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Predation risk profoundly shapes how animals behave and is one of the main forces driving
the formation or maintenance of groups. For some species, group living may be facultative,
and individuals may live solitarily or aggregate with conspecifics or heterospecifics, but the
advantages of each strategy are still poorly known. Here, we investigated whether a
predominantly solitary breeding species, the European roller Coracias garrulus, acquires anti-

predatory benefits from nesting in mixed-species colonies dominated by lesser kestrels Falco
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naumanni. We compared the risk-taking behaviour of solitary rollers and rollers breeding in
colonies by conducting two sets of experiments. Firstly, we investigated rollers’ latency to
resume incubation when presented with a novel object, and secondly assessed their latency to
resume chick provisioning and their investment in mobbing behaviour towards a predator
model. We additionally compared the breeding performance and nest predation rate of rollers
in each social context (solitary vs colonial) using data from 300 breeding attempts across six
years. We found that rollers breeding in colonies returned to their nests sooner during the
presentation of both the novel object and the predator model and attacked the predator model
less frequently than solitary rollers, suggesting they can use heterospecifics as cues in
deciding whether is safe to return to their nests. In addition, rollers in colonies suffered less
nest predation than solitary ones, but this did not translate into a higher productivity. Future
studies should investigate whether breeding in colonies provide other advantages to rollers,

such as increased adult survival or fitness.

Keywords: anti-predatory behaviour; facilitation; group-living; mixed-species colonies;

predation; protective nesting associations

Predation is a major driving force in the evolutionary history of animals, influencing their
behaviour and affecting their fitness (Lima & Dill 1990; Quinn & Ueta 2008; Inbanez-Alamo
et al. 2015; Graham & Shutler 2019). In addition to the lethal effects of failing to escape a

predator, animals may experience non-lethal effects when responding to predation risk, by
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redirecting time and energy from other fitness-enhancing activities such as mating, feeding, or
caring for offspring (Lima & Dill 1990; Frid & Dill 2002; Cresswell 2008). Because anti-
predatory strategies are costly, behaviours used by animals to evade predators are plastic and
require individuals to successfully identify real threats (Frid & Dill 2002; Crane & Ferrari
2017). One way to do so is by being fearful to novel, risky stimuli, i.e., being neophobic (Cran
& Ferrari 2017; Crane et al. 2020). As at the individual level, all cues from predators and non-
predators are novel during the first encounter, a frightened response to new stimuli is a safe

strategy to learn about real predators (Brown et al. 2013; Crane & Ferrari 2017).

Anti-predatory behaviour may also be influenced by the presence of nearby individuals, and
predation is often considered an important factor in the evolution of sociality, influencing the
structure and dynamics of communities (Lima & Dill 1990; Uetz et al. 2002; Varela et al.
2007; Lehtonen & Jaatinen 2016; Crane et al. 2020). Living in groups increases prey
conspicuousness (Varela et al. 2007) but may reduce predation risk through increased
efficiency in predator detection and deterrence, or simply through dilution effects (Brown &
Hoogland 1986; Arroyo et al. 2001; Hass & Valenzuela 2001; Beauchamp 2008; Lehtonen &
Jaatinen 2016). Individuals in groups may detect predators earlier as total time spent in
vigilance increases with group size, while reducing the need for individual investment (Brown
& Hoogland 1986; Beauchamp 2008; LaBarge et al. 2021). Similarly, individuals in groups
engaged in mobbing — where animals harass, distract, or confuse an approaching predator by
lunging or calling towards it — should face lower individual predation risk than those mobbing
solitarily, whilst maintaining or increasing mobbing effectiveness (Brown & Hoogland 1986;

