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Abstract
Songbirds that follow a conspecific attraction strategy in the habitat selection process prefer

to settle in habitat patches already occupied by other individuals. This largely affects the

patterns of their spatio-temporal distribution and leads to clustered breeding. Although mak-

ing informed settlement decisions is expected to be beneficial for individuals, such territory

clusters may potentially provide additional fitness benefits (e.g., through the dilution effect)

or costs (e.g., possibly facilitating nest localization if predators respond functionally to prey

distribution). Thus, we hypothesized that the fitness consequences of following a conspecif-

ic attraction strategy may largely depend on the composition of the predator community. We

developed an agent-based model in which we simulated the settling behavior of birds that

use a conspecific attraction strategy and breed in a multi-predator landscape with predators

that exhibited different foraging strategies. Moreover, we investigated whether Bayesian up-

dating of prior settlement decisions according to the perceived predation risk may improve

the fitness of birds that rely on conspecific cues. Our results provide evidence that the fit-

ness consequences of conspecific attraction are predation-related. We found that in land-

scapes dominated by predators able to respond functionally to prey distribution, clustered

breeding led to fitness costs. However, this cost could be reduced if birds performed Bayes-

ian updating of prior settlement decisions and perceived nesting with too many neighbors

as a threat. Our results did not support the hypothesis that in landscapes dominated by inci-

dental predators, clustered breeding as a byproduct of conspecific attraction provides fit-

ness benefits through the dilution effect. We suggest that this may be due to the spatial

scale of songbirds’ aggregative behavior. In general, we provide evidence that when con-

sidering the fitness consequences of conspecific attraction for songbirds, one should expect

a trade-off between the benefits of making informed decisions and the costs of clustering.
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Introduction
Habitat selection is a decision-making process that leads to observed patterns of spatio-
temporal distribution of individuals. In this process, songbirds may use various types of social
information to choose between different sites and decide where to settle, one of them being
conspecific cues [1–5]. Because breeding density in a given habitat is typically correlated with
that habitat’s quality [6], the presence of conspecifics may serve as a cue for individuals when
making settlement decisions. For most songbirds exhibiting conspicuous territorial behavior,
this information is available for both the pre- and post-breeding periods and may be acquired
at a low cost, such as by monitoring the easily noticeable singing behavior of other individuals
[7]. Therefore, conspecific cues are a valuable type of social information about habitat, and
many bird species have been shown to rely on these cues in breeding-site selection (reviewed in
[7], [8]).

When using conspecific cues, birds follow a conspecific attraction strategy and prefer to set-
tle in patches already occupied by other individuals, which leads to locally aggregated distribu-
tions, especially for songbirds that usually do not maintain exceptionally large territories [2],
[3], [8]. Although this strategy of making settlement decisions is most likely widespread among
songbirds, the fitness consequences for individuals are largely unexplored [7]. Using social in-
formation is considered a less time- and energy-consuming strategy of assessing habitat quality
than the direct sampling of various habitat patches [9–11]. However, non-selective copying of
the decisions made by others may lead to maladaptive choices and settlement in poor habitats
[12], [13]. For example, Nocera et al. [14] showed that natal dispersing Bobolinks (Dolichonyx
oryzivorus) blindly relied on simulated social cues for breeding site selection and settled in
poor-quality habitats where these birds normally do not occur. Therefore, certain costs and
benefits of using social information are directly related to the process of reducing individual
uncertainty; however, the clustered distribution that emerges as a by-product of conspecific
cues may be associated with several predation-related costs and benefits that might influence
the fitness of individuals [7], [8].

A benefit of conspecific attraction that is often assumed to be related to predation is protec-
tion from predators through the dilution effect of clustered breeding [2], [8], [15]. According
to this hypothesis, the larger the group of individuals, the lower the risk that a given nest will be
depredated. Therefore, following a conspecific attraction strategy may potentially provide an
additional benefit, as birds with clustered territories may reach higher nest success levels than
those in more dispersed territories [2], [8]. However, territory clusters may facilitate nest locali-
zation if predators respond functionally to prey distribution, e.g., by performing a more re-
stricted search of nearby areas after encountering a nest [16–18]. If predators perform such an
adaptive switch in foraging behavior, this may lead to greater predation risk within aggrega-
tions and potentially result in a fitness cost for prey. Although the dilution effect is expected to
provide benefits for clustered birds in a landscape dominated by incidental nest predators,
nesting in the aggregation may be risky in the presence of predators that perform area-
restricted searches [19], [20]. Therefore, we hypothesized that the fitness costs and benefits of
following a conspecific attraction strategy could largely depend on the composition of the
predator community.

