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pairs and used a live eagle owl Bubo bubo as a decoy nest predator to trigger anti-preda-
tor behaviour. We used capture probability and time-to-capture in mist nets mounted
next to the decoy predator as a proxy for mobbing intensity. Under natural food con-
ditions, we found a nearly constant mobbing intensity throughout the entire nestling
period. However, under food-enhanced conditions, mobbing intensity was reduced in
parents with young nestlings and increased in parents with old nestlings. These results
suggest greater importance of the ‘reproductive value of offspring’ hypothesis in situa-
tions of favourable food availability. Moreover, mobbing intensity depended on brood
size and weather conditions. The results suggest that parental anti-predator investment
is shaped by both offspring vulnerability and offspring reproductive value, with chang-
ing contributions in relation to offspring age. Thus, parental predator responses are
dynamically adjusted to the current environmental conditions affecting vulnerability
and reproductive values of offspring as well as parental predation risks.
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Introduction

In many animals, parental care involves not only provision-
ing food and protection from inclement weather, but also
active nest defence against predators (Clutton-Brock 1991).
Parents may prevent nest predation through mobbing, i.e.
behaviours such as approaching and harassing the preda-
tor, or through loud vocalization and physical attacks (Caro
2005). The resulting departure of a predator from the nest
area has a direct benefit (Curio 1978) for offspring survival
and for the continuation of providing care (Andersson et al.
1980, Montgomerie and Weatherhead 1988, Lind and
Cresswell 2005, Ajie et al. 2007), but driving off a predator is
costly in terms of time and energy for the parents (Dugatkin
and Godin 1992), and includes the risk of being injured or
killed by the predator (Sordahl 1990, King 1999, Mo 2017).
Hence, mobbing represents a form of parental investment,
and according to life history theory, the level of this invest-
ment should depend on its cost-benefit-ratio for the parents
(Clutton-Brock 1991). Thus, it is expected that mobbing
behaviour varies in relation to a number of internal and
external factors associated with the benefits of parental efforts
(Caro 2005, Mahr et al. 2015).

Parental investment theory proposes two non-mutually
exclusive hypotheses to explain intraspecific variation in
mobbing intensity and risk-taking during reproduction
(Dale et al. 1996, Swaisgood et al. 2003). According to the
‘reproductive value of offspring’ hypothesis, there should be
a positive relationship between anti-predator investment and
the value of the brood (i.e. large brood size, old offspring,
good body condition) due to the increase in expected ben-
efits associated with brood survival (Greig-Smith 1980,
Montgomerie and Weatherhead 1988, Tryjanowski and
Golawski 2004). On the other hand, the ‘harm-to-offspring’
hypothesis (also called ‘offspring vulnerability’ hypothesis)
assumes that parents should increase their anti-predator
investment based on the harm the nestlings would suffer
from a period of no parental care (i.e. in vulnerable situa-
tions where continued care is required). According to this
hypothesis, the benefits of the parental investment in terms
of risk-taking are generally expected to be highest for broods
in poor condition or broods that are unable to manage on
their own (i.e. in young offspring; Dale et al. 1996, Listoen
2000). While both hypotheses are supposed to apply in most
systems, their relative importance can vary. Previous stud-
ies investigated these hypotheses by quantifying mobbing
intensity or risk-taking in relation to offspring age where the
hypotheses make contrasting predictions; however, results are
equivocal, providing support for either, or both hypotheses
(Tryjanowski and Golawski 2004, Fernandez and Llambias
2013, Crisologo et al. 2017).

The reason for this might be twofold. First, if the two
hypotheses are both contributing to the behavioural varia-
tion, the outcome of the relationship between anti-predator
behaviour and offspring age depends on the shapes and slopes
of the two separate functions, which are expected to be spe-
cies-specific. Second, the relationships might change with

Page 2 of 11

breeding conditions such as differential food availability or
spells of bad weather (for theoretical details, see Dale et al.
1996). Thus, parental investment can be driven simultane-
ously by reproductive value and offspring vulnerability, but
breeding conditions might shift the balance in favour of
one or the other hypothesis. While adjustments of mobbing
behaviour and risk-taking to different predators or differ-
ent levels of predation risk were supported in many stud-
ies (Patterson et al. 1980, Curio 1983, Dassow et al. 2012,
Mabhretal. 2015, Carlson et al. 2017), only few empirical tests
exist examining the effect of breeding conditions on the rela-
tive importance of the two hypotheses (but see Hakkarainen
and Korpimiki 1994, Listoen 2000), and the predictions of
the effect of breeding conditions on anti-predator behaviour
in relation to offspring age remain untested.

