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1 | INTRODUCTION

Abstract

Nest predation is one of the most important drivers of avian life history evolution and
population dynamics. Increasing evidence suggests that birds are able to assess nest
predation risk and avoid settling in high-risk areas to increase their reproductive per-
formance. However, the cues used for settlement decisions are poorly known in most
species. Population sizes of the migratory wood warbler Phylloscopus sibilatrix are
characterized by strong annual fluctuations, which are negatively correlated with the
number of forest rodents. Wood warblers might avoid rodent-rich areas to reduce
predation risk arising either from rodents, from rodent-hunting predators attracted
to such areas or from predators not linked to rodents. To evaluate these hypotheses,
we conducted a large-scale field experiment to test whether wood warblers avoided
settling in plots with high predation risk simulated by broadcasting vocalizations of
rodents or predators. Moreover, we tested whether reproductive performance var-
ied in relation to simulated predation risk. Settlement patterns did not differ between
plots with rodent, predator and noise control treatments. Likewise, measures of re-
productive performance did not seem to differ across treatments. Thus, the broad-
casted vocalizations of rodents and predators did not seem to be perceived as threat
by wood warblers. Alternatively, the species might use other cues than those pre-
sented here, either other acoustic cues, visual and/or olfactory cues or a combination
of cue types during settlement. Further experimental investigations to pin point cues
and senses relevant for settlement decisions in wood warblers and birds in general

are needed to better understand their life history and population dynamics.

KEYWORDS
acoustic cues, information use, Phylloscopus sibilatrix, playback experiment, predator-prey,
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environmental conditions. However, uncertainty about environ-
mental conditions can be reduced by gathering information (Dall,

Many ecosystems around the world are characterized by intermit-
tent events resulting in pulsed dynamics of population sizes and
ecological processes (Yang, Bastow, Spence, & Wright, 2008). For

many organisms, resource pulses imply unpredictable variation of

Giraldeau, Olsson, McNamara, & Stephens, 2005; Schmidt, Dall, &
van Gils, 2010; Seppanen, Forsman, Ménkkénen, & Thomson, 2007),
which requires an animal's ability to perceive distinct environmental
characteristics and adjust its behavior accordingly. Therefore, it can
be expected that animals only invest in gathering information if the
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benefits of doing so outweigh the costs (Stamps, Krishnan, & Reid,
2005).

In birds, fitness and life history are considered to be strongly
affected by predation (Lima, 2009; Martin, 1995; Newton,
1998; Thompson, 2007). There is ample evidence that birds are
able to assess local predation risk for their nests and for them-
selves and accordingly adjust their breeding behavior (reviewed
in Lima, 2009). In response to predation or predation risk, birds
have been found to exhibit breeding dispersal (Dow & Fredga,
1983) and nest site shifts (Eggers, Griesser, Nystrand, & Ekman,
2006; Emmering & Schmidt, 2011; Marzluff, 1988; Peluc, Sillett,
Rotenberry, & Ghalambor, 2008), decrease local densities
(Emmering & Schmidt, 2011; Fontaine & Martin, 2006b; Forsman,
Ménkkdnen, Korpiméaki, & Thomson, 2013) and adjust community
structure (Hua, Fletcher, Sieving, & Dorazio, 2013). Moreover,
birds have shown reduced feeding rate (Dudeck, Clinchy, Allen, &
Zanette, 2018; Peluc et al., 2008), clutch size (Eggers et al., 2006;
Zanette, White, Allen, & Clinchy, 2011), number of offspring and
nest survival (Zanette et al., 2011), increased body mass (Walters
et al., 2017) and have altered various aspects of parental invest-
ment (Eggers, Griesser, & Ekman, 2005; Fontaine & Martin, 2006a)
and behavior (Abbey-Lee, Kaiser, Mouchet, & Dingemanse, 2016;
Walters et al., 2017), when faced with increased predation or pre-
dation risk. Nonetheless, proactive avoidance of breeding sites
with high predator occurrence is still quite weakly examined, even
though it is probably widespread (Lima, 2009). Cues allowing es-
pecially long-distance migratory bird species to assess predation
risk and habitat quality in general are of special interest here, as
migrating species have little time available between the arrival at
their breeding grounds and the start of breeding activity.

One such long-distance migratory species is the wood warbler

Phylloscopus sibilatrix. In its European breeding range, population

Playback vocalization

sizes are characterized by strong annual fluctuations (Glutz von
Blotzheim & Bauer, 1991; Wesotowski, Rowinski, & Maziarz, 2009).
In the wood warbler, settlement at the territory scale (Pasinelli,
Grendelmeier, Gerber, & Arlettaz, 2016), abundance at the forest
stand scale (Jedrzejewska & Jedrzejewski, 1998; Wesotowski et
al., 2009) and population size at the landscape scale (Grendelmeier,
Flade, & Pasinelli, 2019; Szymkowiak & Kuczyfiski, 2015) are nega-
tively correlated with the number of rodents (especially Apodemus
spp. and Myodes glareolus). Based on these findings, it can be hy-
pothesized that wood warblers actively avoid breeding sites with
high rodent densities. However, because the proportion of wood
warbler nests depredated by rodents is very small (Grendelmeier,
Arlettaz, Gerber, & Pasinelli, 2015; Mallord et al., 2012; Maziarz, et
al., 2018; Maziarz, Piggott, & Burgess, 2018), it is unclear whether
wood warblers actually avoid rodents per se or rather some factor
correlated with rodents. One such factor may be the presence of
rodent-hunting predators, for which numerical increases in response
to high rodent numbers have been shown (e.g., Grendelmeier,
Arlettaz, & Pasinelli, 2018; Jedrzejewski, Jedrzejewska, & Szymura,
1995; Schmidt & Ostfeld, 2003). Indeed, rodent-hunting predators
such as marten (Martes spp.), red fox (Vulpes vulpes) and tawny owl
(Strix aluco) throughout the species’ range, and non-rodent-hunting
Eurasian jay (Garrulus glandarius, hereafter jay) in Western Europe
are the most important predators of wood warbler nests (Bellamy
et al., 2018; Grendelmeier et al., 2015; Mallord et al., 2012; Maziarz,
Grendelmeier, et al., 2018; Maziarz, Piggott, et al., 2018), and nest
survival is lower in years with high rodent abundance compared to
other years (Grendelmeier et al., 2018). Thus, like other ground- or
bush-nesting passerines in seasonal forests (Clotfelter et al., 2007),
wood warblers face strongly differing densities of small rodents and
predators around their nests from year to year (Grendelmeier et al.,

2018). For these reasons, wood warblers are an ideal model species

TABLE 1 Expected responses of
wood warblers during settlement

Response variable Rodents Predators

Settlement pattern RT > PT,CT PT >RT,CT
Settlement probability RT < PT,CT PT <RT,CT
Distance of territories RT > PT,CT PT >RT,CT
Number of territories RT < PT,CT PT <RT,CT
Reproductive performance RT < PT,CT PT <RT,CT

and reproduction in relation to the
vocalizations played back

Rodents &
Predators

RT & PT >CT
RT & PT<CT
RT & PT >CT
RT & PT<CT
RT&PT<CT

Note: RT = rodent treatment (vocalization of rodents played back), PT = predator treatment (vocali-
zation of predators), CT = control treatment (vocalizations of wood pigeons). Settlement pattern
refers to the temporal pattern of wood warbler settlement and is measured for each treatment
type as the number of plots occupied by at least one territory per visit; settlement probability is
the probability that a plot was occupied by at least one wood warbler territory over the course of
the breeding season; distance of territories is the distance between playback sets and the center
of the nearest wood warbler territories (which could be beyond an experimental plot); number of
territories is the number of wood warbler territories within experimental plots (circle with 100 m
radius); reproductive performance was measured through clutch size, number of fledglings and
nest survival probability on experimental plots. Reading example: If wood warblers avoid rodent
vocalizations, then settlement on rodent treatment plots should occur later in the season than on

the other treatment plots.
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to investigate how predation risk affects settlement behavior and
reproduction.

In this study, we experimentally tested whether wood warblers
considered rodent presence, predator presence or both during set-
tlement. A number of studies revealed that birds assess predator
presence by eavesdropping on predator vocalizations (e.g., Eggers
et al., 2006; Emmering & Schmidt, 2011; Zanette et al., 2011).
Additionally, by moving and filling space, sound is a good “transmit-
ter of fear” (Clinchy et al., 2011). Hence, we established experimen-
tal plots with acoustically simulated increased presence of rodents
and predators, as well as plots with noise control treatment (see
Methods), among which we compared the settlement behavior and
reproductive performance of wood warblers. Based on the findings

cited above, we evaluated a priori predictions summarized in Table 1.