Arroyo et al. 2001; Krams et al. 2009).
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Mixed-species groups are common across many taxa and may enhance anti-predatory benefits
more than single-species assemblages (Stensland et al. 2003; Sridhar & Guttal 2018; Boulay
et al. 2019; Goodale et al. 2020). This may occur because species have different sensory or
behaviour capabilities; for example, individuals may aggregate with more vigilant, vocal, or
aggressive species that are more effective at driving predators off (Quinn & Ueta, 2008;
Sharpe et al. 2010; Campobello et al. 2012; Goodale et al. 2019; Gabel et al. 2021).
Additionally, because niche overlap is highest among conspecifics, aggregating with other
species may alleviate the costs associated with intraspecific competition (Sridhar & Guttal,
2018; but see Gaglio et al. 2018; Catry & Catry 2019). Lastly, for some species, e.g., those
living solitary or in small groups, achieving a group large enough to provide anti-predatory
benefits may only be possible by aggregating with heterospecifics (Semeniuk & Dill 2006;
Goodale et al. 2019, 2020). Whether to live solitarily, in single, or in mixed groups may
depend on localized adaptations to specific ecological conditions such as habitat structure or
predation pressure (Wagner et al. 2000; Quinn & Ueda 2008; Marino 2010; Murthy et al.
2015; Liu et al. 2020). However, how predation risk favours one strategy over the other

remains poorly studied.

In birds, mixed-species groups often occur as mixed-species colonies, where birds concentrate
on highly dense breeding sites. Colonies are particularly susceptible to predation, as they are
fixed in space and are more conspicuous through visual, acoustic, or olfactory cues (Rolland
et al. 1998; Varela et al. 2007). In this study, we investigate whether a typically solitary bird
species, the European roller Coracias garrulus (hereafter roller), acquires anti-predatory

benefits from nesting in lesser kestrels Falco naumanni colonies. Both species are long-
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distance migrants, wintering mostly in sub-Saharan Africa and breeding in the Western
Palearctic (Finch et al. 2015; Sara et al. 2019), and share similar dietary and nesting
requirements in their South European breeding grounds (Catry et al. 2009, 2016, 2019;
Birdlife International, 2021). Previous studies on solitary rollers found that they avoided areas
with higher predation risk but did not alter parental care in the presence of a predator model
(Parejo & Avilés 2011; Exposito-Granados et al. 2016). On the other hand, lesser kestrels are
known for their marked mobbing behaviour and have been described as the protector species
in nesting associations with red-billed coughs Pyrrhocorax pyrhocorax (Blanco & Tella 1997)
and jackdaws Corvus monedula (Campobello et al. 2012). In southern Portugal, rollers can be
found breeding both solitarily and in association with mixed-species colonies dominated by
lesser kestrels (Catry et al. 2009; Gameiro et al. 2020). We conducted behavioural
experiments examining the risk-taking behaviour towards a novel object and towards a
predator model in rollers breeding solitarily and rollers breeding in mixed-species colonies. In
addition, we investigated whether potential benefits from each social breeding strategy
(solitary vs colonial) translate into lower nest predation rates and higher breeding success. We
expect the presence and behaviour of neighbouring lesser kestrels would inform rollers on
whether returning to the nest is safe, regulating rollers investment in nest-defensive
behaviours (Seppénen et al. 2007; Quinn & Ueta 2008; Campobello et al. 2012). If nesting in
colonies provides direct anti-predatory benefits, we predict rollers breeding in colonies to

have lower predation rates and higher productivity.

METHODS
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Study area and species

This study was conducted in the Special Protection Area (SPA) of Castro Verde, Southeast
Portugal (37°43'N, 7°57'W). With ca. 85 000 ha, this is one of the most important strongholds
for many endangered farmland birds in Western Europe (Moreira et al. 2007), hosting more
than 80% of the Portuguese populations of rollers and lesser kestrels (Catry et al. 2009, 2011;
Gameiro et al. 2020). The landscape is dominated by extensive dry cereal cultivation, fallows
and grasslands used for livestock, and patches of orchards, vineyards, and small afforestations
(Moreira et al. 2007). Here, rollers and lesser kestrels — two secondary-cavity nesting species—
nest in cavities of abandoned farmland buildings or artificial breeding structures build in the
scope of conservation programs targeting the recovery of lesser kestrels since 2000 (Catry et
al. 2009; Catry et al. 2011; Gameiro et al. 2020). Artificial nests include nest-boxes, clay pots,

and breeding walls and towers with up to 90 cavities (Catry et al. 2009).