In many birds, including raptors, high food availability
is associated with a high offspring survival rate and reduced
harm during periods of parental absence (Martin 1987, Fuller
2012, Wellicome et al. 2013, Perrig et al. 2014, Griiebler et al.
2018, Nigeli et al. 2022). Under such conditions, the impor-
tance of the brood’s reproductive value for parental invest-
ment is high, and parents should invest more into protecting
old than young broods (Dale et al. 1996). In contrast, under
poor food conditions, the dominant factor may shift towards
the harm offspring would suffer if they received no care. Thus,
under poor food conditions, parents should invest more into
young broods than they would under favourable food con-
ditions, and more into young than old broods (Dale et al.
1996, Listoen 2000). However, studying the effect of food
conditions on parental investment in the wild remains diffi-
cult because natural food conditions are intercorrelated with
various factors potentially affecting parental behaviour. Thus,
manipulating food availability through supplementary feed-
ing experiments could be a suitable approach to test these
predictions of food condition-dependent mobbing behaviour
in birds (Fig. 1).

Techniques to catch adult raptors often take advantage
of their anti-predator behaviours. A stuffed or live preda-
tor as decoy is presented near the nest to trigger anti-pred-
ator reactions and capture the parents (Bloom et al. 1992,
Bloom et al. 2007, Zuberogoitia et al. 2008). During capture
events, predator placement therefore can also be used for the
investigation of mobbing behaviour (Tolonen and Korpimaki
1995, Arroyo et al. 2001, Sternalski and Bretagnolle 2010,
Carlson et al. 2017). Capturing success and time-to-capture
should be associated with the intensity of the mobbing behav-
iour. However, in this context, the time until detection of the
decoy predator represents a source of bias in the temporal
patterns of the capturing history. This is particularly an issue
because food availability and supplementary feeding affect
foraging and movement behaviour (Catry et al. 2013, Pfeiffer
and Meyburg 2015, Staggenborg et al. 2017, Griiebler et al.
2018), potentially affecting predator detection.

Here, we aim at testing the food condition-dependent
change in the relevance of the ‘reproductive value of offspring’
and the ‘harm-to-offspring’ hypotheses in a large raptor spe-
cies, the red kite Milvus milvus. We quantified the intensity

85U8017 SUOWIWIOD SIS0 8|qedt|dde auyy Aq pauseno aJe ssppie YO ‘88N JO S3InJ 1oy Arlq1T 8UIIUO AB|IAN UO (SUORIPUOD-PUR-SWLBH WD A8 |IMAIq 1 U1 UO//:SdNY) SUONIPUOD Pue SWIB | 83U} 89S *[5202/0T/62] Uo Ariqi]auliuo AB|IM ‘SHempBo A 8Yss1eziBMUIS AQ S2FE0" A2 [/200T 0T/I0p/W0D A8 | Im AeIq Ul UOS eUINO osu//:Sdny Wo.y papeoiumoqd ‘ ‘G20z X870009T



(a) Reproductive risks and benefits
(0]
=) > Reproductive
§ t— ~ - value (fed)
<l>) ﬁ Reproductive
= value (unfed)
[S]
S % Vulnerability
'8 3 (unfed)
=
o — /ulnerability
nﬂ:) 8 et (fe
Nestling age
Reproductive value hypothesis C) Harm to offspring hypothesis Both hypotheses
b d
c c c
k) Fed nests 2 2 -
i — — Unfed nests 3 ~. 3 ¢ T T
o o ~ o -1
© ® ‘L ~— ® =
2 -~ 2 ~< 2
K<l e a ~ a
Q2 - Q ~ Q
<] - <] ~ <]
s | - = = ‘
Nestling age Nestling age Nestling age