2 | METHODS

2.1 | Study area and species

The study took place at three sites in Hesse, Germany: Wollenberg
(N 50.87°, E 8.68°; 395 m asl), Kellerwald (N 51.03, E 9.13; 310 m asl)
and Gilsa (N 50.98, E 9.18; 427 m asl; see Appendix S1, Figure S1).
All study sites are situated on southwestern, wooded hillsides with
deciduous forests dominated by beech (Fagus sylvatica), interspersed
with spruce (Picea abies) plantations.

The wood warbler is a ground-breeding, forest-dwelling, mi-
gratory passerine, wintering in sub-Saharan Africa and breeding
from France and Britain to Scandinavia in the west to the Ural and
Caucasian mountains in the east (BirdLife International, 2017). In
the study area, males arrive in mid-April, followed by females who
lay the first eggs at the end of April or early May (Bauer, Bezzel,
& Fiedler, 2012). In most wood warbler populations, both breeding
philopatry and natal philopatry seem to be remarkably low (reviewed
in Wesotowski et al., 2009). This apparently nomadic behavior
may explain the strong local population fluctuations from year to
year, which in this magnitude seems to be unique among European

FIGURE 1 Schematic drawing of

an experimental plot. Wood warbler
responses were measured in relation

to the playback set (black triangle, e.g.,
“distance between playback set and
closest wood warbler territory) or in a
circular area of radius 100 m around the
playback set (e.g., “number of territories
per plot”). Locations of the twelve 50 m?
squares on a 50 m by 50 m grid used to
map habitat variables are shown within
the circle. The inset shows the location

of the five 1 m? squares within one 50 m?
square and the location where track plates
for the assessment of rodent density were
placed (black point)
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insectivorous passerines (Wesotowski & Tomialojc, 1997). Despite
low philopatry, wood warbler territories are found in similar loca-
tions between years, a pattern most likely attributable to suitable
habitat (Huber, Kienast, Ginzler, & Pasinelli, 2016; Pasinelli et al.,
2016).

2.2 | Playback experiment

Centered at individual wood warbler nests of the preceding breeding
season (based on each nest's coordinates), we established 45 experi-
mental plots prior to the breeding season in 2015. Nests had to be at
least 200 m apart to be selected as experimental plot centers. Using
information on occupied habitat in 2014 helped assuring that wood
warbler responses were linked to experimental treatment and not
to variation in habitat conditions. As no single study site contained
enough previously occupied habitat to accommodate the entire ex-
periment, we set up 27 experimental plots at study site Wollenberg
and nine plots each at study sites Kellerwald and Gilsa (Appendix
S1, Figure S1). In each study site, the number of treatments was bal-
anced (e.g., at Gilsa, there were three plots with predator treatment,
three plots with rodent treatment and three plots with noise control
treatment). To further control for possible habitat effects, we as-
signed treatments to plots randomly.

Experimental plots, in which we measured wood warbler re-
sponses, were defined as circular areas with a radius of 100 m around
playback sets (Figure 1), equaling 3.14 ha for each plot. Territory size
of the wood warbler spans 0.12-3 ha (Glutz von Blotzheim & Bauer,
1991), allowing thus from 1-26 territories to be potentially estab-
lished on an experimental plot. Each experimental plot was equipped
with one playback set consisting of one lead-acid battery (12V, 18Ah,
FG21803 from FIAMM), one battery guard (M148A from Kemo), one
voltage converter (20UA1 from KREE; battery to mp3 player), one
mp3 player (Transcend MP350 from Transcend), one pair of speakers

(MX SP 209 from Maxxtro), one 3.5-mm jack/jack cable (mp3 player

to speaker), one voltage converter 12V to 9V (battery to speakers)
and a 12V timer switch (Gutkes Elektro Vertriebs GmbH). To protect

Playback set/
nest in preceding year
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the playback sets from weather and dirt, we placed the speakers
inside a thin plastic bag and the remaining equipment inside a plas-
tic box, which was additionally wrapped into a plastic bag. The two
speakers, placed about 20 cm above ground to facilitate handling
of the equipment, were oriented horizontally and in opposite direc-
tions. The volume of the playback sets was standardized to 85 dB at
one meter in front of the speakers. This applied to vocalizations of
all species to allow the emitted sound to fill areas as similar in size
as possible, irrespective of species vocalizations played back, and to
avoid potential effects of species vocalizations on wood warbler set-
tlement to be confounded by differences in volume among species.

2.3 | Vocalizations

Recordings were kindly provided by the Tierstimmenarchiv, Berlin
(TSA), the British Library, London (BL) and several people working
actively on bioacoustic recordings, providing these on xeno-canto
(XC, www.xeno-canto.org) or in personal sound archives (PSA). In
addition, we used recordings from different commercially available
media (Appendix S2, Table S2). The original recordings were partly
cropped and/or repeated to yield a sound file of 1 min length each.
All 1-min files were brought to standardized amplitude (cf. Zanette
etal., 2011).

For rodent treatments, vocalizations of yellow-necked mouse
Apodemus flavicollis, bank vole M. glareolus and common shrew Sorex
araneus (hereafter referred to as “rodent” despite not being one)
were played back. Together with the wood mouse A. sylvaticus, for
which no recordings were available, these species are the character-
istic ground-living small mammals and the typical prey of generalist
predators in central European mixed deciduous forest ecosystems
(Braun & Dieterlen, 2005). Furthermore, A. sylvaticus and M. glareo-
lus were the principal small mammal species detected in wood war-
bler territories in Switzerland (A. Grendelmeier, unpublished data).

For predator treatments, vocalizations of seven species were
played back: red fox, stone marten Martes foina, pine marten M. mar-
tes, tawny owl, common buzzard Buteo buteo, sparrowhawk Accipiter
nisus and jay. Using camera traps, these species have been identi-
fied as main predators of wood warbler nests in Western Europe
(Grendelmeier et al., 2015; Mallord et al., 2012; Maziarz, Piggott, et
al., 2018).

To ensure that potential responses of wood warblers were not
due to unspecific noise emitted by speakers, we included a noise
control treatment with vocalizations of wood pigeons (Columba pa-
lumbus). The wood pigeon is a common species in wood warbler hab-
itats and does not compete for breeding sites or diet of the wood
warbler (Bauer et al., 2012). A silent control treatment was not used
as a previous study found no difference in wood warbler response
between noise control and silent control, and strong positive re-
sponses to conspecific song (Grendelmeier, Arlettaz, Olano-Marin,
& Pasinelli, 2017).

To avoid pseudo-replication, we used vocalization recordings of
at least four individuals per species (only one recording was avail-
able for A. flavicollis; Appendix S2, Table S2). Altogether we used 71

recordings from seven predator species, 11 recordings from three
rodent species and 15 recordings from wood pigeons, respectively
(Appendix S2, Table S2). All playback stations of a particular treat-
ment type consisted of the same set of species, but a unique combi-
nation of the available vocalizations of these species.

Vocalizations of mainly diurnal species were played back be-
tween 06:00 and 21:00, those of mainly nocturnal species between
21:00 and 06:00 (for details see below). Within these timeframes,
the order of species vocalizations was arranged randomly, with
1 min of vocalization of a single species being followed by 4 min of
silence, succeeded by the next randomly selected species vocal-
ization of 1 min and so on. The random order of playing back spe-
cies vocalizations and the rather low ratio of sound to silence were
used to prevent habituation of birds to playbacks. Furthermore, this
strictly standardized procedure was chosen to avoid possible effects
of playing back species’ vocalizations at different time intervals.

For predator treatments, vocalizations of G. glandarius, B. buteo
and A. nisus were played back only during the day (06:00-21:00),
while vocalizations of S. aluco were played back only during the night
(21:00-06:00). Vocalizations of mammalian predator species V. vul-
pes, M. foina and M. martes were played back during the night and
occasionally during the day. In detail, during the day a total of 180
5-min files (1-min vocalization followed by 4 min of silence) were
played back. These playbacks consisted of 45 5-min files each for
G. glandarius, B. buteo and A. nisus and 15 5-min files each for V. vul-
pes, M. foina and M. martes. During the night, a total of 108 5-min
files were played back, with 27 5-min files each for S. aluco, V. vulpes,
M. foina and M. martes.