Individuals are expected to adjust breeding-site selection according to information that al-
lows them to assess environmental conditions more reliably [21]. Songbirds have been shown
to perceive information related to risks posed by different predator types and use this informa-
tion in the habitat selection process (e.g., [22–24]). Therefore, clustered individuals may at-
tempt to increase their chances for successful breeding by perceiving the risk associated with
clustering and adjusting settlement decisions accordingly. Although birds may initially select
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breeding habitats based solely on conspecific cues, they may avoid nesting in the close proximi-
ty of neighbors if the number of newly arriving birds at a particular location exceeds some
threshold value. Therefore, individuals may use Bayesian updating of prior settlement deci-
sions by combining different kinds of information about various environmental parameters to
improve decision-making processes [25], [26]. This strategy leads to nesting in looser clusters
and may be profitable for both birds that rely on conspecific cues (cue-users) and individuals
that are social cues for others (cue-providers). Many bird species have been shown to use
Bayesian updating in food patch exploitation (reviewed in [25]). However, because the econo-
my of using social information in a habitat-selection process is a largely unexplored phenome-
non [7], [13], the potential advantages of using Bayesian updating when making settlement
decisions remain unknown.

Knowledge of the fitness consequences of using conspecific cues constitutes one of several ur-
gent research needs [7] that is not purely academic because the manipulation of social informa-
tion is often considered as a potential tool in the conservation of songbird populations [5], [8],
[27]. Although there is an apparent lack of empirical data from field experiments, an agent-based
approach provides an opportunity to investigate these issues. We developed an individual-based
model to explore the predation-related costs and benefits of following a conspecific attraction
strategy in a multi-predator landscape. The model was designed to simulate the nest success of
the WoodWarbler (Phylloscopus sibilatrix), a small, forest-dwelling songbird. Specifically, we
aimed to examine the following: (1) the fitness consequences of following a conspecific attraction
strategy in landscapes dominated by different predator types and (2) whether Bayesian updating
of prior settlement decisions may improve the fitness of birds that rely on conspecific cues.

Methods

Model setup
The model was created using the open-source software NetLogo ver. 5.0.4 [28]. All empirical
values for model parameterization were obtained from the existing literature and our unpub-
lished results obtained fromWoodWarbler studies in the Wielkopolska National Park (west-
ern Poland). Unpublished data that were used are included as Supplementary Material (S1
File). Below, we briefly describe the basic model features: the simulation space, agents and
model implementation. The model and full ODD protocol [29], [30] are provided as Supple-
mentary Material (S2 File, S3 File).

The simulation space was designed to represent one of the study plots (Wiry Forest) in our
study area—the Wielkopolska National Park. It was a discrete 2D square grid of 200 × 200
cells. Each cell represented an empirical distance of 10 m. Hence, the modeled space covered
an area of 4 km2, which is approximately equal to the area of the Wiry Forest (4.65 km2). The
simulation space did not contain obstacles or artificial boundaries and was modeled as a torus.

Each run of this model consisted of two stages: the simulation of birds’ settling and the for-
aging behavior of predators. We simulated two types of predators i.e., Wild Boar (Sus scrofa)
and Red Fox (Vulpes vulpes), which differed in their foraging behavior. During the first stage,
time was not specified (see S3 File for details). The simulation time of the second stage was
scaled based on data regarding Red Fox movement during foraging bouts [20], [31]. Time
moved forward in discrete steps of fixed size, i.e., 1 tick per step in all simulations. We consid-
ered the following: (1) predators moved forward 1 grid cell per time step; (2) in nature, foxes
often move ~2 km per foraging bout [31]; and (3) a single cell represented an empirical dis-
tance of 10 m; we defined one day as 200 time steps. Because the nest cycle of WoodWarblers
lasts 32 days, all simulations were run for 6400 time steps. We assumed constant predation risk
in each model run.
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Bird and nest agents
The model included three sub-types of bird agents that exhibited a different settling strategy:
cue-providers, cue-users and random-settlers.

The cue-providers represented birds that made settlement decisions based on personal in-
formation. During each model initialization, the cue-providers were distributed randomly
within a simulation space at least 10 cells away from the nearest neighbor because the mean
nearest-neighbor distance between territories of WoodWarblers in the Wiry Forest (Wielko-
polska National Park) equals 102.21 m (n = 92 pairs) (Szymkowiak and Kuczyński, S1 File).

The cue-users represented birds that relied on social information, i.e., birds that made settle-
ment decisions based on the location of other individuals who had already occupied territories.
During each model initialization, the cue-users were distributed randomly within a simulation
space but were at least 10 cells away from the nearest cue-provider. After all cue-users were
placed in the modeled space, each of them started prospecting behavior, during which they
moved in a correlated random walk (independent from each other) and became territorial after
acquiring social cues. The correlated random walk is a practicable approach to describing ani-
mal movement patterns in which an individual’s trajectory through space is regarded as a se-
quence of distinct and randomly oriented steps, with the direction of a single step related to the
direction of a previous step [32].