Figure 1. Effect of food supplementation on vulnerability and reproductive value of offspring in the course of the nestling period, and
predictions of the outcome of the supplementation experiment on the intensity of anti-predator behaviour under different hypotheses. (a)
With increasing age, the reproductive value of nestlings increases while the vulnerability of nestlings decreases. Experimental food supple-
mentation is expected to result in a steeper increase in reproductive value (higher reproductive value of nestlings at the end of the nestling
period) an in a flatter decline in vulnerability (lower vulnerability of nestlings at the beginning of the nestling period). Assuming that the
mobbing reaction is associated either to the reproductive value of the nestlings, to the vulnerability of nestlings or to both, predictions of
mobbing patterns in the course of the nestling period differ. (b) According to the ‘reproductive value” hypothesis we predict an increase in
parental mobbing intensity in the course of the nestling period, being more pronounced in food supplemented broods. (c) According to the
‘harm-to-offspring’ hypothesis, we predict a decreasing parental mobbing intensity in the course of the nestling period, starting at lower
intensities in food supplemented broods. (d) In case of considerable contribution of both hypotheses, the mobbing intensity might not
show a clear trend in the course of the nestling period, but experimental food supplementation is expected to decrease mobbing intensity
at the beginning of the nestling period and increase mobbing intensity at the end of the nestling period.

of mobbing behaviour during capture events in relation to  irrespective of the baseline (Fig. 1d). This study contributes
offspring age for pairs provided with and without supplemen-  to a more holistic understanding of parental anti-predator
tary food, while accounting for confounding factors such as  investment under different environmental conditions.

brood size, natural food availability, weather conditions, and

site characteristics. We used capture probability and time-to-

capture when responding to a live eagle owl Bubo bubo as a2 Material and methods

measure of mobbing intensity while considering the time-

to-detection of the predator to avoid biased time-to-capture. ~ Study area and study species

Experimentally increasing the reproductive value of the brood  The study was conducted within the red kite breeding period
and simultaneously reducing the vulnerability of the brood ~ (March—July), during the years 2016-2018 in the cantons
by food supplementation allowed for 1) investigating anti-  of Fribourg and Bern, Switzerland (46°5'N, 7'15°E). The
predator behaviour throughout the nestling period under  study area has an extent of approximately 17.5 X 22.5 km
different food conditions, and 2) differentiating whether  (ca 394 km?), covers elevations from 530-1500 m a.s.l.,
the two hypotheses mainly act separately or in conjunc-  and is characterized by agriculture (56.25%) and managed
tion (Fig. 1). Under the sole contribution of the reproduc-  forests (26.95%) interspersed with settlements. Agriculture
tive value hypothesis, we expect that food supplementation  is dominated by dairy farming and meat production, result-
results in an additional increase in mobbing intensity towards  ing in large areas dominated by grassland (Welti et al. 2020,
the end of the nestling period, i.e. in a steeper positive slope  Nigeli et al. 2022, Scherler et al. 2023b). The red kite is a
of the increasing mobbing intensity curve (Fig. 1b). Under  facultatively scavenging European raptor species showing
the sole contribution of the ‘harm-to-offspring’ hypothesis,  only small sexual dimorphism. It profits from anthropogenic
we expect that food supplementation results in a reduced  feeding (Orros and Fellowes 2015, Cereghetti et al. 2019)
mobbing intensity at the beginning of the nestling period, and builds nests in forest patches, tree rows, or single trees
i.e. in a reduced negative slope of the decreasing mobbing  (Acbischer and Scherler 2021). The well-known study popu-
intensity curve (Fig. 1c). Under a joint contribution of the lation shows a very high density of ca 30 pairs per 100 km?
hypotheses, we expect that food supplementation results in (Aebischer and Scherler 2021), but nesting territories are
both a reduced mobbing intensity at the beginning and an  defended against conspecifics. Egg laying occurs mostly at the
increased mobbing intensity at the end of the nestling period,  beginning of April, and clutch size is 2.57 + 0.62 eggs (range
i.e. in a rotation of the relationship towards increased slopes  1-4; Scherler et al. 2023a). Brood survival and survival of
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nestlings depend on weather conditions and food availabil-
ity (Négeli et al. 2022). After hatching, parental attendance
at the nest declines continuously throughout the nestling
period, and carrion crows Corvus corone, northern goshawk
Accipiter gentilis, and eagle owls Bubo bubo represent the most
common avian nest predators, while eagle owls are the main
predator of adult birds (Scherler et al. 2023a). Both individu-
als of a pair contribute to nest defence.

Supplementary feeding experiment

Supplementary feeding started before or during incubation
and ended around fledging at a brood age of ca 52 days. We
mounted feeding platforms in the territory of selected red
kite breeding pairs in open fields near the nest (distance to
the nest: 20-200 m), where they were easily accessible to the
red kites. Platforms consisted of a 0.6 X 0.6 m wooden board
on a 2 m post. Every second day, we placed five dead indi-
viduals of one-day-old chickens per adult and per nestling
on the platforms when nestlings were < 9 days old, and ten
chickens per nestling when they were > 9 days old (for details
on the supplementary feeding experiment, see Nigeli et al.
2022, Scherler et al. 2023b).