Activity of rodent species A. flavicollis and M. glareolus peaks
at dusk, night and dawn; however, reduced activity occurs during
the day as well (see Braun & Dieterlen, 2005). Hence, for rodent
treatments, vocalizations of all rodents were played back during the
day and night. Thus, a total of 96 5-min files each for A. flavicollis,
M. glareolus and S. araneus were played back (i.e., 288 5-min files in
total).

Vocalizations of C. palumbus for noise control treatments were
played back during the day only. Hence, 180 5-min files (1-min vocal-
ization followed by 4 min of silence) were played back.

To prevent habituation of wood warblers to vocalizations, play-
backs were turned off on Thursdays and Sundays. The playback ex-
periment started on April 6th before the first wood warblers typically
arrive (Bauer et al., 2012) and ran until June 30th. This period covers
the entire settlement phase, which is unusually long and dynamic
owing to extensive movements on the breeding grounds in the wood
warbler compared to other songbirds (Riedinger, 1995; S. Lipold
pers. comm.), and much of the phase of first nests and replacement
nests (owing to the substantial nest losses due to predation).

All editing of recordings was conducted using software
“Audacity” and the R package “tuneR” (Ligges, Krey, Mersmann,
& Schnackenberg, 2016) applying sound file format “wav,” mono,
32bit, 44,100 Hz. The file order was arranged randomly for all treat-
ments, with the default setting of one recording being played back
consecutively a maximum of four times.
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2.4 | Wood warbler response

Wood warbler settlement in relation to the simulated presence of
rodents and/or predators was measured with (a) the distance be-
tween a playback set and the center of the nearest wood warbler
territory (which could be beyond the 100-m circle, see below), (b)
the number of wood warbler territories within experimental plots
(circle with 100 m radius) and (c) settlement probability per plot (i.e.,
whether a plot was occupied by at least one territory over the course
of the breeding season). Further, we considered the temporal pattern
of settlement for each treatment type, measured by the number of
plots occupied by at least one territory per visit. All study sites were
visited at least every 5 days during settlement and breeding of wood
warblers from early April to mid-July. All wood warblers observed
or singing were mapped using a GPS device (“Garmin eTrex 30” and
“Garmin eTrex Vista HCx"). Nests were searched and mapped in the
same manner. To reduce inaccuracy of GPS data, GPS points of nest
sites as well as playback sets were taken at every visit (at least 4) and
their barycentres used for all analyses.

Territory centers were defined as either the nest or, if no nest
could be found, as the center of the minimum convex polygon con-
necting the outermost singing points (e.g., Kenward, 2007; Leonard,
Taylor, & Warkentin, 2008), calculated in QGIS 2.8.1. In all analyses,
we included only territories in which a nest was found or where sing-
ing males were present for at least 3 weeks to avoid counting singing
males on migration. Applying these criteria, we found 44 territories
with nests and 24 territories without nests at Wollenberg, 35 terri-
tories with nests and five territories without nests at Kellerwald, and
18 territories with nests and 14 territories without nests at Gilsa,
giving 97 territories with nests and 43 territories without nest in all
three study areas.

Duration of occupation of each territory was the number of
days from arrival to departure. Date of arrival was defined as the
middle date between the date of first detection of a singing male
or a pair and the date of the previous visit of the respective area.
Similarly, date of departure was defined as the middle date between
the date of the last detection of territory occupancy (active nest or

TABLE 2 Environmental variables recorded in experimental plots

Variable Description

Rodent abundance

singing male) and the date of the subsequent visit of the respective
area. Distances between playback sets and territory centers as well
as number of territories within experimental plots were calculated
using the R packages “rgdal” (Bivand, Keitt, & Rowlingson, 2015) and
“geosphere” (Hijmans, 2015).

Reproductive performance was measured through clutch size,
number of fledglings and nest survival (probability) on experimental
plots (within 100 m of the playback set). For the analysis of clutch
size, we used only clutches that were complete as judged from re-
peated nest checks. Number of fledglings per nest was analyzed
including both all nests and successful nests only, the latter being
nests producing at least one fledgling. We used the number of nest-
lings from the last visit before fledging, which was determined by
camera traps placed at all nests in our experimental plots and at as
many nests as possible outside of the plots (for details on nest cam-
era use, see Grendelmeier et al., 2015 and Maziarz, Grendelmeier, et
al., 2018; Maziarz, Piggott, et al., 2018). The analysis of nest survival
was based on the time a nest was active, defined as the period from
the initiation date (when the first egg was laid) until the end date
(when the nestlings fledged or the nest failed). In the following, we
refer to this period as exposure time in days. To determine exposure
time, age of nests upon finding needs to be estimated to determine
nest initiation date. We back-calculated nest initiation dates from
nest age estimates obtained by assuming (a) one egg was laid per day,
(b) an incubation period of 14 days beginning with the laying of the
last egg, and a nestling period of 13 days (G. Pasinelli, unpublished
data, Grendelmeier et al., 2015), and by determining (c) nestling age
from nestling development with pictures of reference nestlings from
nests where exact hatching dates were known (Grendelmeier et al.,
2017). Details on the nest survival analysis are given in the section

on statistical analyses below.

2.5 | Environmental variables

When analyzing wood warbler settlement behavior in relation to the
simulated presence of rodents and predators, additional environmen-

tal conditions known to influence the species’ territory selection were

Calculation for
analyses

Number of rodent traces on track plates laid down in the center of all twelve 50 m? squares for Sum

index 3 days each

Number of grass Number of grass and sedge tussocks within all sixty 1 m? squares Sum
tussocks

Number of trees Number of trees with diameter at breast height > 8 cm within all twelve 50 m? squares Sum

Ground cover
sixty 1 m? squares

Slope steepness

Visually estimated percentage of ground covered by vegetation smaller than 0.5 m within all

Slope (°) measured along a 1 m slat (direction of highest slope steepness) through the center

Median of means of
each 50 m? square

Median

points of all twelve 50 m? squares using the application “Clinometer + bubble level” (vers. 2.3
from plaincode™) on a Samsung $7710 smartphone.

Note: Shown are descriptions of field recording methods within 50 m? and 1 m? squares (Figure 1) and calculations performed to obtain values for

analyses.
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accounted for: rodent abundance, number of grass tussocks, num-
ber of trees, ground cover and slope steepness (Pasinelli et al., 2016;
Table 2). Environmental variables were recorded based on a 50 m by
50 m grid within experimental plots (Figure 1). Rodent abundance was
assessed using track plates, a non-sophisticated and cheap, but re-
liable method for assessing an index of rodent abundance (Connors
et al., 2005). We used white plastic plates (12.5 cm x 25 cm x 0.2 cm)
covered with a dark gray graphite/oil mixture diluted with ethanol
for application. To minimize disturbance to nesting wood warblers,
environmental variables were assessed after nests had become inac-
tive. Within each experimental plot, environmental variables were re-
corded in twelve 50 m? squares and sixty 1 m? squares, respectively
(Table 2, Figure 1). Environmental variables were only assessed on the

scale of experimental plots, but not on the scale of nests or territories.

2.6 | Statistical analysis

Despite using nest locations of the previous year as centers for
each experimental plot to control for habitat, we tested whether
the rodent abundance index, number of grass tussocks, number of
trees, ground vegetation cover and slope steepness differed be-
tween experimental plots through multivariate analysis of variance
(MANOVA).

We used a linear mixed effects model (LMM, package Ime4;
Bates, Maechler, Ben, & Steven, 2015) to model the relationships
of distance between playback sets and the nearest territory (de-
pendent variable, log,,-transformed) to treatment type as categor-
ical variable and environmental variables (rodent abundance index,
number of grass tussocks, number of trees, ground cover and slope
steepness). Prior to the analyses, environmental variables were stan-
dardized (x = O, standard deviation = 1) to facilitate model conver-
gence and to allow comparison of regression coefficients. Study site
was included as random effect with random intercept to account for
the dependencies of experimental plots within the same study site.

To test for an effect of treatment type on the number of ter-
ritories per experimental plot, we used a generalized linear mixed
effects model (GLMM, package Ime4; Bates et al., 2015) assuming
a Poisson distribution and a log link. Similarly to the LMM above,
fixed effects were treatment type and standardized environmen-
tal variables. Study site was again included as random effect with
random intercept. We also modeled settlement probability per plot
(presence/absence of territories per experimental plot, modeled was
presence = 1) in relation to treatment type and standardized envi-
ronmental variables as fixed effects and study site as random effect
using a GLMM with binomial distribution and logit link.