The random-settlers represented birds that settled at random, i.e., birds that did not rely on
any specific type of information when making settlement decisions. After both other types of
bird agents became territorial, the random-settlers were placed within a simulation space. Al-
though they represent randomly settled individuals, random-settlers were distributed under
the following two restrictions: individuals were least 10 cells away from other random-settlers
and at least 20 cells away from the nearest cluster of cue-providers and cue-users. The first re-
striction resulted from the average nearest-neighbor distance between WoodWarbler territo-
ries in the Wiry Forest (Wielkopolska National Park). The second limitation had to be
introduced because simulations included all bird agent types. Hence, there was a risk that ran-
dom-settlers in a purely random distribution would be located in the middle of a group of clus-
tered birds (i.e., cue-providers and cue-users), which might influence the results to a great
extent and lead to misleading conclusions. It is also important to note that from a modeling
perspective, both cue-providers and random-settlers were initially distributed similarly within
a simulation space. However, in a biological sense, we implicitly assumed that cue-providers
were birds that relied on personal information, such as their own breeding experience from the
previous year, whereas random settlers made uninformed decisions. Moreover, both agent
types could be distinguished because cue-providers were involved in social interactions with
cue-users, which was not the case for random-settlers.

The nests were stationary agents and were distributed randomly within the bird agent’s ter-
ritories. Although each bird agent occupied a territory with a radius of 5 cells (representing an
empirical distance of 50 m), nests were sprouted randomly within a radius of 3 cells measured
from the territory center. This approach was intended to account for the mean empirical dis-
tance between the territory center and nest location, which equals 32.45 m (n = 47) in our
study plot (Szymkowiak and Kuczyński, S1 File).

Conspecific attraction behavior
Two types of conspecific attraction strategies were implemented, and all cue-users followed
one of the strategies in a particular simulation run. Therefore, separate sets of simulations were
performed for exploring the costs and benefits of each strategy.
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Basic conspecific attraction
In the basic conspecific attraction strategy, the cue-users moved in a correlated random walk,
one cell per time step. The movement heading was drawn at each time step from a normal dis-
tribution with a mean of 0° and a standard deviation defined by the observer (see S3 File,
A.3.3.1. for details about choosing SD values for cue-user prospecting behavior). At each time
step, the non-territorial cue-users were asked whether there was another bird agent in a radius
of 10 cells that had already occupied the territory. If another agent was present, the cue-user
perceived this information as a social cue, stopped and became territorial (note that after this it
could be perceived as a social cue for others); if there was no such individual, the cue-user con-
tinued prospecting behavior. This procedure was completed after all territories had been occu-
pied by cue-users.

Conspecific attraction with Bayesian updating
In this strategy, the cue-users performed a more sophisticated conspecific attraction strategy
that included a form of Bayesian updating of prior settlement decisions. First, each cue-user
followed a basic conspecific attraction strategy. However, at each time step, all cue-providers
and those cue-users that acquired social cues (and were settled) were asked how many other in-
dividuals were in a radius of 15 cells. If the number exceeded a threshold value defined by the
observer (k parameter), bird agents moved (one cell per time step) according to a correlated
random walk with a heading drawn from a normal distribution (mean = 0°, SD = 360°). Be-
cause the turning angle was high, this process resulted in a very tight, convoluted movement
that was continued until the number of individuals in a radius of 15 cells was equal to or lower
than the threshold value. If this assumption was fulfilled, the bird agent stopped immediately.
Because the birds were asked to assess the number of other territorial individuals in a 15-cell
buffer at each time step, this “updating of territory borders” could be induced repeatedly if
there were newly arriving birds at a particular location. In some scenarios, however, newly ar-
riving birds could potentially displace individuals that have already occupied territories, which
is unlikely from an empirical perspective but was allowed for coding simplicity because it did
not affect the results of our analysis. The “updating territory borders” procedure was completed
after all cue-providers and cue-users occupied stable territories. In a biological sense, we mod-
eled settlement behavior in which the cue-users followed a conspecific attraction strategy; how-
ever, together with the cue-providers, they also perceived the risk associated with clustering
and performed Bayesian updating of prior settlement decisions. This strategy is based on the
implicit assumption that songbirds are able to adjust site selection decisions when information
allowing them to assess habitat quality more reliably becomes available [21]. Such behavior is
supported by abundant empirical data demonstrating habitat selection as a dynamic decision-
making process during which initial settlement locations could be shifted when more timely in-
formation emerges or ecological conditions change (e.g., [33], [34])

Predator agents
Two types of predator agents were simulated in this model, Wild Boar and Red Fox, which dif-
fered in their foraging behavior. Both species are common in our study area and are well
known predators of WoodWarbler nests [35], [36]. All predator agents were randomly distrib-
uted within a simulation space at the beginning of each model run and were able to eat nests if
they occupied the same cell. In each model run, predators could consume an infinite number
of nests at any time because we assumed that it would be unlikely for a boar or fox to be satiated
after consuming a typical Wood Warbler clutch containing 6 small eggs [35].

