂e1 = ∂F2/∂e2 = 0.2, k1 = k2 = 1,
fmax,1 = fmax,2 = 0.1, b1 = b2 = 5, δ1 = δ2 = 0.5. ESS, evolutionary stable strategy
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F I G U R E 4 Effects of the number of individuals of species 1 (N1) relative to the individuals of species 2 (N2)
in a mixed‐species group and of the same number of individuals in a single‐species group (N = N1 + N2) on their
respective ESS levels of vigilance (Equation 12). For all panels, we used the parameter values: m1 = m2 = 0.05,
F1 = F2 = 2, ∂F1/∂e1 = ∂F2/∂e2 = 0.2, k1 = k2 = 1, fmax,1 = fmax,2 = 0.01, b1 = b2 = 5, δ1 = δ2 = 0.5, N = 15. (a) Low
effectiveness of vigilance for species 1 (β1 = 0.1, β2 = 0.9, α1 = α2 = 0.5, a1 = a2 = 0.5), (b) high effectiveness of
vigilance for species 1 (β1 = 0.9, β2 = 0.1, α1 = α2 = 0.5, a1 = a2 = 0.5), (c) low likelihood that species 1 is attacked
by predators (a1 = 0.1, a2 = 0.9, β1 = β2 = 0.5, α1 = α2 = 0.5), (d) high likelihood that species 1 is attacked by
predators (a1 = 0.9, a2 = 0.1, β1 = β2 = 0.5, α1 = α2 = 0.5), (e) low attraction effect of species 1 (α1 = 0.1, α2 = 0.9,
a1 = a2 = 0.5, β1 = β2 = 0.5, α1 = α2 = 0.5), (f) high attraction effect of species 1 (α1 = 0.9, α2 = 0.1, a1 = a2 = 0.5,
β1 = β2 = 0.5, α1 = α2 = 0.5). For (e) and (f), the levels of vigilance are equal for species 1 and 2 in the
mixed‐species group. ESS, evolutionary stable strategy
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Figure 4e), joining a mixed‐species group with species 2 that attracts predators (α2 < 1) is costly
and species 1 can better form single‐species groups. The opposite is true when species 1 attracts
predators, then joining a mixed‐species group is beneficial (Figure 4f). For both cases
(Figure 4e,f), the ESS levels of vigilance are similar for both species.

6 |

DISCUS SION

In this paper, we explore the ESS for the optimal level of vigilance of a species in a mixed‐species
group influenced by the effects of many eyes, dilution and attraction, and unequal costs and
benefits between the species. Our model illustrates under what conditions associations with other
species may facilitate reduced predation risk for at least one of the participating species. We show
that vigilance of individuals within mixed‐species groups is a social game, where the optimal level
of vigilance for an individual of species 1 depends on the average vigilance levels of the individuals
of species 2. An individual of species 1 can benefit from joining a group of the other species
allowing its vigilance to decrease (with positive effect on other fitness enhancing activities), experience no effect (0) or be negatively influenced making it necessary to increase its vigilance (with
negative consequences). This could be the result of either the many‐eyes effect, the dilution effect or
the attraction effect in mixed‐species groups. The ESS of these vigilance games predicts the individual's adaptive level of vigilance. So far, no theory exists that explains mixed‐species groups
based on differences in the anti‐predation advantages of the effects of many eyes, dilution and
attraction between the participating species. Our model shows that the many‐eyes, dilution, and
attraction effects interact to influence the relationship between the composition of the mixed‐
species group (i.e., the group size of the participating species) and vigilance behavior.
The benefits and costs of vigilance may not always be evenly distributed between the species
that participate in the mixed‐species groups (Seppänen et al., 2007; Stensland et al., 2003). For
example, one of the species could contribute more to the anti‐predation advantage due to their
behavior or ability to easily detect predators. The “protector‐species hypothesis” (Pius &
Leberg, 1998) states that mixed‐species groups are formed so that species with lesser ability of
detecting predators can take advantage of the greater sensory capabilities of heterospecifics.
Mixed‐species groups could benefit from the many‐eyes effect if the different species are
somewhat different when they scan for predators. We found for example that when the effectiveness of vigilance of a species is lower than the effectiveness of vigilance of the other
species, it is beneficial for first species to join the latter one. This may explain the mixed‐species
groups where one of the species can better spot a group of predators than the other species. This
difference in level of vigilance between the species that results in anti‐predation advantages for
at least one of the species is frequently measured in mixed‐species groups (Bednekoff & Lima,
1998; Bshary & Noe, 1997; Huang et al., 2011; Magrath, Haff, McLachlan, et al., 2015). The
effectiveness of vigilance may be interpreted as how reliable the socially derived information is
(Magrath et al., 2009). This reliability of the information depends partly on whether the
information‐receiving species is vulnerable to similar predators (Ridley et al., 2007). If two
species do not share the same predator(s), then the alarm calls of the other are unreliable cues
to danger (and hence the effectiveness of vigilance is lower for the other species). The response
of two species to each other's alarm calls could be symmetric if each species is equally reliable
to the other, or asymmetric if there is a difference in reliability, such as if one species is
vulnerable to a subset of threats to the other (Hughes et al., 2012; Magrath et al.,
2009; Magrath, Haff, McLachlan, et al., 2015).
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The dilution effect means that the species with a high probability of predation becomes
more difficult to spot for the predator when joining a group of another species, while it means
for this second (less preferred) species that they are also less likely to be attacked by the
predator (Bertram, 1978, Hamilton, 1971; McNamara & Houston, 1992; Pulliam et al., 1982).
The species that benefits most from joining the mixed‐species group depends on specific
characteristics. For example, when the likelihood of predation is low for the one species, it is
beneficial to join a species with high predation risk. If for a species the attraction effect is larger
than the dilution effect, for example when individuals are highly preferred by the predator,
then it is beneficial when only few individuals join the other species so that these individuals
can decrease their level of vigilance. However, when more individuals of this preferred species
join then the level of vigilance of the less preferred species also increases as predators are
attracted to this mixed‐species group and the dilution effect cannot compensate by the effect of
the size of mixed‐species group. When the attraction effect increases in importance relative to
the dilution effect, vigilance levels of both species increase.
In our model, we did not consider possible effects of competition for food in mixed‐species
groups, which may be a cost of association for at least one of the species. For example, putty‐nosed
monkeys (Cercopithecus nictitans) play a vital role in defense against crowned eagles for Diana
monkeys. The study of Eckardt and Zuberbühler (2004) suggests that putty‐nosed monkeys obtain
access to feeding trees by offering anti‐predation benefits to Diana monkeys. They trade their
services in eagle defense for their increased tolerance by Diana monkeys at the feeding site. Including competition for food would change the fitness function (F in our model), which is determined by its energetic profit (e in our model), and would be a function of the group size of species
2 (and of species 1 when intraspecific competition is considered). This is a topic for future study.
Though mixed‐species groups and their possible explanations are well‐studied phenomena,
it is unknown what the extent is of mixed‐species grouping. This paper provides the first step in
the development of a predictive theory for the numerous empirical studies on mixed‐species
groups. Moreover, it may lead to testable predictions for vigilance in mixed‐species groups.
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