Lesser kestrels arrive to the breeding grounds in early February and typically lay in April-
May. Both sexes participate in incubation and chick rearing. Incubation lasts ca. 28 days and
chicks fledge at 36 (del Hoyo et al. 2001a). Rollers arrive at the breeding grounds in mid-
April and laying usually occurs in May-June. Both sexes engage in incubation and chick
rearing. Incubation takes ca. 20 days and chicks fledge at 20-25 days (Del Hoyo et al. 2001b).
Rollers can breed in isolated nests (isolated cavities in farmhouses or in nest-boxes placed on
trees or telephone poles), or within mixed colonies, with up to four roller pairs per colony.
Lesser kestrel colonies range from two to 80 breeding pairs. Other species can also be found
breeding in these mixed-species colonies, including common kestrel Falco tinnunculus, barn

owl Tyto alba, little owl Athene noctua, jackdaw Corvus monedula, spotless starling Sturnus
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unicolor, and feral pigeon Columba livia (Catry & Catry 2019). These species do not
significantly contribute to the communal defence, and so attention was given only to lesser
kestrels (see results). Potential nest/adult predators in the area include carrion crow (Corvus
corone), Eurasian magpie (Pica pica), barn owl (Tyto alba), ladder and Monpellier snake
(Zamenis scalaris and Malpolon monspessulanus, respectively), weasel (Mustela nivalis),

garden dormhouse (Eliomys quercinus), and rats (Rattus sp.).

Data collection

From 2017 to 2019, two sets of experiments were conducted to compare risk-taking behaviour
in rollers breeding solitarily and rollers breeding in mixed-species during the incubation and

chick-rearing periods.

Risk-taking behaviour towards a novel object during incubation

This experiment, aiming to describe the latency of rollers to resume incubation during the
presentation of a novel object (neophobia), was conducted in 2017 and 2018, by selecting
rollers pairs at early incubation stage. One person (observer) slowly approached a nest until
the incubating roller escaped, placed a GoPro Hero 4 session camera (novel object; Fig. S1)
10cm from the nest entrance, and abandoned the area after 15min since the roller left the nest
(to standardize the period of human disturbance across all nests). The experiment was carried
out for further 90 minutes, after which the observer returned to recover the object. Flight
initiation distance was not measured as it was not possible to approach the nest in a linear
transect in all sites due to landscape variability, namely the presence of different structures

such as walls or fences in the approach line. Latency to resume incubation was determined by
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analysing the camera videos, and measured as the time, in minutes, it took one of the parents
to enter the nest. A total of 75 roller pairs were tested across 35 breeding sites, of which 27
were solitary (8 in 2017 and 19 in 2018) and 48 were in colonies (25 in 2017 and 23 in 2018).
Rollers that failed to return to the nest during the experiment were attributed a latency of 90

minutes (15 pairs, 20%).

Risk-taking behaviour towards a predator model during chick-rearing

This experiment, aiming at investigating risk-taking behaviour and nest defence by rollers in
the presence of a potential predator, was conducted in 2019. A crow-like model was presented
to simulate a carrion crow Corvus corone, a potential egg/nestling predator in the area.
Previous pilot experiments tested other predator models, including common magpie Pica
pica, barn owl Tyto alba, and Montpellier’s snake Malpolon monspessulanus, but they were

not perceived as a threat (personal observation, data not shown).

Experiments were conducted when nestlings were approximately 15 days old and consisted of
three sequential phases: (1) pre-demonstration, a control period before the predator model
presentation (30min); (2) demonstration, during which the predator model was presented
(20min); and (3) post-demonstration, after removing the predator model (40min). During the
pre-demonstration phase, we recorded the provisioning rate (number of times a roller entered
its nest) through direct observation, starting from the first nest entrance event, to ensure
parents were actively feeding their nestlings. After the pre-demonstration phase, the crow
model was placed ca. 1m above the focal nest entrance (usually on the roof or wall crevice),
and the parental behaviour was recorded using a camera (GoPro Hero 4 session) placed on

the floor at 10-15m from the nest to monitor the behaviour of birds in a wide range (Fig. S1).
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Video recordings were analysed to determine: (1) rollers’ latency to return to the nest-Site,
measured as the time elapsed until the first time a roller perched on the structure, fed their
nestlings, or attacked the predator model, (2) the number of provisioning events, and (3) the
number of attacks against the predator model. During the post-demonstration, we measured
the time elapsed until rollers resume chick provisioning and registered the number of
provisioning events. All observation and recordings were conducted when the observer was
positioned >200m from the nest (inside a car), ensuring that it was not disturbing the birds.
Each experiment lasted 90mins and was performed for a total of 33 roller pairs, of which 12

were solitary and 21 were in colonies.

