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Abstract
Environmental factors are often stated as the main regulators of variation in reproductive
traits of raptors. But whether food availability or weather are more important is not known
for most species. Furthermore, when looking at nestling specific traits, such as body condition
and survival, hatching order should be considered. To date, interacting effects of food
availability, weather and hatching order on reproductive traits of raptors are poorly
understood. By conducting a feeding experiment we were able to uncover how food
availability and weather variables influence the nest survival, nestling survival, brood size at
fledging and nestling body condition of red kite (Milvus milvus). Brood loss occurred mainly
in the incubation period due to rain and adverse food conditions. While food and weather
affected survival of last hatched nestlings, the number of fledglings rather depended on
natural food conditions probably affecting clutch size. Growth and body condition at fledging
depended on food conditions and was reduced by rain and high temperatures. No support for
interactions between the two environmental factors was found, meaning that weather
influences reproductive traits independent of food availability and vice versa. Environmental
factors clearly influenced the quantity and quality of nestlings and therefore affect the
productivity of the red kite population. Ecologically improved agricultural land use, leading
to higher food availability, might increase the food limited growth of the population. But as
food availability cannot counter act adverse weather events, it is not fully clear how the red
kite population will react to changing weather conditions caused by climate change.
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Introduction
The quantity and quality of offspring is not only influenced by the body condition and the
phenotypic quality of the parents but also by environmental conditions. Long-term and shortterm changes of those environmental conditions fundamentally shape reproductive success
or failure. Reproductive traits of altricial birds with only one breeding attempt per year are
especially vulnerable to environmental conditions, such as food availability (Martin 1987)
and weather (Dawson & Bortolotti 2000). Environmental conditions experienced during
early live stages can further affect an individual’s reproductive success and survival later in
life and therefore influence population dynamics (Monaghan 2008; Millon et al. 2011;
Herfindal et al. 2015). However, the driving environmental factors that affect reproductive
traits are poorly understood for most species.
Food availability is an environmental factor that changes temporally (Apolloni et al. 2018)
and influences the success in rearing nestlings in birds of prey (Newton 1979; Sundell et al.
2004; Wiens, Noon & Reynolds 2006). Especially in altricial birds with only one breeding
attempt per year, food supply plays a major role (Martin 1987). Bad female body condition
due to food shortage can lead to brood loss and nest desertion (Newton, Marquiss & Village
1983). Beside the effects on the pre-hatching phase (Lack 1947; Martin 1987; Castro et al.
2003), prey abundance influences reproductive traits such as number and body condition of
fledging juveniles (Granbom & Smith 2006; Perrig et al. 2014). Brood size often varies
yearly due to the cyclic nature of rodent abundance (Millon, Arroyo & Bretagnolle 2008;
Lehikoinen et al. 2011). Furthermore, in good habitats with high prey abundance, breeding
pairs are able to rear more fledglings (Hakkarainen, Koivunen & Korpimäki 1997). Nestling
body condition, like body mass (Mccarty & Winkler 1999; Santangeli et al. 2012) and feather
growth (Granbom & Smith 2006), is directly influenced by the amount of prey brought to the
nest. As body mass can alter the post fledging survival (Wiens et al. 2006; Perrig et al. 2017),
it is crucial to understand how prey abundance, not only influences the nestling survival, but
also body mass.
When looking at nestling specific traits such as survival and body condition, hatching order
should always be included into the analysis. Early hatched chicks may harm their siblings
directly (aggression) or indirectly (enforced starvation) in facultative siblicidal species
(Morandini & Ferrer 2015). Due to increased sibling competition for food during periods of
low prey abundance, dominant nestlings might monopolize food resources or increase
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aggression, for example pecking, toward its younger siblings leading to severe injuries, bad
body condition, death and even cannibalism (Viñuela 1999).
The negative effects of deficient food availability is often intensified under adverse weather
conditions and interacting effects between the two environmental factors on reproductive
traits can be found (Steenhof, Kochert & Mcdonald 1997). High precipitation can lead to nest
failure during incubation (Charter et al. 2007) and also after hatching low temperatures
(Fairhurst & Bechard 2005) and heavy rain (McDonald, Olsen & Cockburn 2004; Anctil,
Franke & Bêty 2014) can affect brood size, nestling survival and body condition. Firstly
mortality probability can be increased and body condition decreased (Dawson & Bortolotti
2000) due to a reduced foraging effort of the parents (Sergio 2003). And secondly, nestlings
might suffer higher energy expenditure for thermoregulation during periods of inclement
weather, which in turn impairs their body condition further. Whereas the negative effects of
adverse weather on body condition of the last hatched nestling might be higher compared to
its older siblings (Hiraldo, Veiga & Máñez 1990). The inclusion of weather variables is
therefore crucial, when investigating the underlying causes for variation in reproductive
traits.
A well-established way to test how food availability affects reproductive traits are
supplementary feeding experiments. By manipulating natural food availability, questions
about the influence of environmental variation on reproductive traits can be addressed.
Furthermore, it might uncover interacting effects of food availability and weather. Fisher and
colleagues (2015) showed that food supplementation reduces nestling mortality of burrowing
owls (Athene cunicularia) during periods of heavy rain. In addition, effects of food
supplementation on reproductive traits can often only be found when natural food availability
is low (Byholm & Kekkonen 2008). Therefore, a positive effect of a feeding experiment can
indicate whether a population suffers food limitation or not. The improved food provisioning
of nestlings in turn, can lower the competition for food between siblings and increase the
energy flow towards the last hatched nestling and enhance its body condition and survival
(Perrig et al. 2014). The inclusion of weather, food availability and hatching order into the
analysis is therefore crucial to understand the underlying causes for variation in reproductive
traits. Nevertheless, most studies have neglected to include at least one of them (Dewey &
Kennedy 2001; Dawson & Bortolotti 2002; González et al. 2006; Perrig et al. 2014; Fisher
et al. 2015) which leads to a research gap in the understanding of the interacting effects of
the three variables.
3