Natural food availability

Small rodents are an important food source for red kites,
especially during the breeding season (Davis and Davis 1981,
Andereggen 2020). To quantify natural food availability,
we therefore monitored the rodent activity in a total of 180
monthly transects representing the main agricultural habitat
types in the region, evenly distributed across the study area
(following Apolloni et al. 2018). We derived a monthly rodent
activity index from traces in meadows as a proxy for the red
kites’ natural food availability, as meadows represent the main
vole-foraging habitat of red kites (for details on methods and
results of the rodent activity index, see Nigeli et al. 2022).

Predator exposure trials

Predator exposure trials were carried out from early May to
mid-July of the years 2016-2018, during the rearing season
of the nestlings. To trigger mobbing reactions in the breeding
pairs, a human-habituated eagle owl was used as a decoy pred-
ator. The eagle owl was set on a perch at forest edges in close
vicinity of the focal red kite nests within the defended nesting
territory to ensure that neighbouring pairs do not show mob-
bing reactions. To capture mobbing red kites, a Dho-gaza net
(height: 4 m; length: 6 m; 60 mm mesh) was set up next
to the eagle owl, just out of its reach to avoid entanglement
(Bloom et al. 2007). The Dho-gaza net was mounted perpen-
dicular to the treeline and to the wind direction in order to
guide the course of the swooping. We selected breeding pairs
with nestlings older than six days to avoid disturbance during
the very carly nestling period. Exposure trials were carried out
between 6:00 and 21:00 h. The trial generally ended no later
than 100 minutes after the placement of the decoy predator.
We managed to conduct a maximum of five trials per day at
different nests. Other bird species also reacted to the eagle
owl and had to be removed from the net. Because this could
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have negative effects on the mobbing behaviour of red kites,
predator exposure trials were categorized into trials disturbed
by bycatch and undisturbed trials (resulting in a binary vari-
able denoted as ‘disturbance’). Moreover, mobbing behaviour
might differ with proximity to the forest edge due to lim-
ited manoeuvrability. This was recorded as a binary variable
denoted as ‘proximity to trees’ (decoy predator closer than 5
meters to the forest edge). At the beginning of every exposure
trial, we measured the ambient temperature and, as a binary
variable, the wind conditions (low vs high). No wind or just
a small breeze indicated low wind conditions, while swaying
small trees and leaves indicated high wind conditions (above
Beaufort scale value 4). In stormy conditions (above Beaufort
scale value 6), trials were not possible.

As variation in mobbing intensity is expected to result in
different time-to-capture, we recorded the time-to-capture
if capture occurred. Therefore, we used capture success and
time-to-capture as measures of mobbing intensity. To test the
validity of the relationships between mobbing intensity and
capture outcomes, we recorded the number of swoops after
detection of the decoy until capture in a subset of trials. Since
red kite breeding pairs are not permanently guarding the
nest, but moving around, the time-to-detection of the eagle
owl varied between the trials. Earlier analyses showed that
time-to-detection is driven by food availability, age and size
of the brood, weather variables, and breeding density (Sieder
2018, Sieder et al. unpubl.). After the detection of the decoy
predator, normally, both members of the pair started mob-
bing. To account for differences between pairs in the time-to-
detection of the decoy predator, we split the trials into two
periods: detection time (the time from predator placement
until the first reaction of one of the members of the breed-
ing pair) and mobbing time (the time from detection until
capture or the end of the trial; see Fig. 2). The first warning
call, the start of circling over the decoy, or first indications of
slight swooping behaviour, were reliable signs of detection by
the breeding pair after setting up the decoy predator and thus,
defined as the timepoint of detection. The first reaction of the
red kite parents had to be directly related to the predator. Just
flying by and ignoring the predator was not interpreted as
the first reaction, because it was no immediate response to
the decoy predator, and thus, no evidence of detection. Since
no individual identification of the parents was possible, this
study quantifies the mobbing behaviour of breeding pairs.
After capture, we measured body mass and wing length of
each individual (Witczak et al. 2024) and calculated a body
condition index by dividing body mass by wing length.