No experiment resulted in nest abandonment from rollers.

Breeding parameters and nest predation rate

From 2014 to 2019, 298 roller nests across 52 breeding sites (mean nests per year = 50, min =
42, max = 55), of which 88 were solitary and 210 bred within mixed-species colonies, were
visited weekly to record laying date, clutch size, and productivity (hnumber of fledged chicks
per breeding attempt). Nests that lost eggs and/or nestlings with clear signs of predation such

as broken eggs or dead chicks with injuries in the nest/floor were recorded as being predated.

All field work involving bird monitoring and experiments was approved by the Instituto de

Conservacao da Natureza e Florestas (ICNF).

Data analysis

Influence of social context in risk-taking behaviour towards a novel object
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The latency of rollers to resume incubation during a neophobia event was investigated using a
Gamma General Linear Mixed Model (GLMM) with latency (in minutes) as the response
variable, social context (solitary vs colonial) and laying date (Julian date, days) as explanatory
variables, and site ID as random factors. Year was not included in the model was there was no
difference in roller’s response between years (W74 = 597, P = 0.306). Laying date was used to
control for individual traits/experience, under the assumption that early breeders are older,
more experienced individuals and more risk prone (Verhulst & Nilsson 2008; Brommer et al.
2014; Winkler 2016; Poblete et al. 2021). A log-link was used as data had a right-skewed

distribution.
Influence of social context in risk-taking behaviour towards a predator

We first confirmed that the crow model was perceived as a threat, as rollers avoided feeding
their nestlings during the predator demonstration phase (Kruskal-Wallis on the provisioning

rate among the three stages of the experiment: y%= 45.563, P < 0.001) (Fig. 1).

10
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Figure 1: Chick provisioning rate during each phase of the predator (carrion crow) presentation experiment: pre-
demonstration (pre-demo) — before placing the predator model; demonstration (demo) — during predator

presentation; post-demonstration (post-demo) — after removing the predator model. Data from 33 roller pairs.

Latency to return to the nest-site during the predator demonstration and latency to resume
chick feeding during the post-demonstration were investigated through log-Gamma
Generalized Linear Models (GLMs) with latency (in minutes) as the response variable and
breeding social context (solitary vs colonial) and laying date as predictors. Roller attack rate
during predator demonstration was investigated through a zero-inflation log-Poisson GLM,
using number of attacks as the response variable, with duration of the experiment as an offset
and breeding social context (solitary vs colonial) and laying date as explanatory variables. To

further investigate the influence of the number of lesser kestrels on roller’s behaviour during

11
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the predator exposure experiment, we run the same set of GLM models for rollers breeding in

colonies, using the number of lesser kestrel pairs and laying date as explanatory variables.

Breeding parameters and nest predation

To examine how breeding parameters and nest predation varied between solitary rollers and
rollers breeding in colonies, four GLMMs were used, using social context and laying date as
explanatory variables, and year (2014 to 2019) and site ID as random factors. A binomial
distribution was used for the predation rate model, a normal distribution for the laying date
model, and Poisson distributions for the clutch size and productivity models. Predation (0 or

1) was additionally used as an explanatory variable for the productivity model.

Despite recent ringing efforts in the area, we lacked sufficient marked rollers to control for

individual variation. Alternatively, because rollers are expected to show relatively high nest
fidelity, breeding site ID (structure hosting individual roller nests or lesser kestrel colonies)
was used as a random factor to address the non-independence of measures between years

(Schwartz et al 2021; Valera & Véclac 2021).

All continuous variables were centred and scaled prior to analysis. All analysis were

conducted with R software 3.6.1 (R Core Team, 2016).

RESULTS

Influence of social context in risk-taking behavior towards a novel object

Latency to resume incubation during the neophobia event was significantly lower for rollers

in colonies and decreased with increasing laying date. Solitary rollers took, on average, 55.2 £

12
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30.3 min to resume incubation, while rollers in colonies took 31.0 + 26.9 min (Table 1, Fig.