Predation-Related Costs and Benefits of Conspecific Attraction
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The Wild Boar represented an incidental predator of WoodWarbler nests. The boars
moved forward in a correlated random walk, one grid cell per time step. The direction of move-
ment was drawn at each time step from a normal distribution with a mean of 0° and standard
deviation defined by the observer (turning.boar parameter). All standard deviations for preda-
tor movement parameters used in the final experiments were chosen based on sensitivity analy-
ses and made constant across the simulations (see Efficient predator setup for details). In
nature, Wild Boars and Red Foxes move different distances during foraging bouts; whereas
foxes move ~2 km daily [20], [31], boars are expected to move ~1 km daily [37]. The time of
the entire simulation was scaled based on data for the average distance moved by Red Foxes
during foraging bouts. Hence, to account for differences in the activity patterns of both preda-
tors, boar activity was constrained to 100 time steps per day (see A.3.3.4. in S3 File for details).

The Red Fox represented a predator with a capacity to perform more intensive searching of
nearby areas after encountering a nest. Normally, foxes moved in a correlated random walk
with a movement heading that was drawn, at each time step, from a normal distribution with a
mean of 0° and a standard deviation defined by the observer (turning.fox parameter). However,
foxes changed their movement strategy and performed area-restricted searches (ARSs) after
encountering a nest. During the ARS movements, the foxes’ turning angle increased (strength.
ARS parameter), and they explored nearby areas instead of moving further away. The duration
of ARS movements was controlled by the observer-defined parameter (duration.ARS parame-
ter). If the fox agent did not find any other nests during this time, it resumed movement in a
standard correlated random walk. The ARS foraging strategy is based on the implicit assump-
tion made by a predator about the higher probability of encountering other food resources
near a previously located nest. As noted by Ringelman [20], this movement strategy is qualita-
tively similar to Lévy flight behavior, i.e., random walks in which the short movement bouts
are interspersed with long movements [38]; foxes have been shown to follow this strategy when
searching for prey [20], [31], [39].

Model initialization
The model was initialized with 80 total bird agents (and their nests), which is equivalent to the
density of breeding WoodWarbler pairs in the Wiry Forest of the Wielkopolska National Park.
WoodWarblers exhibit little site tenacity, with a median of 11% of males returning to previous
breeding areas (n = 4 publications, based on Table 1 in [40]). We assumed that these males rely
on personal information when making settlement decisions; thus, 8 cue-providers were initially

Table 1. Parameter values (on the logit scale) of the model relating nest success when foxes forage with the threshold value that initiated
Bayesian updating of prior settlement decisions.

Mean SE 2.5% CI 97.5% CI

alpha -0.49149 0.03103 -0.55109 -0.42941

gamma[k = 2] 0.10047 0.04183 0.01822 0.18327

gamma[k = 3] 0.14617 0.04322 0.06081 0.22892

gamma[k = 4] 0.09886 0.04578 0.00651 0.18687

gamma[k = 5] 0.04388 0.04559 -0.04715 0.13150

gamma[k = 6] 0.03066 0.04452 -0.05609 0.11892

Estimated posterior means, standard errors and 95% credible intervals are shown. If the k parameter was in the range of 2–4, there was a significant

advantage of applying Bayesian updating. For k > = 5, Bayesian cue-providers and cue-users did not gain additional fitness benefits. Alpha is the overall

mean, and gamma is the contrast expressing fitness gains in relation to the baseline level, i.e., the naive strategy.

doi:10.1371/journal.pone.0119132.t001
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placed in the simulation space. Among the remaining 72 bird agents, 36 were modeled as cue-
users and 36 as random-settlers.

We are not aware of up-to-date estimates of predator densities at our study site; therefore,
we preliminarily explored the model setup to select the optimal number of predators for
final simulations. We systematically varied the number of boars and foxes (range: 1–8 individ-
uals, 50 simulations for each combination) and calculated the nest survival of clustered and
randomly distributed birds. Simulations were performed separately for each predator type.
After preliminary model exploration, we decided to simulate 6 predators that caused the
mean nest failures within the observed ranges of Wood Warbler nest success (ca. 20–60%)
[35], [36], [41].

Simulation runs and statistical analysis
First, we systematically varied the parameter space of boar and fox movement behavior, at-
tempting to find a setup that was most efficient from the predator’s perspective, causing the
lowest nest survival of the entire bird population. Each parameter setup was modeled in 50
simulations. The optimal foraging strategy could largely depend on nest distribution [20]; thus,
we modeled either 80 random-settlers (random distribution) or 8 cue-providers with 72 cue-
users performing a basic conspecific attraction strategy (clustered distribution). Then, the effi-
ciency of the predators was explored separately for the two bird communities.

After creating efficient boars and foxes, we performed a set of experiments to explore the
predation-related costs and benefits of various settling strategies in landscapes with different
predator communities. In each experiment, a mixed bird community was simulated, and the
number of each bird agent sub-type was constant between experiments. Then, we compared
the fitness costs and benefits of following a particular settling strategy by comparing the nest
success of cue-providers, cue-users and random-settlers.