To test whether the temporal pattern of settlement differed be-
tween treatment types, we used the gbeta function implemented in R
to calculate 95% credible intervals (Crl) of the proportion of occupied
plots per treatment (Korner-Nievergelt et al., 2015). We evaluated
whether 95% Crl of one treatment overlapped with the means of the
other two treatments. More specifically, if the 95% Crl of one treat-
ment (e.g., treatment 1) included the means of other treatments, treat-
ment 1 was deemed to be not different from the other treatments.

To test for an effect of treatment type on reproductive perfor-
mance, we ran linear models with clutch size and number of fledglings
as dependent variables, respectively, and treatment type as fixed ef-
fect. We also evaluated the same models using GLMM including study
site as random effect, but the random effect had a variance of 0 £ 0
SD. Because of similar results, we only show results of the linear mod-
els. Moreover, to test for an effect of treatment type on wood warbler
nest survival we ran survival analysis using the Cox mixed effect model
function (R package coxme; Therneau, 2018). The Cox proportional
hazard model is a semi-parametric regression model and belongs to
a set of statistical methods often referred to as survival time analy-
sis models (Austin, 2017; Hosmer Jr & Lemeshow, 1999; Kleinbaum &
Klein, 2012; Nur, Holmes, & Geupel, 2004). The Cox model allows to
simultaneously evaluate the effects of several covariates on survival
and is expressed by the hazard rate h(t). h(t) is estimated by h(t) x ex-
p(byx, +byx, + ... + bpxp) where the hazard h(t) can vary over time and
hg is the baseline hazard, which is the hazard rate if all covariates equal
zero. The impact of the covariates (x;, x,, ...,xp) can be measured by their
effect size exp(b,, by, ..., bp) (Cox, 1972). As with all time-to-event sur-
vival methods, Cox models can incorporate censored data, which can
arise due to nests found at various ages (e.g., during the nestling stage;
left-censored data) or due to nests that did not experience an event
of interest (e.g., nest failure; right-censored data) (Kleinbaum & Klein,
2012; Nur et al., 2004). We modeled exposure time (see above under
Wood warbler response) in relation to treatment type as fixed effect
and study site as random effect. The proportional hazards assump-
tion of the Cox model was tested following methods of Grambsch and
Therneau (1994) implemented in the cox.zph function in R. Because
this function does not work with output from a Cox model including
random effects, we run a Cox model with the coxph function that in-
cluded study site as a cluster variable accounting for the non-indepen-
dence of observations from the same study sites (Kleinbaum & Klein,
2012). Both the test for treatment type levels (p values ranging from
0.132 to 0.305) and the global test were not significant (p = 0.213),
indicating that the proportional hazards assumption was not violated.

Posterior distributions of the model parameters were obtained
using Monte Carlo simulations as implemented in the function sim
(R package arm, Gelman & Su, 2016, 5,000 iterations). The means
of the posterior distributions were used as point estimates of the
model parameters and the 2.5% and 97.5% quantiles as lower and
upper limits, respectively, of the 95% credible intervals (Crls). For pa-
rameters describing effect sizes, we calculated the proportion of the
posterior distribution being positive. This proportion corresponds to
the posterior probability of the hypothesis that the parameter value
is larger or smaller than zero (Table 3). All statistical analyses were

conducted in R version 3.5.2 (R Development Core Team, 2018).

2.7 | Permits

All procedures were performed according to the laws of Germany.
Playback experiments were conducted with the permission
no. P/21.10/2015-0001 by the department “Bauen, Wasser-
und Naturschutz” of the Landkreis Marburg-Biedenkopf and
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the permission no. 60.4-324563-03/2014 by the department
“Bauaufsicht und Naturschutz” of the Schwalm-Eder-Kreis.

3 | RESULTS

3.1 | Difference in environmental factors among
treatment groups

Based on the MANOVA (Wilk's 1= 0.81, F2’42 =0.83,p =0.60), we did
not find a difference between treatments for the rodent abundance
index (F2’42 = 0.74, p = 0.49), number of grass tussocks (F2’42 =0.40,
p = 0.68), number of trees (F2'42 = 0.43, p = 0.65), ground vegeta-
tion cover (F2,42 = 0.36, p = 0.70) and slope steepness (F2,42 =1.95,
p =0.16).

3.2 | Settlement in relation to
experimental treatments

The temporal pattern of settlement (i.e., the proportion of occu-
pied plots over time) did not differ among treatments, as all 95% Crl

overlapped all means for most of the observation period (Figure 2).
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Deviations from this general pattern occurred during a few days in
the first week of June (mean of the rodent treatment is not included
in the upper 95% Crl of the other two treatments) and for a few days
around June 15th (means of predator and control treatments are
not included in the lower 95% Crl of the rodent treatment). Despite
these minor deviations, the temporal pattern of settlement was very
similar across treatment types (Figure 2).

Settlement probability per plot did not differ between treatment
types (Figure 3a, Table 3a). Mean settlement probability per plot
(£SD) was 0.73 (£0.46) for rodent treatments, 0.67 (+0.49) for preda-
tor treatments and 0.67 (+0.49) for noise control treatments. Of the
45 plots, 31 (68.9%) contained at least one territory.

The number of territories (n = 48) did not differ between treat-
ment types (Figure 3b, Table 3b). The mean number of territories
(£SD) was 1.4 (+1.3) for rodent treatments (n = 21 territories), 0.9
(£0.8) for predator treatments (n = 14) and 0.9 (+0.8) for noise
control treatments (n = 13). The highest number of territories was
found on two plots with rodent treatment (Figures 3b, 4 territories/
plot = 12 territories/10 ha). The number of territories on experimen-
tal plots was not significantly related to any of the environmental
variables (Table 3b).

TABLE 3 Settlement responses of wood warblers to rodent treatment, predator treatment, noise control treatment (wood pigeon) and

environmental variables

(a) Settlement probability

(b) Number of territories

(c) Distance

Source p 2.5% 97.5% Prob p

Intercept 0.94 -0.25 2.19 0.93 -0.11
Predator treat. -0.29 -2.01 1.44 0.62 -0.05
Rodent treat. 0.06 -1.58 1.75 0.52 0.42
Rodent index -0.05 -0.77 0.69 0.55 -0.02
No. of tussocks 0.12 -0.71 0.96 0.62 -0.19
Number of trees -0.57 =1L,85 0.20 0.93 -0.08
Ground cover -0.91 -1.84 0.00 0.97 -0.07
Slope steepness -0.12 -0.86 0.63 0.62 -0.18

2.5% 97.5% Prob p 2.5% 97.5% Prob
-0.66 0.44 0.66 1.87 1.67 2.07 1

-0.86 0.76 0.55 -0.04 -0.28 0.21 0.62
-0.28 1.12 0.88 -0.05 -0.28 0.18 0.68
-0.33 0.28 0.56 0.01 -0.09 0.11 0.60
-0.56 0.19 0.84 0.04 -0.07 0.15 0.75
-0.53 0.17 0.84 -0.02 -0.14 0.09 0.65
-0.43 0.30 0.64 0.04 -0.08 0.16 0.73
-0.51 0.15 0.86 -0.02 -0.13 0.09 0.65

Note: Shown are parameter estimates f for the experimental treatments and five environmental variables (z-standardized) on (a) settlement prob-
ability of experimental plots (based on a GLMM, n = 45, modeled was presence = 1), (b) the number of wood warbler territories on experimental plots
(based on a GLMM, n = 45) and (c) log,, - transformed distance (m) between playback sets and the nearest wood warbler territory (based on a LMM,
n = 45). Given are the mean g and the 2.5% and the 97.5% quantiles (95% Crl) of the posterior distribution, respectively, and the posterior probability
Prob that the estimate is larger than zero [Prob(s > 0)] for positive estimates or smaller than zero [Prob(p < 0)] for negative estimates.
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FIGURE 3 Settlement responses of wood warblers to rodent
treatment, predator treatment and noise control treatment (wood
pigeon). Shown are settlement probability per plot (panel a), number of
territories per plot (panel b) and distances between playback sets and
the nearest wood warbler territory (panel c) in relation to treatment
type. Raw data (red points, panels b and c), means of raw data (red
crosses, panels b and c) and means of model predictions (black points)
with 95% Crl (black lines) are given. Each red point gives the number
of territory on one plot in panel b. Note that distances were log,, -
transformed for statistical analyses. n = 15 plots per treatment type
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FIGURE 4 Reproductive performance of wood warblers in
relation to rodent treatment, predator treatment and noise control
treatment (wood pigeon). Shown are mean clutch size (panel a),
mean number of fledglings of all nest (panel b) and of successful
nests only (panel c) for the three treatment types. Given are model
predictions (black points) with 95% Crl (black lines)

Distances between playback sets and the nearest territory
did not significantly differ between treatment types (Figure 3c,
Table 3c) and were on average (+SD) 75 m (+41 m) for rodent treat-
ments, 104 m (101 m) for predator treatments, 102 m (+85 m) for
noise control treatments. This result did not change when excluding
territories that were located more than 100 m from playback sets
(Appendix S3, Table S3). Distance between playback sets and the
nearest territory was not significantly related to any of the environ-

mental variables (Table 3c).
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FIGURE 5 Probability of nest survival ol
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TABLE 4

Gilsa
Birds
Jay Garrulus glandarius

Common buzzard Buteo buteo

o

Great spotted woodpecker Dendrocopos major
Mammals

Raccoon Procyon lotor

Badger Meles meles

Hedgehog Erinaceus europaeus

Fox Vulpes vulpes

Pine marten Martes martes

Mouse Apodemus sp.