2).

Table 1: Parameters of log-Gamma GLM investigating the effect of social breeding context (solitary vs colonial
rollers) on roller’s latency to resume incubation during the presentation of a novel object (GoPro camera), using
site ID as a random factor. Data from 75 roller pairs across 35 breeding sites (27 solitary and 48 in colonies)

sampled during in 2017 and 2018.

Effect Variance (SD) Estimate SE Z-value P-value
Site ID 0.244 (0.494)

Intercept [solitary] 3.953 0.192 20.563 <0.001
Breeding context [Colonial] -0.824 0.249  -3.307 0.001
Laying date -0.312 0.088 -3.551 <0.001
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Figure 2: Latency to resume incubation during the neophobia experiment (presentation of a novel object — GoPro
camera) in solitary rollers (solitary) and rollers breeding in lesser kestrel colonies (colony). Middle, lower and
upper hinges of the boxplot correspond to the median, 25th and 75th percentiles, respectively, and whiskers and
individual dots correspond to the range. Diamonds correspond to the mean. Data from 75 roller pairs (27 solitary

and 48 in colonies) sampled during the breeding seasons of 2017 and 2018.

Influence of social context in risk-taking behavior towards a predator model

Twenty (60.6%) out of the 33 roller pairs tested returned to the nest-site during the predator
demonstration phase (either by perching, entering the nest, or attacking the crow), taking on
average 14.2 min to return (solitary: mean = 15.2, min = 4.2, max = 20; colonial: mean =
13.5, min = 1.1, max = 20). Roller’s latency to return was not influenced by neither laying
date or social context (solitary vs colonial, Table 2). Rollers attacked the predator model at an
average rate of 0.21 attacks/min (solitary: mean = 0.25, min = 0, max = 1.2; colonial: mean =
0.19, min = 0, max = 2.04). Attack rate was influenced by laying date, with early breeders
attacking the predator model more often, but not by the breeding social context (Table 2).
After removing the predator model (post-demonstration), early breeding rollers tended to

resume chick provisioning sooner, but this effect was not significant (Table 2).

Table 2: Parameters of GLMs investigating the effect of social breeding context (solitary vs colonial) and laying
date on roller’s risk-taking behaviour during the presentation of a predator (crow model). Significant effects
displayed in bold. Data from 33 roller pairs (12 solitary and 21 in colonies) sampled during the breeding season

of 2019.

Effect Estimate SE Z-value p-value

14



Demonstration phase

Latency to return to nest-site

Intercept [solitary] 2.786 0.154 18.135 <0.001
Laying date 0.044 0.094 0.468 0.643
Social context [colonial] -0.087 0.193 -0.453 0.654

Attack rate

Count model

Intercept [solitary] -0.750 0.137 -5.477 <0.001
Laying date -0.595 0.086 -6.893 <0.001
Social context [colonial] -0.184 0.160 -1.152 0.249

Zero-inflation model

Intercept [solitary] 0.339 0.588 0.576 0.564
Laying date -0.081 0.361 -0.226 0.821
Social context [colonial] -0.062 0.737 -0.084 0.933

Post-demonstration phase

Latency to resume chick provisioning

Intercept [solitary] 2.966 0.151 19.593 <0.001
Laying date 0.222 0.123 1.808 0.081
Social context [colonial] -0.029 0.251 -0.117 0.908

271

272 When considering only rollers breeding in colonies, latency to return to the nest-site and

273  attack rate decreased significantly with increasing colony size, i.e., the number of lesser
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kestrel pairs (Table 3). Early breeders also attacked more frequently than late breeders, and

rollers in larger colonies tended to resume chick provisioning sooner than rollers in smaller

colonies, although this effect was not significant (P = 0.078; Table 3).

Table 3: Parameters of GLMs investigating the effect of colony size (number of lesser kestrel pairs) and laying

date on roller’s risk-taking during the presentation of a predator (crow model). Significant effects displayed in

bold. Data from 21 roller pairs sampled during the breeding season of 2019.