Statistical analysis

Data analysis was done in R, ver. 3.4.0 (www.r-project.org).
The validity of the capture outcomes (capture success and
time-to-capture) as a proxy for mobbing intensity is key for
this study. We approached this issue in four steps by using the
limited data set of swooping behaviour of the years 2017 and
2018. First, as swooping did not occur in all predator expo-
sure trials (n =271 out of 371 trials without swooping behav-
iour), but represented a requirement for capture, we used a
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Figure 2. Schematic figure of the sequence of predator exposure-trials. After setup of the decoy predator, the trials were divided into two parts
— the detection period, during which the decoy predator was not detected by the red kite parents, and the mobbing period, where the anti-
predator behaviour was shown. The detection period ended with the first reaction of the breeding pair directly related to the decoy predator
(warning call, start of circling, signs of upcoming swoops). After the start of the mobbing period, the time was measured until capture of a
parent or termination of the predator exposure trial without capture. The trial ended latest 100 minutes after the setup of the decoy predator.

Chi-squared test to investigate the relationship between
occurrence of swoops (yes/no) and capture success (yes/no).
Second, as a refinement, we tested whether the time from the
detection of the predator to the first swoop (or to the end of
the trial if no swoop occurred) was associated with capture
success (GLM, binomial error distribution). Third, we tested
the relationship between the number of swoops per time unit
and the time-to-capture (LM; with log-transformed capture
time) for the subset of captured birds, assuming that higher
swooping intensity results in shorter time-to-capture. Finally,
we analysed whether the number of swoops was related to
capture success while controlling for the effect of exposure
time from detection to capture or the end of the trial.

To analyse the factors affecting mobbing intensity, we used
a mixed effects cox-proportional hazard model with both a
binary capture success variable and a time-to-capture vari-
able as response, and date-ID and nest-ID as random effects
(coxme function, R package ‘coxme’; Therneau 2018). Brood
size and age (of the oldest nestling) on the day of the expo-
sure trial, rodent activity index, and food supplementation
were included as focus predictors in the model. Mean daily
precipitation (source: MeteoSchweiz), ambient temperature,
wind, distance between decoy predator and red kite nest, year
(categorical), proximity to trees, disturbance, and whether
repeated trials on the same nest within the same season had
been performed (denoted as ‘repetition’) entered as fixed con-
trol variables. All numeric explanatory variables were centred
and scaled before including them in the analyses. The ini-
tial model included all two-way interactions between focus
variables. Age of nestlings was added as a quadratic term,
whereby orthogonal polynomials were used to avoid collin-
earity. Interactions and quadratic terms with 95% confidence
intervals (CI) overlapping zero were excluded by backward
elimination, while all main effects remained in the model.
To investigate the effect of body condition on mobbing
intensity, we modelled time-to-capture of captured birds in
relation to body condition using a linear model (LM; with
log-transformed capture time).

Results

Within the three breeding seasons, a total of 371 predator
exposure trials were carried out at 248 red kite broods, over

105 catching days (Table 1). The minimum age of the brood
during predator exposure trials was 6 days and the maxi-
mum age 74 days (mean + SD=34.7 + 16.5 days, n=371).
The broods contained between 1 and 3 nestlings (mean =+
SD=1.8 + 0.7 nestlings, n=371) with 1.5 & 0.6 nestlings
in 2016 (n=51), 1.9 #+ 0.7 nestlings in 2017 (n=149), and
1.8 + 0.7 nestlings in 2018 (n=171). Mean ambient tem-
perature during the attempts was 20.6 + 4.3°C (min=7°C,
max=32.5°C, n=371), and the distance between the eagle
owl and red kite nests was 47.3 + 29 m (n=2371). The mean
rodent activity index varied between the years from 1.83 +
0.69 in 2016 (n=51), t0 3.92 + 1.8 in 2017 (n=149) and
2.67 = 0.5 in 2018 (n=171). The monthly rodent activity
index ranged from 1.42 to 6.50 (mean + SD=3.05 + 1.43,
n=2371). Red kite breeding pairs detected the decoy preda-
tor after 9.8 + 14.5 SD minutes from the start of the trial
(n=340 trials). In the remaining 31 trials the predator was
not detected at all. The mean body condition index of cap-
tured birds was 1.90 + 0.14 SD and did not differ between
fed and unfed parents (fed: 1.87 & 0.07 SD, n=10 individu-
als; unfed: 1.91 + 0.15 SD, n=56 individuals).