O O O O O O N

Wild boar Sus scrofa
Other

Unknown 0

Note: Includes nests both inside and outside the experimental plots.

3.3 | Reproductive performance in relation to
experimental treatments

Clutch size (Fzy24 =0.793,p =0.464,n, .. = 27), number of fledglings
from all nests (F2130 =0.238,p = 0.790, n
fledglings from successful nests (F2’9 =0.258,p=0.778,n

= 33) and number of
=12)
did not differ between treatment types (Figure 4). Likewise, the

nests

nests

probability of nests surviving over time did not vary among the
treatments (likelihood ratio test, chi® = 1.11, df = 2, p = 0.575,
Figure 5). Neither the predator treatment (hazard ratio [HR] = 1.188,
95% confidence interval [Cl] = 0.266-5.313; regression coefficient
[p] = 0.172, SE of p = 0.764, Wald statistic z = 0.226, p = 0.821) nor
the rodent treatment (HR = 1.821, 95% Cl = 0.499-6.652; = 0.599,
SE(p) = 0.661, z = 0.907, p = 0.364) differed significantly from the
baseline hazard (the noise control treatment, Figure 5). The probabil-
ity of nests to survive the entire nesting period averaging 31 days in

wood warblers (Grendelmeier et al., 2015, Maziarz, Grendelmeier, et

T T T T 1
10 15 20 25 30

Nest age (days)

Identified predators from 35 predation events out of 72 wood warbler nests monitored with cameras by study site

Kellerwald Wollenberg Total
8 10
0 1 1

N
o
=

O N B NN LN
R, O B O KB N B
B, NN W W U,

al., 2018; Maziarz, Piggott, et al., 2018) was 0.571 (95% CI = 0.301-
1.0, n = 7) on control plots, 0.500 (0.250-1.0, n = 8) on predator
plots, 0.231 (0.086-0.623, n = 13) on rodent plots and 0.414 (0.264-
0.648, n = 28) across treatments.

Across study sites, nest predation occurred at 35 nests (Table 4)
of 72 nests monitored by cameras inside and outside of experimen-
tal plots and was the main cause of nest failure accounting for 87.5%
of all 40 nest losses. Additional losses occurred due to nest aban-
donment for unknown reasons (4) and incidental nest trampling by
wild boars (1). Rates of nest losses were similar as found elsewhere
(Grendelmeier et al., 2015; Wesotowski & Maziarz, 2009).

4 | DISCUSSION

This is the first study to experimentally test whether wood war-

bler settlement and reproduction are affected by predation risk.
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However, in contrast to our expectations, wood warblers did not
avoid settling in areas with acoustically simulated increased pres-
ences of rodents and predators. In addition, reproductive perfor-
mance of wood warblers did not seem to be affected by simulated
predation risk. In the following, we discuss possible explanations for
these results.

Hearing is undoubtedly an important avian sense (e.g., Képpl,
2015). It is however possible that wood warblers do not have the
sensory ability to perceive broadcasted vocalizations of rodents and
predators. Yet, based on previous studies, this seems unlikely for the
following reasons. Frequencies audible to mammals (rodents and
carnivores; Braun & Dieterlen, 2005) and passerines (Kdppl, 2015)
have differential ranges, but overlap below 10 kHz. Recordings of
carnivore vocalizations and rodent vocalizations used in this ex-
periment contained frequencies in the range audible to passerines.
Furthermore, birds are known to respond to playbacks of avian
(Eggers et al., 2006; Zanette et al., 2011) and mammalian predators
(Zanette et al., 2011), including rodents (Emmering & Schmidt, 2011).
Even though we assume that wood warblers have the sensory abil-
ity to perceive our playbacks, the presented acoustic cues, aimed
at simulating increased predation risk related to the presence of ro-
dents and predators, may not correspond with the one considered
by wood warblers during settlement. Whether or not other acoustic
cues possibly related to rodent presence such as the rustling result-
ing from rodents moving through leaf litter may be important for
settling wood warblers remains to be tested.

Alternatively or additionally, entirely different senses like vision
(Gunttrkin, 2000) and/or olfaction (Clark, Hagelin, & Werner, 2015;
Steiger, Fidler, Valcu, & Kempenaers, 2008) might be used to assess
predation risk. The importance of vision in predator recognition (Curio,
1975) has been shown in experimental studies exposing different pas-
serine species (Peluc et al., 2008; Tilgar, Moks, & Saag, 2011), including
wood warblers (Maziarz, Piggott, et al., 2018), to taxidermy mounts.
It is therefore possible that wood warblers mainly respond to visual
cues, such as movement or more specifically movement frequency
of rodents and/or predators. Some bird species are also supposed to
visually recognize UV active substances in mammalian excrements
(Probst, Pavlicev, & Viitala, 2002; Viitala, Korpimaki, Palokangas, &
Koivula, 1995). Aforementioned studies were however conducted in
open farmland habitat and/or laboratory, where UV light reflectance is
presumably stronger than in typical wood warbler habitats, which are
characterized by closed forest canopies (Huber et al., 2016; Pasinelli et
al., 2016). In addition, Lind, Mitkus, Olsson, and Kelber (2013) showed
that vole urine added very little UV light reflectance to the already
low reflectance of most natural substrates under natural conditions
and concluded that vole urine unlikely provides a reliable visual cue.
Detection of UV active substances in mammalian excrements may
thus be of little importance to settling wood warblers (O. Lind, pers.
comm.), but whether or not the low levels of UV light reflectance in
forest habitats may still allow this cue to be used by settling wood
warblers needs to be studied.

On the other hand, passerines have been shown to adjust hab-
itat selection according to the presence/absence of excrements

of mammalian nest predators (Forsman et al., 2013). Whether vi-
sual and/or olfactory cues were used by the passerines studied
by Forsman et al. (2013), when selecting habitats, remained open.
Olfactory capabilities of birds have presumably been underrated in
the past (Clark et al., 2015; Steiger et al., 2008). Indeed, passerines
have been found to respond to odor of mammalian predators with
avoidance (Amo, Galvan, Tomas, & Sanz, 2008; Roth, Cox, & Lima,
2008). It is currently unknown, if wood warblers determine preda-
tion risk based on olfactory cues.

The lack of a response to our experimental treatments might
reflect the indifference of wood warblers to natural presences of
rodents and predators. Although negative correlations between ro-
dents and wood warblers have been found at various spatial scales
(Grendelmeier et al., 2019; Pasinelli et al., 2016; Szymkowiak &
Kuczynski, 2015; Wesotowski et al., 2009), there need not to be an
underlying causality. It is well established that rodents respond pos-
itively to mast seeding (e.g., Pucek, Jedrzejewski, Jedrzejewska, &
Pucek, 1993) and rodent hunters positively to increased rodent num-
bers (e.g., Grendelmeier et al., 2018; Schmidt & Ostfeld, 2003). Hence,
wood warblers may use environmental cues related to mast seeding
other than rodent or predator presence to decide where to settle.

According to state forestry agencies in Germany and Switzerland,
the seed crop of beech and oak trees in 2014 was average, even
though rodent abundance in 2015, based on similar track plate data
from northern Switzerland (Grendelmeier et al., 2017) and own
observations, was rather high. Hence, the effect of simulating in-
creased rodent presence might have been weakened. Nevertheless,
the rodent abundance index did not significantly differ between
treatment types and hence natural rodent abundance did not seem
to be affected by the treatments. Likewise, we assume that abun-
dances of predators were not affected by our playbacks because of
their much larger home ranges compared to rodents.