Data were analyzed in a Bayesian approach using a binomial GLM with a logit link function
(which is equivalent to a logistic regression). When testing for differences in nest success be-
tween birds applying different settling strategies, a simple model contrasting groups was used:

Equation 1:

si ¼ BinðNi; piÞ
logitðpiÞ ¼ ajðiÞ

where pi is the probability of success for the i-th simulation, si is the number of successful
nests for the i-th simulation, αj(i) is the logit-scale parameter for expected probability of
success for birds applying strategy j, and Ni is the known overall number of nests involved in
each simulation. This approach is equivalent to a means parameterization in binomial GLMs
[42].

This model was slightly modified when testing for differences between strategies in a multi-
predator environment:

Equation 2:

si ¼ BinðNi; piÞ
logitðpiÞ ¼ ajðiÞ þ bjðiÞ � Nfoxesi

where Nfoxesi is the number of foxes in a predator community for the i-th simulation, βj(i) is
the logit-scale parameter for slopes for the relationship between number of foxes and nest suc-
cess for birds applying strategy j, and the other parameters were the same as in the previous
model. This parameterization is equivalent to a binomial ANCOVA [42].

Predation-Related Costs and Benefits of Conspecific Attraction
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For testing whether Bayesian birds achieved any fitness gain and how this was related to the
number of individuals in a close neighborhood that initiated the updating of prior settlement
decisions, the following model was used:

Equation 3:

si ¼ BinðNi; piÞ
logitðpiÞ ¼ aþ bjðiÞ þ gkðiÞ

where α is an overall mean nest success (on logit-scale), βj(i) is the logit-scale parameter for ex-
pected probability of success for birds applying strategy j and γk(i) is the logit-scale parameter
for the expected probability of success for birds applying Bayesian updating when the local
density is higher than k. The value of k = 0 was assigned to the naive strategy, i.e., to birds that
did not perform updating of settlement decisions. To make the model identifiable, priors of the
first levels of both predictors were set to zero, which is equivalent to the effects parameteriza-
tion in GLMs [42]. Thus, the estimated parameters provide contrast and express differences be-
tween the group means and appropriate reference levels (cue-providers in the case of β and
naive birds in the case of γ).

Statistical analyses were performed using JAGS Gibbs-sampling environment [43] and
R 3.0.3 [44]. Both environments were integrated via the R2Jags library [45]. Differences in pa-
rameters (e.g., group probabilities, slopes) were tested by computing the contrasts (reciprocal
cross differences) within JAGS and checking whether the 95% credible intervals (CI thereafter)
of those contrasts contained zero. Vague normal density priors were used for all covariate pa-
rameters. Gibbs sampling was performed with three independent chains for 10000 iterations
each. The first 4000 iterations of each chain were discarded as burn-in, and only samples
from every 10th iteration were stored. The JAGS code is provided as Supplementary Material
(S4 File).

Results

Efficient predator setup
First, we varied the parameters that determined the straightness of predator movement. The
nest survival increased when predator paths became more convoluted and reached a minimum
value when the turning parameter equaled 10°, irrespective of the nest distribution. Then, we
set turning.fox = 10° and duration.ARS = 125 time steps and systematically varied the strength.
ARS parameter. We found that predators caused the lowest nest survival when strength.ARS
was between 40 and 70° for both clustered and randomly distributed nests. Next, we set turn-
ing.fox = 10° and strength.ARS = 55° and systematically varied the duration.ARS parameter.
The results revealed that the survival of randomly distributed nests increased when foxes spent
more time performing area-restricted searches, whereas for clustered nests, this relationship
was reversed. A reasonable trade-off was chosen, and we set a duration.ARS = 100 time steps
for further analyses. Overall, our sensitivity analysis revealed that the parameter values for effi-
cient predator setup were similar to those in Ringelman’s model [20].

Conspecific attraction costs and benefits
In the first experiment (100 simulations), 6 Wild Boars were simulated to test whether the cue-
providers and cue-users benefited from clustered distribution in a landscape dominated by in-
cidental predators. We found no differences in nest success between birds involved in a conspe-
cific attraction mechanism (cue-providers: 64.6%, CI: 61.3–67.9; cue-users: 63.1%, CI: 61.5–
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64.6). Moreover, the nest success of random-settlers (63.9%, CI: 62.3–65.4) was similar and did
not differ from any of the “social” groups (Fig. 1).

In the subsequent experiment (100 simulations), 6 Red Foxes were modeled to test whether
clustering as a by-product of conspecific attraction resulted in fitness costs in a landscape dom-
inated by predators that were capable of performing area-restricted searches. The birds that set-
tled at random performed better, i.e., had a higher nest success (posterior mean: 43.6%, CI:
42.0–45.2), than those with clustered territories (cue-providers: 39.6%, CI: 36.3–43.1; cue-
users: 39.8%, CI: 38.3–41.5). Furthermore, as indicated by the comparison of posterior distribu-
tions of cross-differences (Fig. 1), the nests of clustered birds had similar survival rates; howev-
er, the nest success for both the cue-providers and cue-users differed from the random-settlers.