Correlation between mobbing behaviour and

capture outcome

Capture success was clearly associated with the occurrence
of swoops (¥*=233.38, df=1, p < 0.001, n=371) indicat-
ing that swooping behaviour was important for capturing.
Capture success was also highly associated with the time
from detection to the first swoop (GLM; estimate: —0.11,
95% credible intervals (CrI): —0.15 to —0.08; Mac Fadden’s
R?=0.36, Crl: 0.34 to 0.37; n=293 trials with detection),
suggesting that a quick swooping response increased capture

Table 1. Number of predator exposure trials (n attempts) and num-
ber of captured adult red kites per breeding season in unfed and fed
breeding pairs.

Year n attempts n captured red kites
Unfed pairs 2016 42 16

2017 101 18

2018 162 27
Fed pairs 2016 9 5

2017 48 4

2018 9 1
Total 371 71
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Table 2. Results of the mixed cox-proportional hazard model inves-
tigating factors affecting capture probability (and time-to-capture;
n=371 trials at 248 nests). Effects with 95% Cl not overlapping zero
are printed in bold. Random effects: nest identity: SD=0.574, date:
SD=0.020.

95% ClI

Variable Estimate Lower Upper
Year 2017 -0.16 -1.08 0.77
Year 2018 -0.26 -1.31 0.79
Rodent activity 0.07 -0.30 0.43
Food supplementation -0.14 -0.92 0.66
Nestling age —-0.01 -0.33 0.31

n nestlings 0.28 0.01 0.56
Distance to nest -0.15 -0.43 0.13
Wind -0.75 —-1.46 —-0.04
Precipitation 0.02 -0.28 0.33
Temperature -0.34 —-0.61 -0.07
Repetition —-1.88 —2.88 -0.87
Proximity to trees -0.94 -1.60 -0.28
Disturbance -0.93 -1.77 —-0.09
Food suppl. x nestl. age 0.78 0.03 1.54

probability. The time-to-capture (only in trials with cap-
tures) was associated with the number of swoops per time
unit (i.e. with the swooping rate; LM; estimate: —0.95, 95%
Crl: —1.24 to —0.67; adjusted R>=0.47, 95% Crl: 0.30 to
0.59; n=>50 trials with capture), showing that high swooping
intensity reduced the time-to-capture. Finally, when control-
ling for exposure time, capture success was associated with
the number of swoops (GLM; estimate: 0.33, 95% Crl: 0.23
to 0.44; Mac Faddens R?=0.45, 95% Credible Interval:
0.43 to 0.46; n=293 trials with detection), showing that
swooping intensity also influenced capture success.

Drivers of mobbing behaviour

The overall capture probability of birds that detected the
decoy predator was 0.21 (SE=0.022, n=340 trials) and
the time-to-capture of captured birds was 19.5 + 20.2 SD
minutes (n=71 trials). The interaction between supplemen-
tary feeding and age of nestlings strongly affected capture
probability and time-to-capture, our measure of mobbing
intensity (cox-proportional hazard model; Table 2, Fig. 3).
Non-supplemented parents showed a constant capture prob-
ability (and time-to-capture) throughout the nestling period,
supporting neither a separate ‘reproductive value’ hypothesis
nor a separate ‘harm-to-offspring’ hypothesis. Food supple-
mentation resulted in a clearly reduced capture probabil-
ity (and prolonged time-to-capture) in parents with young
nestlings and in a slightly increased capture probability (and
shortened time-to-capture) in parents with old nestlings.
Together, this resulted in a considerably higher capture
probability (and shorter time-to-capture) in old than young
nestlings (Fig. 3). Capture probability was higher and time-
to-capture shorter in parents with large than small broods
(Table 2, Fig. 4). Control variables also affected the capture
probability. Disturbance by bycatch, repeated capturing
attempts at the same brood, and a decoy predator positioned
close to the forest edge decreased capture probability (and
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Figure 3. Capture probability in relation to the nestling age in days
for unsupplemented red kite parents (unfed, purple dashed line)
and food supplemented parents (fed, orange line). Lines represent
means and shadings represent 95% confidence intervals of model
predictions. The results are shown for first trials (no repetition)
without disturbance, no wind, and no proximity to trees. All
numerical variables were set to their mean values.

increased time-to-capture; Table 2). Also, weather variables
affected the outcome of the capture trial. Windy conditions
and high temperatures decreased capture probability and
increased time-to-capture (Table 2). In addition, we found
no evidence for body condition affecting time-to-capture
(estimate body condition=10.35, 95% Cl=—1.75 to 2.47).