Aside from being responsible for nest losses, most of the pred-
ator species identified in this and other studies (Bellamy et al.,
2018; Grendelmeier et al., 2015; Mallord et al., 2012; Maziarz,
Grendelmeier, et al., 2018; Maziarz, Piggott, et al., 2018) are capable
of taking adults at nests. This indicates that both nest survival and an
adult's immediate survival should underlie the (costly) anti-predator
responses mounted by adult wood warblers during settlement and
throughout the breeding cycle.

Finally, acoustically simulated predation risk did not seem to
affect reproductive performance either, as clutch size, number of
fledglings and nest survival did not seem to differ between treat-
ments. Predation risk has been shown to negatively affect repro-
ductive output of birds (Eggers et al., 2006; Zanette et al., 2011),
but these effects vary across species (LaManna & Martin, 2016).
Again, as with settlement responses above, wood warblers may not
have perceived playback vocalizations as a cue indicating predator
presence and therefore did not adjust reproductive investment.
Alternatively, wood warblers may be constrained in their ability to
adjust reproductive efforts in relation to predation risk, resulting
in the observed lack of response to the treatments. Finally, wood
warblers may have responded to simulated predation risk, but low
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sample sizes and hence large uncertainty levels (i.e., large confidence
bands) might not have allowed statistically revealing existing differ-
ences among treatments.

To conclude, experimental studies showing that vocalizations
of rodents and/or predators elicit a response in birds have recently
increased in number. However, such vocalizations are not always
the relevant cues used when birds determine where to settle, as
evidenced in our study by the lack of response of wood warblers
to acoustically simulated rodent and/or predator presences. Thus,
further experimental studies on environmental cues relevant for in-
dividual wood warbler settlement decisions and the senses involved
are needed. Insights into the relevant cues are important as they can
help to better understand the dynamics of wood warbler population
sizes in relation to resource pulses within their breeding ecosystems.
More generally, such studies would increase knowledge on the tim-
ing, settlement and reproductive decisions of birds and thus on how
birds optimize fitness in environments characterized by varying lev-
els of predation risk.

ACKNOWLEDGEMENTS

We thank Martin Reimann for his help during fieldwork, Nina
Farwig for insightful comments on the project design and drafts
of this manuscript, and Frénzi Korner-Nievergelt for statistical
advice. We are especially grateful to Karl-Heinz Frommolt from
the “Tierstimmenarchiv,” Berlin, Cheryl Tipp from the British
Library, London, Patrik Aberg, Volker Arnold, Marco Dragonetti,
Richard Dunn, David Farrow, Antero Lindholm, Ralph Martin, Jarek
Matusiak, Julien Rochefort, Elias A. Ryberg and Herman van der
Meer for providing their recordings of bird and mammal vocaliza-
tions. We also thank the Forstamt Burgwald, Jorg Reinl and the
Forstamt Jesberg for the permission and their help to conduct the
experiment at the selected forest sites. For financial support, we are
indebted to the Swiss National Science Foundation (grant number
31003A_143879/1 to GP and RA), the Basler Stiftung flr biologis-
che Forschung, the Emilia Guggenheim-Schnurr-Stiftung and the
Carl Burger-Stiftung Miinchenstein.

CONFLICT OF INTEREST

The authors declare that they have no conflict of interest.

ORCID

Alex Grendelmeier https://orcid.org/0000-0003-4501-7255

Raphaél Arlettaz https://orcid.org/0000-0001-6360-5339
Gilberto Pasinelli https://orcid.org/0000-0003-3704-4843
REFERENCES

Abbey-Lee, R. N., Kaiser, A., Mouchet, A., & Dingemanse, N. J. (2016).
Immediate and carry-over effects of perceived predation risk on

cholog) s MRVUTR SV

communication behavior in wild birds. Behavioral Ecology, 27(3), 708-
716. https://doi.org/10.1093/beheco/arv210

Amo, L., Galvan, |., Tomas, G., & Sanz, J. J. (2008). Predator odour recogni-
tion and avoidance in a songbird. Functional Ecology, 22(2), 289-293.

Austin, P. C. (2017). A tutorial on multilevel survival analysis: Methods,
models and applications. International Statistical Review, 85(2), 185-
203. https://doi.org/10.1111/insr.12214

Bates, D., Maechler, M., Ben, Bolker, & Steven, Walker (2015). Fitting lin-
ear mixed-effects models using Ime4. Journal of Statistical Software,
67(1), 1-48.

Bauer, H., Bezzel, E., & Fiedler, W. (2012). Das Kompendium der Végel
Mitteleuropas: ein umfassendes Handbuch zu Biologie, Gefdhrdung und
Schutz, Einbdndige Sonderausgabe der 2. vollst. tiberarb. Auflage 2005.
Wiebelsheim, Hunsrtick: Aula-Verlag.

Bellamy, P. E., Burgess, M. D., Mallord, J. W., Cristinacce, A., Orsman,
C. J., Davis, T., Davis, T., & Charman, E. C. (2018). Nest predation
and the influence of habitat structure on nest predation of Wood
Warbler Phylloscopus sibilatrix, a ground-nesting forest passerine.
Journal of Ornithology, 159(2), 493-506. https://doi.org/10.1007/
s10336-017-1527-7

BirdLife International (2017). Species factsheet: Phylloscopus sibilatrix.
Retrieved from  http://datazone.birdlife.org/species/factsheet/
wood-warbler-phylloscopus-sibilatrix.

Bivand, R., Keitt, T., & Rowlingson, B. (2015). rgdal: Bindings for the geo-
spatial data abstraction library. R package version 1.1-1.

Braun, M., & Dieterlen, F. (2005). Die Sdugetiere Baden-Wiirttembergs:
Insektenfresser (Insectivora), Hasentiere (Lagomorpha), Nagetiere
(Rodentia), Raubtiere (Carnivora), Paarhufer (Artiodactyla). Stuttgard,
Germany: Ulmer.

Clark, L., Hagelin, J., & Werner, S. (2015). The chemical senses in birds.
In C. G. Scanes (Ed.), Sturkie's avian physiology (6th ed., pp. 89-111).
London, UK: Academic Press.

Clinchy, M., Schulkin, J., Zanette, L. Y., Sheriff, M. J., McGowan, P. O.,
& Boonstra, R. (2011). The neurological ecology of fear: Insights
neuroscientists and ecologists have to offer one another. Frontiers
in Behavioral Neuroscience, 4, 21. https://doi.org/10.3389/
fnbeh.2011.00021

Clotfelter, E., Pedersen, A., Cranford, J., Ram, N., Snajdr, E., Nolan, V., &
Ketterson, E. (2007). Acorn mast drives long-term dynamics of ro-
dent and songbird populations. Oecologia, 154(3), 493-503.

Connors, M. J., Schauber, E. M., Forbes, A., Jones, C. G., Goodwin, B. J., &
Ostfeld, R. S. (2005). Use of track plates to quantify predation risk at
small spatial scales. Journal of Mammalogy, 86(5), 991-996.

Cox, D. R. (1972). Regression models and life-tables. Journal of Royal
Statistical Society, 34(2), 187-220.

Curio, E. (1975). The functional organization of anti-predator behaviour
in the pied flycatcher: A study of avian visual perception. Animal
Behaviour, 23, 1-115.

Dall, S. R. X., Giraldeau, L.-A., Olsson, O., McNamara, J. M., & Stephens,
D. W. (2005). Information and its use by animals in evolutionary
ecology. Trends in Ecology & Evolution, 20(4), 187-193. https://doi.
org/10.1016/j.tree.2005.01.010

Dow, H., & Fredga, S. (1983). Breeding and natal dispersal of the golden-
eye Bucephala clangula. Journal of Animal Ecology, 52, 681-695.

Dudeck, B. P,, Clinchy, M., Allen, M. C., & Zanette, L. Y. (2018). Fear af-
fects parental care, which predicts juvenile survival and exacerbates
the total cost of fear on demography. Ecology, 99(1), 127-135. https
://doi.org/10.1002/ecy.2050

Eggers, S., Griesser, M., & Ekman, J. (2005). Predator-induced plas-
ticity in nest visitation rates in the Siberian jay (Perisoreus infaustus).
Behavioral Ecology, 16(1), 309-315.