In the next experiment, we examined the fitness costs of random-settling and conspecific at-
traction in a multi-predator landscape. We systematically varied the numbers of boars and
foxes (range: 0–6 individuals, 100 simulations for each combination) to simulate a mixed

Fig 1. Posterior distributions of different of nest success probabilities of birds following particular settling strategies. The left panel refers to a
landscape dominated by boars, and the right panel refers to a fox-only environment. Vertical solid lines indicate zero, and dashed lines indicate 95% credible
intervals around the mean difference. In a landscape dominated by incidental predators (boars), there were no significant differences (credible intervals
always contain zero), meaning that the three strategies performed equally well. When predators were able to perform area-restricted search (foxes), a
random settling strategy significantly outperformed both social strategies, whereas there were no significant differences in nest success between cue-users
and cue-providers.

doi:10.1371/journal.pone.0119132.g001
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predator community. However, the total number of predators in each set of simulations was
held constant at 6. Although we included only the number of foxes (N.foxes) as a predictor in
the model, this represented a gradient between landscapes dominated by incidental predators
(boars) and those dominated by predators that performed area-restricted searches (foxes).

The binomial ANCOVA model fitted using MCMC revealed that the mean nest success for
the three settling strategies was similar and did not differ (posterior mean intercepts: 54.5%,
CI: 44.8–64.4; 54.2%, CI: 49.7–58.9; 50.6%, CI: 46.1–55.2, for cue-providers, cue-users and ran-
dom-settlers, respectively). However, the comparison of slopes and their reciprocal contrasts
showed that although they were not different (at the 95% CI level) between the cue-providers
and cue-users, both differed from the random-settlers. Thus, the model was refitted with both
cue-providers and cue-users pooled together into a “social” group. Similar conclusions can be
inferred from this simplified model: intercepts did not differ (“social”: 54.2%, CI: 50.0–58.4 vs.
random-settlers: 50.5%, CI: 46.0–55.1), but the slopes did differ (“social”: -0.173, CI: -0.185–
0.162 vs. random-settlers: -0.137, CI: -0.150–0.125). The posterior distribution of the contrast
between both estimated slopes did not cover zero, which indicates that the nest survival of ran-
dom-settlers did not decrease as rapidly as for birds with clustered territories (Fig. 2).

Profitability of Bayesian updating
In the final experiments, we examined whether acquiring information about the social environ-
ment and performing Bayesian updating of prior settlement decisions could lead to fitness ben-
efits for birds that bred in clusters as a result of conspecific attraction. We systematically varied
the k parameter (range: 2–6, 100 simulations for each value) and modeled the nest success of
Bayesian cue-providers and cue-users in a landscape of “pure” predator communities with ei-
ther 6 boars or 6 foxes. Moreover, in a separate set of simulations (100 each time), we modeled
the nest success of naive cue-providers and cue-users and then compared it with that obtained
by Bayesian birds at different k values.

The first model considered was a two-way binomial ANOVA with two factors: settling strat-
egy and k parameter. For both boar- and fox-only environments, the cue-providers and cue-
users performed equally well in this setup, and there were no differences between them. Thus,
the model was refitted with only one predictor (k).

When the landscape was dominated by predators able to perform area-restricted searches, it
was profitable for birds to use Bayesian updating of prior settlement decisions. Bayesian cue-
providers and cue-users performed better (i.e., reached a higher nest success) than naive birds
when the k parameter was 2, 3 or 4; however, when the value was� 5, the fitness benefits of
Bayesian updating disappeared (Fig. 3, Table 1).

As expected, using a Bayesian approach in the landscape dominated by incidental predators
did not provide any benefits. We did not find any relationship between the fitness of birds in-
volved in a conspecific attraction mechanism and the k parameter. Moreover, the nest success
of naive cue-providers and cue-users did not differ from those achieved by individuals that per-
formed Bayesian updating (Fig. 3, Table 2).

Discussion
Conspecific attraction alone is beneficial for birds, as it is a way of gathering habitat informa-
tion and making informed settlement decisions that allow for better adjustment to current en-
vironmental conditions [7], [8], [46], [47]. However, our results provide strong evidence that
there are also fitness costs of following a conspecific attraction strategy. Moreover, this trade-
off depends on the composition of the predator community.
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Apart from reducing the uncertainty of individuals, studies have suggested that clusters of
territories that emerge as a by-product of conspecific attraction may provide benefits through
the dilution effect [2], [8], [7], [15]. This phenomenon should particularly be expected in a
landscape with incidental predators that typically forage on alternative prey species [19], [20].
However, our results did not support this hypothesis. When we simulated the foraging behav-
ior of Wild Boar, the nest success of clustered and randomly distributed nests did not differ.
Therefore, the cue-providers and cue-users did not gain any additional fitness benefits from
nesting within an aggregation, as would be expected according to the dilution effect hypothesis.