Effect Estimate SE Z-value P-value
Demonstration phase

Latency to return to nest-site

Intercept 2.644 0.132 19.982 <0.001
Laying date 0.070 0.136 0.514 0.613
Colony size -0.397 -2.924 -2.924 0.009
Attack rate

Count model

Intercept -0.888 0.136 -6.539 <0.001
Laying date -0.555 0.139 -3.981 <0.001
Colony size -0.345 0.135 -2.558 0.011
Zero-inflation model

Intercept 0.312 0.515 0.607 0.544
Laying date -0.107 0.563 -0.191 0.849
Colony size -0.142 0.766 -1.097 0.057

16



280

281

282

283

284

285

286

287

288

289

Post-demonstration phase

Latency to resume chick provisioning

Intercept 2921 0.162
Laying date 0.298 0.167
Colony size -0.311 0.167

17.992 <0.001
1.789 0.090
-1.868 0.078

Does nesting in colonies increases breeding performance?

Laying date and clutch size were similar between solitary rollers and rollers breeding in lesser

kestrel colonies, and clutch size decreased significantly with increasing laying date (Fig. 3;

Table S1). Predation of roller nests was significantly lower in colonies compared to solitary

nests, and it was not influenced by laying date (Table S1). Predation occurred in 23.3% of

solitary nests and in 10.3% of nests in colonies (Fig. 3). Roller productivity (number of

fledging chicks per breeding attempt) decreased significantly with increasing laying date and

was lower in nests where predation was recorded, but did not differ with roller breeding social

context (Table S1).
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Figure 3: Reproductive parameters and proportion of predated nests amongst solitary rollers (solitary) and rollers
breeding in lesser kestrel colonies (colonial). Middle, lower and upper hinges of the boxplot correspond to the
median, 25th and 75th percentiles, respectively, and whiskers and individual dots correspond to the range.
Diamonds correspond to the mean. Productivity was calculated as the number of chicks fledged per breeding

attempt. Data from 298 roller pairs monitored from 2014 to 2019 (88 solitary, 210 colonies).

DISCUSSION

Living in groups may offer protection from predators, particularly when assembled
individuals belong to various species that differ in their capacities to be vigilant or aggressive,
or because grouping with conspecifics alone is insufficient to produce anti-predatory benefits
(Sridhar & Gulttal, 2018; Goodale et al. 2020). This study provides a clear example of a
protective nesting association (Richardson & Bolen 1999; Quinn & Ueta 2008; Rocha et al.

2016; Burgas et al. 2021), documenting a solitary breeding species, the European roller,
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gaining direct anti-predatory benefits from nesting within mixed-species colonies dominated

by lesser kestrels.

Influence of social context on roller’s neophobia

During the presentation of a novel object, rollers breeding in colonies resumed incubation
almost twice as fast as solitary rollers. A novel stimulus such as an unrecognizable object (or
sound or smell), may be perceived as a potential predation threat, and so a fearful reaction
may be a plastic, adaptative strategy to avoid a potential deadly encounter (Brown et al. 2013;
Crane & Ferrari 2017). Nesting near lesser kestrels may help rollers perceive the threat-level
of a novel stimuli and assess whether it is safe to return to their nests by picking up cues from
the responses of their heterospecific neighbours (Seppénen et al. 2007; Goodale et al. 2010;
Crane et al. 2020). Lesser kestrels always arrived sooner to the colony (on average 7.1 min
sooner than rollers), which could have facilitated the return of rollers to their nests
(Rasolofoniaina et al. 2021). Solitary rollers, on the other hand, have no neighbours to which
acquire information from, and so might need more time to perceive the actual risk from the
novel stimuli by themselves. By returning faster to the nest-site, rollers in colonies can reduce
egg’s exposure to predators or adverse physical conditions (e.g., hot temperatures), while

simultaneously increasing incubation time (Frid & Dill 2002).

Influence of social context on roller’s nest defensive behaviour

During the presentation of a predator model, there were no differences in risk-taking

behaviour between solitary and colonial rollers: latency to return to the nest during predator
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demonstration, attack rate against the predator model, and latency to resume chick

provisioning after predator removal were similar across both social contexts.