The Swiss Ornithological Institute has been studying the red kite (Milvus milvus) population
in the Swiss Plateau since 2015. The intensive monitoring from 2015 to 2018 lead to a unique
data set with a high sample size. With this study we investigated how weather and food
availability affect reproductive traits of red kites and whether the effects vary for nestlings of
different hatching orders. Environmental factors can act at different levels of a reproductive
attempt. First, the reproductive attempt can fail totally. Second, part of the brood survives.
And third, the surviving nestlings can show differential body condition suggesting variation
in post-fledging survival. Therefore, the effects of environmental conditions on nest survival,
nestling survival, brood size and body condition were investigated. Overall, we expect to find
lower survival rates, smaller brood sizes and poorer body condition under adverse weather
conditions and when natural food availability is low, whereas the feeding treatment should
lower the negative effects of suboptimal environmental conditions. Furthermore, we also
predict that the effects are conditional to hatching order, meaning that last hatched nestlings
will suffer the most and have reduced survival and body condition compared to their siblings.

Methods
Study Region and Study Species
The study region is located in the cantons of Freiburg and Bern in Switzerland and has a size
of approximately 387.5 km2. Red kites build their nests on trees on a height of 15 – 30 m
(Aebischer 2009). We know of 492 nests within the study region (Figure 1) of which around
130 are used each year by red kites for reproduction (Table 1). The red kite breeding season
starts in March and ends the latest in August. The females normally lay between one to three
eggs. Incubation lasts 30 – 35 days, and fledging happens approximately 49 – 56 days after
hatching (Aebischer 2009).
Table 1: Overview of number of nests each year.
Nests

2015

2016

2017

2018

Monitored

63

161

210

180

Breeding

45

101

140

137

Nestling
38
83
111
120
Note: Monitored nest denote nest for which kites showed territorial behaviour (like nest building, perching
near nest, interaction with con-/hetero species ect.). Breeding were nest with an incubation pair and Nestlings
for how many we found evidence of hatched chicks.