Discussion

This experimental study investigates the effect of food
availability on the relative contribution of two hypotheses
explaining variation in the intensity of parental anti-predator
behaviour during the nestling period, the ‘reproductive value
of offspring’ hypothesis, and the ‘harm-to-offspring’ hypoth-
esis. We found that in red kites, the intensity of parental
anti-predator behaviour did not change with increasing age
of nestlings in the untreated control group, supporting none
of the separate hypotheses. Under experimentally enhanced
food conditions, the intensity of anti-predator behaviour
decreased in parents with young nestlings and increased in
parents with old nestlings compared to the unsupplemented
group. This resulted in an overall increase in anti-predator
behaviour throughout the nestling period. This pattern of
experimental results indicates that under unsupplemented
conditions, the contribution of the ‘harm-to-offspring’
hypothesis at the beginning of the nestling period is coun-
terbalanced by the contribution of the ‘reproductive value
of offspring’ hypothesis at the end of the nestling period.
Supplemental food reduced the vulnerability of nestlings and
lowered the contribution of the ‘harm-to-offspring’ hypoth-
esis at the beginning of the nestling period while it increased
the reproductive value of nestlings and the contribution of
the ‘reproductive value of offspring’ hypothesis at the end of
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Figure 4. Capture probability in relation to the time since detection
of the decoy predator for red kite breeding pairs with different
brood sizes. Lines represent means and shadings represent 95% con-
fidence intervals of model predictions. As we did not find differ-
ences between years, the figure is based on a model without year
effect. The results are shown for first trials (no repetition) without
disturbance, no wind, and no proximity to trees. All numerical vari-
ables were set to their mean values.

the nestling period. Thus, the results support the previous
theoretical prediction of Dale et al. (1996) that the ‘reproduc-
tive value of offspring’ hypothesis will have greater relevance
under favourable breeding conditions, while the ‘harm-to-
offspring’ hypothesis will become more relevant under poor
breeding conditions. The study therefore provides strong evi-
dence that food availability shapes not only the feeding rates
and parental provisioning efforts but is also an important part
of the dynamic adjustment of parental anti-predator invest-
ment during breeding.

Under a wide range of food conditions, food supple-
mentation to parents might mainly affect parental condi-
tion rather than vulnerability and reproductive value of the
brood (Boutin 1990, Ruffino 2014, Michel et al. 2022). An
increased body condition of parents can also affect risk-tak-
ing behaviour. However, we did not find any indication for
higher body condition of fed than unfed parents or for the
expectation of increased parental condition resulting in an
increased anti-predator behaviour (McNamara and Houston
1996). Instead, in recent studies we showed that enhanced
food conditions due to our experimental food supplementa-
tion increased nest and nestling survival, as well as body con-
dition of nestlings compared to control broods (Catitti et al.
2022, Nigeli et al. 2022). This confirms that food supple-
mentation reduces the harm that offspring suffer due to a
period of parental absence by increasing their baseline body
condition — and probably also increases the reproductive
value of the brood due to improved access to food resources
(Catitti et al. 2024) and thus, increased post-fledging survival
probability of nestlings (Naef-Daenzer and Griiebler 2016).

To date, the two hypotheses were mainly tested using pas-
serine birds as study systems and risk-taking in terms of time-
to-enter the nest as response variable. However, our findings
indicate that also large and long-lived species at high trophic
positions dynamically adjust their own risks to both, the
vulnerability and the reproductive value of their offspring to
optimize their investment. Field observations during preda-
tor exposure trials support that, even in situations of low
mobbing intensity, red kite parents invest time in supervis-
ing their brood and the predator; time that could otherwise
be spent into food provisioning or self-maintenance (Martin
and Briskie 2009, Ghalambor et al. 2013, Mutzel et al. 2013,
Ibafiez-Alamo et al. 2015). In this respect, parents of nest-
lings that are susceptible to predation are faced with a trade-
off between time invested in nest guarding and time invested
in foraging (Komdeur 1999, Rothenbach and Kelly 2012).
The outcome of this trade-off likely represents the underly-
ing mechanism of adjustments in mobbing intensity. During
food shortages, when particularly young nestlings have more
urgent food requirements and are more susceptible to harm
from starvation or developmental stress (Catitti et al. 2023),
chasing away predators should expedite the return to forag-
ing or brooding. On the other hand, during favourable food
conditions, breeding pairs can spend more time passively
guarding the nest and, thus, can save energy and avoid risk-
ing themselves during active mobbing behaviour. This might
be true for bird species where nest guarding and attendance
can be efficient anti-predator strategies (Dewey and Kennedy
2001, Samelius and Alisauskas 2001, Catry et al. 2006,
Rothenbach and Kelly 2012, Hu et al. 2017). We suggest
that low-risk nest guarding and high-risk mobbing repre-
sent two different nest defence strategies that both reduce
nest predation (Montgomerie and Weatherhead 1988, Caro
2005), but their cost-benefit ratio changes with food avail-
ability and other intrinsic and extrinsic factors (e.g. sex; see
Wiebe and Tkaczyk 2024). Thus, parents of large species per-
form an adaptive predator response during breeding using a
set of behavioural possibilities.