Mobbing behaviour is a common group defence strategy in many taxa and serves the dual
function of (1) alerting con- and heterospecific neighbours about the presence of a threat
(Goodale et al. 2010; Campobello et al. 2012; Dutour et al. 2017), and (2) recruiting them to
participate in the communal defence, decreasing the individual energy investment and risk of
getting caught by a predator through dilution or selfish-herd effects (Brown & Hoogland
1986; Arroyo et al. 2001; Krams et al. 2009; Lehtonnen & Jaatinen 2016). It follows that the
more individuals participating in mobbing, the higher the success of deterring the predator, so
an effective mobbing event may only be achieved at a certain group size (Krams et al. 2009).
In our study, lesser kestrel mobbing behaviour was only noticeable in larger colonies (> 25
breeding pairs), peaking at a rate of 25 attacks/minute (Fig. S2), and recruiting common
kestrels, jackdaws and one Montagu’s harrier not breeding in the colonies. This may explain
why the effect of social context on roller’s risk-taking behaviour was only significant when
distinguishing rollers breeding in different sized colonies, rather than just the solitary vs
colonial dichotomy. Roller’s mobbing intensity decreased with increasing colony size,
strongly suggesting that rollers benefit from the aggressive behaviour of their heterospecifics
by reducing their investment and risk in defensive duties. Similar patterns were described for
colonial or semi-colonial species (Arroyo et al. 2001; Krams et al. 2009), or when comparing
solitary and colonial species (Brown & Hoogland 1986), but has never been described for a

solitary species breeding in association with a colonial heterospecific.

Other factors influencing roller’s risk-taking behaviour
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Rollers’ risk-taking behaviour, both towards a novel object and a predator, was also
influenced by laying date, with early breeders generally (but not always) performing better
than late breeders. In birds, early breeders are often older or more experienced individuals,
selecting higher quality breeding areas, having higher reproductive success, and being more
risk prone (Verhulst & Nilsson 2008; Brommer et al. 2014; Winkler 2016; Poblete et al.
2021). Our data, from six consecutive breeding seasons, showed that early breeding rollers
laid more eggs and had higher productivity (number of fledging chicks) than late breeders.
More experienced individuals may be better at picking up cues from their surroundings,
which includes perceiving the presence and behaviour of neighbours or predators (Verhulst &
Nilsson 2008; Graham & Shutler 2019). This may explain why early breeding rollers in our
study showed improved risk-taking responses by attacking the predator model more
frequently and likely resuming chick provisioning earlier after predator removal, a similar
result to what was reported for other bird species (Brommer et al. 2014; Poblete et al. 2021).
However, our neophobia experiment revealed that early breeders took more time to resume
incubation than late breeders, contradicting this hypothesis. Rollers are single-brooded, so
losing a clutch later in the season may compromise breeding for that year (Tilgar & Kikas
2009; Ghalambor et al. 2013). It is possible that the motivation to incubate for late breeders
surpasses the risk of approaching a novel stimulus that may or may not end up as a real
danger, as opposed to rollers presented with a predator model that is perceived as a larger

threat (Brown et al. 2013; Crane & Ferrari 2017).

In addition to the social context and timing of breeding, there are other factors that may have

influenced roller’s risk-taking behaviour that were not addressed in this study. Current brood
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value is expected to regulate parental investment, with parents taking higher risks when they
have more offspring or when the probability of that offspring surviving increases, i.e., in older
broods (Tilgar & Kikas 2008; Graham & Shutler 2019). Although we controlled for brood
age, by testing rollers at similar development stages, we could not disentangle the effects of
brood size from laying date due to their high correlation. Personality traits, i.e., consistent
individual variation in behaviour across different contexts (Biro & Stamps 2008; Brommer et
al. 2014; Santos et al. 2015), may also shape individual risk-taking behaviour, but these were
not investigated in this study. Brood value or individual behavioural differences may have
been responsible for some of the observed variability in roller’s response and could help
explain the lack of social context effect on roller’s likelihood to attack the predator models, or

the time it took for rollers to resume chick provisioning after predator removal.
Implications of coloniality for a solitary breeding species