Red kites are mainly opportunistic scavengers and take advantage of any food source that is
available. Next to living prey like small mammals, birds, insects and fish, they feed on carrion
and leftovers of slaughter houses (Zawadzka 1999; Mougeot, Garcia & Viñuela 2011). The
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diet composition is different form area to area. Generally, red kites feed on the most frequent
food in the territory (Aebischer 2009).
Nestlings
We observed forest patches during the pre-laying period in the end of February and March
with binoculars and scopes. When an active nest was found, it was visited regularly to assess
the start of incubation. After the incubation was started the nests were visited less often, until
shortly before the assumed hatching date, when the frequency of visits was increased again.
After hatching, we estimated the age of the nestlings using binocular and scope. When
nestlings were around 15 to 22 days old, we climbed up to the nest, measured and ringed the
nestlings. Earlier measurements are risky as red kite pairs are very sensitive to disturbance
during the early nestling phase and might stay away from the nest for a longer time than
usual. This can have a severe influence on the nestlings as they cannot regulate their
thermoregulation up to the second week after hatching (Aebischer 2009). After the first nest
check (denotes visit where nestlings were measured) the nests were checked in irregular
intervals. Depending on study design and the selection for investigation of different questions
within the red kite project, some of the nests were only checked once and some up to five
times. At several nests’ cameras were installed before incubation or while breeding to
monitor the breeding period. When the nestlings were 35 to 45 days old the last nest check
was done. Later nest checks were not possible as the chances of forced fledging due to
disturbance increases towards a nestling age of 50 days. At every nest check, weight, tarsus
length and width, primary feather length and wing length of the nestlings were measured. For
sexing, a small amount of blood was taken. However, 82 of the blood samples were lost due
heat degradation. Using a linear discriminant analysis, we were able to sex 49 of the nestlings
with missing molecular sex by tarsus width (see Appendix A).
Table 2: Number of nestlings with exact hatching date summarised by hatching rank.
Hatching Rank 1

Hatching Rank 2

Hatching Rank 3

Control nestlings

17

13

7

Treated nestlings

6

4

2

We were able to record the hatching date in one nest in 2015, none in 2016, three nests in
2017, and in 20 nests in 2018 with camera traps or webcams, which led to a total of 12 treated
and 37 control nestlings with known hatching date (see Table 2). Several studies recommend
the primary feather length as a useful measure to estimate nestling’s age (Traue & Wuttky
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1966; Mougeot et al. 2011; Pfeiffer & Meyburg 2015). Based on a study region specific
eighth primary feather growth curve, we aged the nestlings with unknown or unprecise
hatching date (see Appendix C). Furthermore, the exact hatching date data set revealed, that
the wing length decreases from the first hatched to the last hatched nestling. Therefore, we
determined the hatching rank for nestlings with unknown hatching date at the first nest check
by comparing the wing length of the nestlings. Hatching rank one was assigned to the nestling
with the longest wing and so forth. Based on hatching rank we then assigned hatching order
(first hatched or last hatched nestling within the nest).

Figure 1: Study region with all 492 known nests marked as blue stars, the four rodent transect areas
in shaded green and the accepted feeding platforms form 2015 – 2018 in light blue points.

Feeding Experiment
The nestlings were fed via food supplementation of the parents. A summary of the number
of treated nests (= nests receiving supplementary food) each year can be found in Table 3.
Treated nests were equally spread across the study region. Non-treated nests were taken as a
control group. For the experiment we put wooden platforms of 0.6 m x 0.6 m x 0.01 m on a
1.5 m wooden post. The platforms were set up about 20 – 200 m away from the targeted nests
on open fields near the forest edge. We installed them as soon as there was evidence of an
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incubating pair on the nest. Dead day-old chicks (Gallus gallus) were displayed on the
platforms every second day.

Figure 2: Red kite swooping down on a feeding platform.