Fig 2. Probability of nest success in a multi-predator landscape varying in domination of foxes. Fitted lines and their 95% credible intervals for both
“social” (red) and “random” (blue) settlers are shown. The random settling strategy became superior when foxes constituted at least half of the
predator community.

doi:10.1371/journal.pone.0119132.g002
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Fig 3. Fitted nest success probabilities plotted against the k parameter for boars-only (left panel) and fox-only (right panel) environments. Points
represent posterior means, and lines represent 95% credible intervals. The reference value for k = 0 (in black) denotes the mean success for naive birds
which did not perform Bayesian updating of prior settlement decisions. Effects that are not different from the reference are in blue, whereas different effects
are shown in red.

doi:10.1371/journal.pone.0119132.g003

Table 2. Parameter values (on the logit scale) of the model relating nest success when boars forage with the threshold value that initiated
Bayesian updating of prior settlement decisions.

mean SE 2.5% CI 97.5% CI

alpha 0.53115 0.03139 0.47039 0.59325

gamma[k = 2] 0.01216 0.04490 -0.07667 0.10042

gamma[k = 3] -0.00046 0.04414 -0.08716 0.08335

gamma[k = 4] 0.07651 0.04493 -0.01272 0.16497

gamma[k = 5] 0.05648 0.04446 -0.03031 0.14279

gamma[k = 6] 0.04377 0.04373 -0.04206 0.13015

Estimated posterior means, standard errors and 95% credible intervals are shown. Bayesian cue-providers and cue-users did not gain additional fitness

benefits compared with naive birds in relation to nest success. Alpha is the overall mean, and gamma is the contrast expressing fitness gains in relation to

the baseline level, i.e., the naive strategy.

doi:10.1371/journal.pone.0119132.t002
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Recently, Ringelman [20] used an agent-based approach to simulate predator foraging behav-
ior qualitatively similar to that presented in this model, with results differing from those of this
study: a better survival of clustered nests was found in the presence of incidental predators.
One possible explanation for these inconsistencies is the different number of nests that inciden-
tal predators could consume. In Ringelman’s model [20], predators were satiated for the day
after consuming a nest, whereas in our model, boars could “consume” an infinite number of
nests at any time. However, we suggest that a more plausible explanation for inconsistent re-
sults between both studies is related to the different features of the natural systems that were
modeled. Ringelman [20] simulated the nest survival of tightly clustered dabbling ducks,
whereas we modeled the settling behavior of the WoodWarbler, which is a species that occu-
pies inherently larger all-purpose territories [48]. This difference resulted in substantially larger
nearest-neighbor distances and less tight clustering in warblers than observed in ducks [49],
[50]. It seems intuitive that when the distance between neighboring nests increases, the benefits
from dilution effects disappear, even if territories are still spatially aggregated. In fact, Ringel-
man [20] noted that although clustered nests survived better than random nests in the presence
of incidental predators, the relative benefits from clustering decreased when nest dispersion in-
creased. However, most of the songbirds that have been shown to rely on conspecific cues oc-
cupy all-purpose territories [7]. Therefore, the often-suggested benefit of clustering through
conspecific attraction, i.e., the dilution effect, may not occur in these species and should be ver-
ified with field studies addressing the spatial scale of the aggregative behavior exhibited
by songbirds.

Because we modeled the settling behavior of birds with all-purpose territories, which re-
sulted in a looser distribution of nests than for ducks (although still spatially aggregated), one
could expect that the profitability of area-restricted searches might disappear from the preda-
tor’s perspective [20], [39]. Instead, we found that predators were still more efficient when
changing their foraging behavior after encountering a nest. Although the nests of all bird agents
had lower survival rates when foxes became the dominant predators, which was most likely
caused by differences in the activity patterns of the predators, with foxes foraging twice as long
as boars, the nest success of clustered birds was reduced significantly more than that of ran-
dom-settlers. Therefore, in the presence of foxes, both the cue-providers and cue-users were
faced with fitness costs that resulted from the clustered distribution. The game-theoretic model
of Doligez et al. [10] suggested that various strategies of habitat selection performed poorly
when individuals tended to aggregate in space. This effect was due to the density-dependent
processes that induced costs in the form of reduced fecundity. It appears that there are also
other costs of these settling strategies, including conspecific attraction, that emerge when pred-
ators respond behaviorally to prey distribution, thus leading to density-dependent nest preda-
tion [17].

The costs of clustering may decrease when birds perceive that there is a risk of nesting with
too many neighbors and perform Bayesian updating to adjust prior settlement decisions ac-
cordingly. However, the profitability of this strategy vanishes when birds accept to settle in
clusters with high number of conspecifics. In our model, the cue-providers and cue-users fol-
lowed simple rules: they moved a small distance away from each other if the number of neigh-
bors exceeded a threshold-value. This behavior showed that Bayesian birds tended to nest in
clusters with fewer neighbors and had territories that were less tightly spaced, which ultimately
spread the associated risks. Thus, Bayesian updating was expected to be profitable in land-
scapes dominated by predators able to perform area-restricted searches [20]. In fact, we found
that Bayesian cue-providers and cue-users achieved a higher nest success than naive birds in
the presence of foxes. Therefore, perceiving the risk associated with clustering and adjusting
settlement decisions accordingly may improve the fitness of individuals and may thus be