Eggers, S., Griesser, M., Nystrand, M., & Ekman, J. (2006). Predation risk
induces changes in nest-site selection and clutch size in the Siberian
jay. Proceedings of the Royal Society of London. Series B, Biological
Sciences, 273(1587), 701-706.


https://orcid.org/0000-0003-4501-7255
https://orcid.org/0000-0003-4501-7255
https://orcid.org/0000-0001-6360-5339
https://orcid.org/0000-0001-6360-5339
https://orcid.org/0000-0003-3704-4843
https://orcid.org/0000-0003-3704-4843
https://doi.org/10.1093/beheco/arv210
https://doi.org/10.1111/insr.12214
https://doi.org/10.1007/s10336-017-1527-7
https://doi.org/10.1007/s10336-017-1527-7
http://datazone.birdlife.org/species/factsheet/wood-warbler-phylloscopus-sibilatrix
http://datazone.birdlife.org/species/factsheet/wood-warbler-phylloscopus-sibilatrix
https://doi.org/10.3389/fnbeh.2011.00021
https://doi.org/10.3389/fnbeh.2011.00021
https://doi.org/10.1016/j.tree.2005.01.010
https://doi.org/10.1016/j.tree.2005.01.010
https://doi.org/10.1002/ecy.2050
https://doi.org/10.1002/ecy.2050

STELBRINK ET AL.

* L wiLey- ERET—

Emmering, Q. C., & Schmidt, K. A. (2011). Nesting songbirds assess spa-
tial heterogeneity of predatory chipmunks by eavesdropping on their
vocalizations. Journal of Animal Ecology, 80(6), 1305-1312. https://
doi.org/10.1111/j.1365-2656.2011.01869.x

Fontaine, J. J., & Martin, T. E. (2006a). Parent birds assess nest preda-
tion risk and adjust their reproductive strategies. Ecology Letters, 9(4),
428-434. https://doi.org/10.1111/j.1461-0248.2006.00892.x

Fontaine, J. J., & Martin, T. E. (2006b). Habitat selection responses of par-
ents to offspring predation risk: An experimental test. The American
Naturalist, 168(6), 811-818.

Forsman, J. T., Ménkkoénen, M., Korpimaki, E., & Thomson, R. L. (2013).
Mammalian nest predator feces as a cue in avian habitat selection de-
cisions. Behavioral Ecology, 24(1), 262-266. https://doi.org/10.1093/
beheco/ars162

Gelman, A., & Su, Y.-S. (2016). arm: Data analysis using regression and
multilevel/hierarchical models. R package version 1.9-3.

Glutz von Blotzheim, U. N., & Bauer, K. M. (1991). Handbuch der Végel
Mitteleuropas (12/11). Wiesbaden, Germany: Aula.

Grambsch, P., & Therneau, T. M. (1994). Proportional hazards tests and
diagnostics based on weighted residuals. Biometrika, 81, 515-526.
Grendelmeier, A, Arlettaz, R., & Pasinelli, G. (2018). Numerical response
of mammalian carnivores to rodents affects bird reproduction in
temperate forests: A case of apparent competition? Ecology and
Evolution, 8(23), 11596-11608. https://doi.org/10.1002/ece3.4608

Grendelmeier, A., Flade, M., & Pasinelli, G. (2019). Trophic consequences
of mast seeding for avian and mammalian seed and non-seed consum-
ers in European temperate forests. Journal of Ornithology. https://doi.
org/10.1007/s10336-019-01644-z

Grendelmeier, A., Arlettaz, R., Gerber, M., & Pasinelli, G. (2015).
Reproductive performance of a declining forest passerine in relation
to environmental and social factors: Implications for species conser-
vation. PLoS ONE, 10(7), e0130954. https://doi.org/10.1371/journ
al.pone.0130954

Grendelmeier, A., Arlettaz, R., Olano-Marin, J., & Pasinelli, G. (2017).
Experimentally provided conspecific cues boost bird territory den-
sity but not breeding performance. Behavioral Ecology, 28(1), 174~
185. https://doi.org/10.1093/beheco/arw144

Guntirktn, O. (2000). Sensory physiology: Vision. In G. C. Whittow (Ed.),
Sturkie's avian physiology (5th ed., pp. 1-19). London, UK: Academic
Press.

Hijmans, R. J. (2015). geosphere: Spherical trigonometry. R package ver-
sion 1.4-3.

Hosmer, D. W. Jr, & Lemeshow, S. (1999). Applied survival analysis:
Regression modeling of time to event data. New York, NY: John Wiley
& Sons, Inc.

Hua, F., Fletcher, R. J,, Sieving, K. E., & Dorazio, R. M. (2013). Too risky
to settle: Avian community structure changes in response to per-
ceived predation risk on adults and offspring. Proceedings of the Royal
Society of London. Series B, Biological Sciences, 280(1764), 20130762.
https://doi.org/10.1098/rspb.2013.0762

Huber, N., Kienast, F., Ginzler, C., & Pasinelli, G. (2016). Using remote-
sensing data to assess habitat selection of a declining passerine at
two spatial scales. Landscape Ecology, 31(9), 1919-1937.

Jedrzejewska, B., & Jedrzejewski, W. (1998). Predation in vertebrate com-
munities: The Biatowieza primeval forest as a case study. Ecological
studies: Vol. 135. Berlin, Germany: Springer.

Jedrzejewski, W., Jedrzejewska, B., & Szymura, L. (1995). Weasel pop-
ulation response, home range, and predation on rodents in a de-
ciduous forest in Poland. Ecology, 76(1), 179-195. https://doi.
org/10.2307/1940640

Kenward, R. E. (2007). A manual for wildlife radio tagging. San Diego, CA:
Academic Press.

Kleinbaum, D. G., & Klein, M. (2012). Survival analysis: A self-learning text.
New York, NY: Springer.

K6ppl, C. (2015). Avian Hearing. In C. G. Scanes (Ed.), Sturkie's avian
physiology (6th ed.) (pp. 71-87). London, UK: Academic Press.

Korner-Nievergelt, F., von Felten, S., Roth, T., Almasi, B., Guélat, J., &
Korner-Nievergelt, P. (2015). Bayesian data analysis in ecology using
linear models with R, BUGS, and Stan (1st ed.). London, UK: Academic
Press.

LaManna, J. A., & Martin, T. E. (2016). Costs of fear: Behavioural and
life-history responses to risk and their demographic consequences
vary across species. Ecology Letters, 19(4), 403-413. https://doi.
org/10.1111/ele.12573

Leonard, T. D., Taylor, P. D., & Warkentin, I. G. (2008). Landscape struc-
ture and spatial scale affect space use by songbirds in naturally
patchy and harvested boreal forests. The Condor, 110(3), 467-481.
https://doi.org/10.1525/cond.2008.8512

Ligges, U., Krey, S., Mersmann, O., & Schnackenberg, S. (2016). tuneR:
Analysis of music. Retrieved from http://r-forge.r-project.org/proje
cts/tuner/.

Lima, S. L. (2009). Predators and the breeding bird: Behavioral and re-
productive flexibility under the risk of predation. Biological Reviews,
84,485-513.

Lind, O., Mitkus, M., Olsson, P., & Kelber, A. (2013). Ultraviolet sensitivity
and colour vision in raptor foraging. Journal of Experimental Biology,
216(19), 3764. https://doi.org/10.1242/jeb.096123

Mallord, J. W., Orsman, C. J., Cristinacce, A., Butcher, N., Stowe, T. J., &
Charman, E. C. (2012). Mortality of Wood Warbler Phylloscopus sib-
ilatrix nests in Welsh oakwoods: Predation rates and the identifica-
tion of nest predators using miniature nest cameras. Bird Study, 59(3),
286-295. https://doi.org/10.1080/00063657.2012.669359

Martin, T. E. (1995). Avian life history evolution in relation to nest sites,
nest predation, and food. Ecological Monographs, 65, 101-127.

Marzluff, J. M. (1988). Do pinyon jays alter nest placement based on prior
experience? Animal Behaviour, 36(1), 1-10. https://doi.org/10.1016/
S0003-3472(88)80244-6

Maziarz, M., Grendelmeier, A., Wesotowski, T., Arlettaz, R., Broughton,
R. K., & Pasinelli, G. (2018). Patterns of predator behaviour and Wood
Warbler Phylloscopus sibilatrix nest survival in a primaeval forest. Ibis.
Advance online publication. https://doi.org/10.1111/ibi.12679

Maziarz, M., Piggott, C., & Burgess, M. (2018). Predator recognition
and differential behavioural responses of adult wood warblers
Phylloscopus sibilatrix. Acta Ethologica, 21(1), 13-20. https://doi.
org/10.1007/s10211-017-0275-2

Newton, I. (1998). Population limitation in birds. London, UK: Academic
Press.