Predation is one of the strongest selective forces in nature, shaping life-history traits and the
structure and dynamics of communities (Cresswell 2008; Quinn & Ueta 2008; Ibafiez-Alamo
et al. 2015; Crane & Ferrari 2017). If rollers acquire direct anti-predatory benefits from
breeding near lesser kestrels, one of the possible outcomes of such benefits would be to have
higher productivity, as a result of higher nestling survival due to lower predation levels.
However, data from near 300 breeding events across six consecutive breeding seasons show
no differences in laying date, clutch size, or productivity between rollers breeding in different
social contexts, suggesting there are no evident reproductive advantages of nesting within
colonies. The anti-predatory advantages of nesting within colonies may be offset by costs

typically inherent to group living and could explain the similar productivity levels between
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solitary and colonial rollers (Wagner et al. 2000; Semeniuk & Dill 2005; Gaglio et al. 2018;
Catry & Catry 2019; Goodale et al. 2020). The niche similarity between rollers and lesser
kestrels (preying on similar resources or avoiding the same predator) may increase the value
of interspecific social information and facilitate the formation of mixed-species groups, but it
may also increase the potential for interspecific competition, particularly when breeding at
high densities (Parejo et al. 2005; Seppénen et al. 2007; Sridhar & Guttal 2018; Goodale et al,
2020). The two species are known to largely overlap in their trophic resources (Catry et al.
2016, 2019; Gameiro et al. submitted), and previous studies on these mixed-species colonies
have reported higher parasitic burden on colonies with increasing number of lesser kestrels

(Gameiro et al. 2021), all of which may reduce offspring fitness and breeding success.

On the other hand, both lethal and non-lethal effects of predation may impact animals beyond
their reproductive output. Parents may be killed or become impaired while defending a nest,
or may exhaust their energy in anti-predatory behaviours potentially affecting their own
fitness or survival in future reproductive attempts (Creel & Christianson 2008; Cresswell
2008; Oteyza et al. 2021). Even if not providing clear reproductive advantages, the protection
provided by lesser kestrels in mixed colonies against predators may still result in an adaptive
breeding strategy for rollers. Further studies should investigate whether breeding in mixed-

species colonies provide other advantages to rollers.
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Supplementary material

Figure S1: Example photos of the neophobia and predator experiments: (A) novel object (GoPro Hero

4 session) placed next to nest entrance, (B) frame from video recording of that novel object, and (C)
crow-like predator model placed at the top of a nesting structure.
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Figure S2: Lesser kestrel mobbing intensity (attacks/min) and latency to initiate mobbing in small (<10 breeding
pairs), medium (11 to 24 bp) and large (> 25 bp) lesser kestrel colonies. Mobbing intensity was significantly
higher in large than in small or medium colonies (p < 0.001 and p = 0.002, respectively; Kruskal-Wallis X% =
16.96, p-value < 0.001). Latency to initiate mobbing decrease only significantly from small to large colonies (p-
value = 0.002; ANOVA F, =9.98, p = 0.003).
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attempts across 52 sites from 2014 to 2019 (88 solitary, 210 in colonies)

Table S1: Generalized Linear Mixed Models on reproductive parameters and nest predation rate of

distribution was used for the laying date model, Poisson distributions for the clutch size and

productivity models, and binomial distribution for the predation model. Data from 298 breeding

Laying date

Site ID

Year

Intercept [solitary]
Social context [colonial]

Clutch size

Site ID

Year

Intercept [solitary]
Social context [colonial]

Laying date

Nest Predation

Site ID

Year

Intercept [solitary]
Social context [colonial]

Laying date

Productivity
Site ID
Year

Intercept [solitary]

14.350 (3.788)
6.340 (2.518)

0.000 (0.000)
0.000 (0.000)

0.300 (0.548)
0.000 (0.000)

0.000 (0.000)
0.008 (0.091)

137.532
-0.407

1.590
0.009
-0.118

-1.194
-0.933
0.200

1.421

1.656
1.542

0.051
0.061
0.029

0.311
0.382
0.170

0.076

83.054
-0.264

30.998
0.153
-4.022

-3.835
-2.442
1.181

18.590

<0.001
0.792

<0.001
0.878
<0.001

<0.001
0.015
0.238

<0.001

rollers breeding solitarily and in mixed-species colonies dominated by (solitary vs colonial). A normal
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Social context [colonial]
Laying date

Nest predation [yes, no]

-0.085
-0.130
-2.212

0.077
0.038
0.227

-1.106
-3.433
-9.350

0.269
0.001
<0.001
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