Predation-Related Costs and Benefits of Conspecific Attraction

PLOS ONE | DOI:10.1371/journal.pone.0119132 March 19, 2015 13 / 18



adaptive. It is important to note that the actual model code did not completely preclude the sce-
nario in which two birds randomly moved simultaneously without increasing their distance
from each other for a certain time period; however, this behavior has the potential to spread
the cluster farther, which might amplify these results (see A.3.3.2. in S3 File). Nevertheless, the
simple Bayesian updating strategy presented here appears to be parsimonious and easy to
apply by clustered individuals. Currently, there is a growing body of evidence that birds are
able to perceive information about the risks posed by different predator types and use it in a
habitat selection process (e.g., [22–24]). Moreover, many animals have been shown to behave
as Bayesians in various contexts such as foraging and mate choice [25], [51]. It is unknown,
however, how birds update prior decisions and combine different types of information in the
habitat selection process [7]. Although these phenomena can be difficult to study empirically
using controlled field experiments, an agent-based approach allowed us to explore them.

Conspecific attraction is a form of intraspecific interaction between cue-users and cue-
providers that is likely to be widespread among songbirds [7], [8]. To date, however, no empiri-
cal studies have been performed that would evaluate whether this interaction is parasitic (cue-
user gains benefits at the cue-provider’s expense), commensal (i.e., neutral for cue-providers)
or mutualistic (beneficial for both cue-users and cue-providers) (see [52] for a heterospecific
attraction example). Our results suggest that in a landscape dominated by foxes, the cue-
providers incurred the cost of social cues because the probability of successful breeding de-
creased when cue-users settled near them. This cost, however, vanished when the predator
community was dominated by incidental predators. This finding suggests that for cue-
providers, the outcome of the interaction with cue-users might be locally specific and depend
on the local environmental conditions [7]. However, the exact evaluation of the interaction be-
tween cue-providers and cue-users is difficult based solely on our model because the overall fit-
ness consequences of conspecific attraction for cue-users cannot be fully determined. The
reliance on conspecific cues allows cue-users to make rapid habitat quality assessments when
deciding where to settle, even when they lack prior knowledge about a given area [7], [8], [53].
When patch quality is spatially diverse (not analyzed here), random settling is not an efficient
strategy and leads to maladaptive habitat choices; therefore, acquiring information about the
environment improves fitness [7], [10]. It might be beneficial to introduce habitat heterogene-
ity in future models to more precisely quantify the fitness consequences of conspecific attrac-
tion for cue-users, thereby allowing for more accurate evaluations of the outcome of cue-
provider and cue-user interactions.

We did not observe any significant differences between the nest success of cue-providers
and cue-users in the landscapes dominated by both foxes and boars. The same patterns were
found for birds that performed Bayesian updating behavior. This supports the hypothesis that
individuals within clusters formed as a by-product of conspecific attraction nested under simi-
lar predation risks [7]. However, we did not analyze nest success in relation to the spatial posi-
tion of nests within clusters. Several studies have suggested that within aggregations, internal
nests are less vulnerable to depredation than marginal nests (selfish herd effect hypothesis)
[54–56]. If cue-users aggregate territories around cue-providers, which is similar to the “hot-
shot model” of hidden lek evolution [57], and predation risk is disproportionally allocated
within clusters, then the fitness of cue-providers will be favored. However, we modeled a more
parsimonious attraction mechanism in which the birds made settlement decisions based on the
settling status of other individuals. When the simulation began, only the cue-providers that re-
lied on personal information were territorial; cue-users became territorial after acquiring social
information and thereafter could be perceived as providing social cues for other individuals.
Therefore, prospecting cue-users had the ability to respond to both cue-providers and recently-
settled cue-users with increased simulation time. Thus, initial cue-providers were not always
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settled at the geometric center of the cluster, preventing us from testing the hypothesis that fit-
ness benefits caused by predation risk were disproportionally allocated within clusters. Further
model developments should track nest survival with respect to their spatial position within
clusters, in addition to modeling different scenarios of bird attraction.

The manipulation of social cues has often been considered as a potential method in the con-
servation and management of songbird populations (e.g., [5], [8], [26], [58], [59]). However,
the results from our model suggest that there may be a risk of using artificial-attraction meth-
ods in conservation if birds use conspecific cues non-selectively and blindly copy the decisions
made by other individuals. When the landscape is dominated by predators able to perform
area-restricted searches, the clustering distribution did not perform well and led to lower nest
survival. Therefore, manipulating conspecific cues in such environments may create ecological
traps, as individuals will prefer to settle in conditions that adversely affect their fitness [7], [60],
[61]. Similar concerns were expressed by Ringelman [20] in the context of management strate-
gies that force ducks to nest in clusters without being aware of the predation-related costs of
such practices. Therefore, we suggest that when considering artificial attraction as a method in
the conservation of songbird populations, managers should consider the composition of the
local predator community to avoid the risk of creating ecological traps.
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