Nur, N., Holmes, A. L., & Geupel, G. R. (2004). Use of survival time analy-
sis to analyze nesting success of birds: An example using loggerhead
shrikes. The Condor, 106, 457-471.

Pasinelli, G., Grendelmeier, A., Gerber, M., & Arlettaz, R. (2016). Rodent-
avoidance, topography and forest structure shape territory selection
of a forest bird. BMC Ecology, 16(1), 1-18. https://doi.org/10.1186/
$12898-016-0078-8

Peluc, S. I, Sillett, T. S., Rotenberry, J. T., & Ghalambor, C. K. (2008).
Adaptive phenotypic plasticity in an island songbird exposed to a
novel predation risk. Behavioral Ecology, 19(4), 830-835. https://doi.
org/10.1093/beheco/arn033

Probst, R., Pavlicev, M., & Viitala, J. (2002). UV reflecting vole scent
marks attract a passerine, the Great Grey Shrike Lanius excubitor.
Journal of Avian Biology, 33(4), 437-440.

Pucek, Z., Jedrzejewski, W., Jedrzejewska, B., & Pucek, M. (1993). Rodent
population dynamics in a primeval deciduous forest (Bialowieza
National Park) in relation to weather, seed crop, and predation. Acta
Theriologica, 38(2), 199-232.

R Development Core Team. (2018). R: A language and environment for sta-
tistical computing. Version 3.5.2. Vienna, Austria: R Foundation for
Statistical Computing. https://www.R-project.org/


https://doi.org/10.1111/j.1365-2656.2011.01869.x
https://doi.org/10.1111/j.1365-2656.2011.01869.x
https://doi.org/10.1111/j.1461-0248.2006.00892.x
https://doi.org/10.1093/beheco/ars162
https://doi.org/10.1093/beheco/ars162
https://doi.org/10.1002/ece3.4608
https://doi.org/10.1007/s10336-019-01644-z
https://doi.org/10.1007/s10336-019-01644-z
https://doi.org/10.1371/journal.pone.0130954
https://doi.org/10.1371/journal.pone.0130954
https://doi.org/10.1093/beheco/arw144
https://doi.org/10.1098/rspb.2013.0762
https://doi.org/10.2307/1940640
https://doi.org/10.2307/1940640
https://doi.org/10.1111/ele.12573
https://doi.org/10.1111/ele.12573
https://doi.org/10.1525/cond.2008.8512
http://r-forge.r-project.org/projects/tuner/
http://r-forge.r-project.org/projects/tuner/
https://doi.org/10.1242/jeb.096123
https://doi.org/10.1080/00063657.2012.669359
https://doi.org/10.1016/S0003-3472(88)80244-6
https://doi.org/10.1016/S0003-3472(88)80244-6
https://doi.org/10.1111/ibi.12679
https://doi.org/10.1007/s10211-017-0275-2
https://doi.org/10.1007/s10211-017-0275-2
https://doi.org/10.1186/s12898-016-0078-8
https://doi.org/10.1186/s12898-016-0078-8
https://doi.org/10.1093/beheco/arn033
https://doi.org/10.1093/beheco/arn033
https://www.R-project.org/

STELBRINK ET AL.

Riedinger, H. J. (1995). Untersuchungen zur Bestandsentwicklung,
Habitat- und Revierwahl beim Waldlaubsanger Phylloscopus sibila-
trix im Raum Reutlingen 1978-1984. Ornithologische Jahreshefte Fiir
Baden-Wiirttemberg, 11, 75-91.

Roth, T. C., Cox, J. G., & Lima, S. L. (2008). Can foraging birds assess pre-
dation risk by scent? Animal Behaviour, 76(6), 2021-2027. https://doi.
org/10.1016/j.anbehav.2008.08.022

Schmidt, K. A, Dall, S. R. X., & van Gils, J. A. (2010). The ecology of
information: An overview on the ecological significance of mak-
ing informed decisions. Oikos, 119(2), 304-316. https://doi.
org/10.1111/j.1600-0706.2009.17573.x

Schmidt, K. A., & Ostfeld, R. S. (2003). Songbird populations in fluctuat-
ing environments: Predator responses to pulsed resources. Ecology,
84(2), 406-415.

Seppénen, J.-T., Forsman, J. T., Ménkkonen, M., & Thomson, R. L. (2007).
Social information use is a process across time, space, and ecology,
reaching heterospecifics. Ecology, 88(7), 1622-1633.

Stamps, J. A, Krishnan, V. V., & Reid, M. L. (2005). Search costs and hab-
itat selection by dispersers. Ecology, 86(2), 510-518.

Steiger, S. S., Fidler, A. E., Valcu, M., & Kempenaers, B.. (2008). Avian
olfactory receptor gene repertoires: Evidence for a well-developed
sense of smell in birds? Proceedings of the Royal Society of London.
Series B, Biological Sciences, 275(1649), 2309-2317. https://doi.
org/10.1098/rspb.2008.0607

Szymkowiak, J., & Kuczyniski, L. (2015). Avoiding predators in a fluctuat-
ing environment: Responses of the wood warbler to pulsed resources.
Behavioral Ecology, 26(2), 601-608. https://doi.org/10.1093/beheco/
aru237

Therneau, T. M. (2018). coxme: Mixed Effects Cox Models. R package
version 2.2-10.

Thompson, F. R. (2007). Factors affecting nest predation on for-
est songbirds in North America. Ibis, 149, 98-109. https://doi.
org/10.1111/j.1474-919X.2007.00697.x

Tilgar, V., Moks, K., & Saag, P. (2011). Predator-induced stress changes
parental feeding behavior in pied flycatchers. Behavioral Ecology,
22(1), 23-28. https://doi.org/10.1093/beheco/arq164

Viitala, J., Korpimaki, E., Palokangas, P., & Koivula, M. (1995). Attraction
of kestrels to vole scent marks visible in ultraviolet light. Nature, 373,
425-427.

cholog) s MRVUTR SV

Walters, B. T., Cheng, T. N. N., Doyle, J., Guglielmo, C. G., Clinchy, M.,
Zanette, L. VY., & Patek, S. (2017). Too important to tamper with:
Predation risk affects body mass and escape behaviour but not
escape ability. Functional Ecology, 31(7), 1405-1417. https://doi.
org/10.1111/1365-2435.12851

Wesotowski, T., & Maziarz, M. (2009). Changes in breeding phenology
and performance of Wood Warblers Phylloscopus sibilartrix in a pri-
meval forest: A thirty-year perspective. Acta Ornithologica, 44(1),
69-80.

Wesotowski, T., & Tomialojc, L. (1997). Breeding bird dynamics in a pri-
meval temperate forest: Long-term trends in Bialowieza National
Park (Poland). Ecography, 20, 432-453.

Wesotowski, T., Rowinski, P., & Maziarz, M. (2009). Wood warbler
Phylloscopus sibilatrix: A nomadic insectivore in search of safe breed-
ing grounds? Bird Study, 56, 26-33.

Yang, L. H., Bastow, J. L., Spence, K. O., & Wright, A. N. (2008). What can
we learn from resource pulses? Ecology, 89(3), 621-634.

Zanette, L. Y., White, A. F,, Allen, M. C., & Clinchy, M. (2011). Perceived
predation risk reduces the number of offspring songbirds produce
per year. Science, 334(6061), 1398-1401. https://doi.org/10.1126/
science.1210908

SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Stelbrink P, Grendelmeier A, Schabo D,
Arlettaz R, Hillig F, Pasinelli G. Does acoustically simulated
predation risk affect settlement and reproduction of a
migratory passerine? Ethology. 2019;125:535-547. https://doi.
org/10.1111/eth.12879



https://doi.org/10.1016/j.anbehav.2008.08.022
https://doi.org/10.1016/j.anbehav.2008.08.022
https://doi.org/10.1111/j.1600-0706.2009.17573.x
https://doi.org/10.1111/j.1600-0706.2009.17573.x
https://doi.org/10.1098/rspb.2008.0607
https://doi.org/10.1098/rspb.2008.0607
https://doi.org/10.1093/beheco/aru237
https://doi.org/10.1093/beheco/aru237
https://doi.org/10.1111/j.1474-919X.2007.00697.x
https://doi.org/10.1111/j.1474-919X.2007.00697.x
https://doi.org/10.1093/beheco/arq164
https://doi.org/10.1111/1365-2435.12851
https://doi.org/10.1111/1365-2435.12851
https://doi.org/10.1126/science.1210908
https://doi.org/10.1126/science.1210908
https://doi.org/10.1111/eth.12879
https://doi.org/10.1111/eth.12879