We stopped the feeding experiment when the nestlings were 52 to 53 days old. To assess,
whether the feeding treatment was accepted, we observed the platforms up to an hour after
each feeding event. The feeding treatment was assumed as accepted when the food regularly
disappeared after each feeding event and red kites were observed swooping down and taking
the food. Additionally, we checked in some nests with cameras whether dead day-old chicks
were brought to the nestlings. We removed platforms where no feeding events were observed,
no chicks disappeared, or only other bird species were observed feeding on the laid-out food.
The respective red kite pair was denoted as attempted fed. Red kites either did not accept a
platform, because they found sufficient food in their territory or they were too suspicious and
did not trust it. Therefore, attempted fed nests were still included into the treatment group for
the analyses to counteract the self-selection bias.
Table 3: Overview of the amount of treated nest in each year.
Year

Installed Platforms

Feeding Accepted

Unknown

Measured Nests

2015
10
5
0
5
2016
29
12
0
11
2017
39
37
2
32
2018
12
11
0
8
Note: As some pairs failed during incubation or early chick phase, the number of treated nests with measured
nestlings is also reported (Measured Nests). The difference between Installed Platforms and Feeding Accepted
denotes the number of nests that did not accept the feeding platforms. The two unknown nests failed during
incubation and it is not known if they accepted the feeding treatment or not.

Environmental Factors
For the prey abundance estimation, we monitored the rodent activity in transects at four areas
within the study region based on a method by Apolloni and colleauguas (2018) and calculated
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a monthly rodent activity index. The analysis showed that the rodent activity varies from
month to month and overall increased from 2015 to 2018 (see Appendix B). Weather data
was taken from MeteoSchweiz from the station Posieux Freiburg CH. Mean daily total
precipitation (from 06.00 till 18.00 o’clock, in mm, denoted as: rain), mean wind speed per
day (km/h, denoted as: wind), and mean temperature (°C, denoted as: temperature) per day
were used as weather factors. In 2015 the temperatures were higher than the average of the
last 30 years. April was very sunny but in the beginning of May it was raining heavily for six
days in several regions in Switzerland (MeteoSchweiz 2015). In 2016 we had more
precipitation in April than usual and the mean spring temperature was slightly below the
average of the last 30 years (MeteoSchweiz 2016). In 2017 the weather stations recorded the
third warmest spring since the measurements started and there was less rainfall than usual
(MeteoSchweiz 2017). The year 2018 was very similar to 2017 with extraordinary high
temperatures and less rain (MeteoSchweiz 2018).
Statistical Analysis
The statistical analysis was done in the program R (R Core Team 2018). For the linear mixed
models and the generalized linear mixed model, we used the package lme4 (Bates et al.
2015). We checked for correlations between explanatory variables in each model. When
Pearson correlations coefficients (PCC) of 0.7 or more were found, one of the correlating
variables was excluded (Tabachnick & Fidell 2013). When the PCC was above 0.5, the
influence of the correlation on the estimates of the explanatory variables was checked. When
no considerable change was found, both variables were kept in the model. Due to PCC above
0.7 between year and at least one of the environmental factors in all the analyses, we decided
to split the analyses into a year and an environmental factor model. Therefore, we firstly
investigated whether there are yearly differences (denoted as year model) in nest survival,
nestling survival, brood size at fledging and body mass. Then we replaced year by the
environmental factors; rodent activity index, rain, temperature and wind (denoted as
environmental factors model) to see what caused the year effect. Additional model specific
explanatory variables were included in the different analysis. They are explained in the
specific model sections. The initial model included possible ecological meaningful
interactions between year, phase, treatment, brood size, hatching order/rank and
environmental factors (see Table 4).
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Table 4: Used interactions in the year and environmental factors model for each analysis.
Year
Interaction

Nest
Survival

Year x Phase

X

Treatment x Phase

X

Year x Treatment

X

Nestling
Survival

Environmental Factors
Brood Size
at Fledging

Body Mass

Nest
Survival

Nestling
Survival

Brood Size
at Fledging

Body Mass

Feather
Growth

X

X

X
X

X

X

Year x Brood Size

X

X

Year x Hatching Category

X

X

Treatment x Hatching Category

X

X

Treatment x Brood Size

X

X

Year x Sex

X

Treatment x Sex

X

X

X

Age x Treatment
Year x Primary Feather

X

Sex, Treatment, Hatching
Category x Primary Feather
Phase x Environmental Factors

X
X

Treatment x Environmental
X
X
X
Factors
Weather x Rodent Activity
X
X
X
Index
Hatching Category x
X
Environmental Factors
Note: Hatching Category equals hatching rank for Feather Growth analysis and hatching order for Nestling Survival and Body Mass analysis.