Not only nestling age and experimental treatment, but also
brood size showed a clear effect on the intensity of mobbing
behaviour. While the *harm-to-offspring’ hypothesis does not
give a clear prediction regarding brood size, the ‘reproduc-
tive value of offspring’ hypothesis does (Montgomerie and
Weatherhead 1988) and is supported by increased mob-
bing intensity in parents with large versus small broods. We
recently showed that large brood sizes were associated with
reduced body mass and increased corticosterone levels in red
kite nestlings (Catitti et al. 2022, Nigeli et al. 2022), illustrat-
ing the general life-history trade-off between offspring num-
ber and offspring quality (Stearns 1992). Since it is the body
condition of the nestlings that is expected to affect parental
mobbing behaviour under the ‘harm-to-offspring’” hypothesis
(Dale et al. 1996), these results suggest both, increased harm
to offspring, as well as increased reproductive value in large
broods. Thus, increased anti-predator investment into large
broods suggests that the reproductive value of an additional
nestling is larger than the increased costs of reduced body
condition arising in a period of absence of parental care. This
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might be a general pattern as increased parental care invest-
ment into large broods, including anti-predator investment,
has been shown in many studies (Lazarus and Inglis 1986,
Clutton-Brock 1991, Royle et al. 2012).

Finally, while we added weather variables mainly to
account for potential biases, our study is one of the very
few showing that weather conditions affect mobbing inten-
sity (but see Fisher et al. 2004). Mobbing intensity strongly
decreased with high ambient temperatures and windy condi-
tions. When ambient temperatures are outside their thermal
neutral zone, birds face additional energy costs during activi-
ties, which could affect their decisions regarding nest defence
(Fisher et al. 2004). Also, windy conditions can affect control
of swoops and, thus, increase injury and predation risk of
parent birds. This is also supported by the fact that mobbing
intensity was decreased when the predator was placed closer
to trees, impeding manoeuvrability. Both underlying mecha-
nisms, energetic trade-offs and increased threat of injury,
might be particularly relevant in large bird species exhibiting
predominantly soaring flight, such as red kites, where flap-
ping flight is energetically costly, and manoeuvrability lim-
ited (Sapir et al. 2010, Shepard et al. 2013, Shepard et al.
2016, Shepard et al. 2019).

In conclusion, our findings suggest that vulnerability and
reproductive value of offspring both contribute to shape the
parental anti-predator and risk-taking behaviour. The inten-
sity of parental predator response can increase or decrease
with offspring age depending on environmental conditions.
Thus, future studies should refrain from discriminating the
two hypotheses and develop study designs with a view of the
multi-faceted dynamic nature of parental predator responses.
Parental anti-predator investment seems to be adjusted to a
multitude of factors associated with the brood, the parents,
the environment, and the approaching predator. This study
provides evidence that food availability affects anti-predator
behaviour by altering the body condition of nestlings. The vul-
nerability of the offspring is suggested to be important for the
choice of the nest defence strategy at the beginning of repro-
ductive attempts. It represents a driver of mobbing intensity
and is important for the outcome of trade-offs between differ-
ent forms of parental care. Thus, low food availabilicy might
have mobbing-mediated consequences for reproduction and
reproductive costs beyond the consequences mediated through
changes in foraging behaviour, even if predation rate remains
unchanged. In addition to potential survival costs for the par-
ents, the additional parental effort due to frequent mobbing
may even be a reason for brood desertion under poor environ-
mental conditions (Nigeli et al. 2022). Ultimately, large-scale
environmental factors affecting investment into nest defence
may have significant demographic consequences.
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