X
X
X
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For model selection all the explanatory variables were left in the model and insignificant
interactions were excluded. Continuous variables were standardized. Ninety-five per cent
Credible Intervals (CrI) were calculated for the estimates with a simulated posterior
distribution of 2000 simulations. The only exception was the MARK nest survival model,
where model selection was based on AICc values, 95% Confidence Intervals were calculated,
and continuous variables were not standardized (see below). A summary of the sample size
for each model is given in Table 5.
Table 5: Summary of sample size of the control and treatment group for each model. Total sample
sizes are in italic and model specific sample sizes in normal letters. The line separates between
analysis of data including incubation and data from nestling phase only.
Control
Model

Treatment

Nestlings

Nests

Measurements

Total Monitored

–

322

–

97

Nest Survival

–

255

–

90

Total Climbed

440

238

829

119

67

321

Nestling Survival

289

144

–

109

57

–

–

236

–

–

66

–

34

17

102

12

5

37

375

214

713

103

60

266

Brood Size at Fledging
Feather Growth
Body Mass

Nestlings

Nests

Measurements

Nest Survival
Daily nest survival rates were estimated in MARK (Cooch & White 2004). We used the
package RMark (Laake 2013) with which MARK can be controlled from R. Slight
modification of the data needed to be done, as MARK requests a nest’s successful completion
date (see Appendix D). Observation as well as the nest check data was used for the analysis.
Most of the nests that failed were not climbed and the incubation start was not known or very
imprecise. Therefore, we did not include nest age into the analysis but separated the breeding
process into two phases and included it as explanatory variable. Phase I represents the period
from the start of incubation until early nestling phase. Average incubation length in the study
region was 32 days. Nestlings up to three days of age, cannot be seen from afar, therefore 35
days after incubation start was chosen as end point for Phase I. Phase II started on day 36
and ended on day 72, shortly before fledging (see Figure 3). Nests with observed incubation
but no evidence of nestlings were then assigned to Phase I even though the exact incubation
start was not known. For nests, where both incubation and nestlings were observed, separate
entries for Phase I and Phase II were made. Nests that were found during the nestling stage
were assigned to Phase II. MARK cannot handle random effects. Therefore, Nest ID (nest
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identity) could not be included in the model to correct for the variation due to repeated
measures of the same nest in different years and different phases. Nest fate was used as
response variable and beside phase, year or the environmental factors (average between the
first and the last observation of the nest subject to the two phases) were included into the
analysis as explanatory variables. For model selection we used AICc (Burnham & Anderson
2004) whereas models with ΔAICc < 2 were assumed to be similar. Phase specific nest
success estimates were calculated by putting daily survival rates (DSR) to the power of 35 or
37, respectively. Multiplication of the calculated nest survival estimates of the two phases
resulted in an estimate for the whole breeding season. The respective variances were
calculated with the delta method (Powell 2007).

Figure 3: Timeline of the breeding season with the division into different phases. The black line
resembles nest age (= mean age of all nestlings in the nest) and the green line nestling age (see
Appendix C for calculation of age).

Nestling Survival
As the loss of a whole nest is already analysed in the nest survival analysis, we only used
nests that had at least one surviving nestling for the nestling survival analysis. Data from
observations (only from cameras) and nest checks were used. Due to the variable nest
checking intervals, the exact day of death is not known for most of the nestlings and
approximations would be very imprecise. Therefore, we compared the number of nestlings
at the first visit with the number of nestlings at the last visit. We assigned fate 1 (= successful)
to all the nestlings that were still present at the last visit. When a nestling died between the
first and the last visit, we made an entry for it at the last visit of the nest with fate 0 (= dead).
The initial brood size was only known for a few nests. For most nests the brood size at the
first nest check was used, meaning that nestlings could have died unconsciously until then.
We used a generalized linear mixed effects model with a binomial distribution. Survival at
the last visit (0/1) was used as response variable. In addition to year or the environmental
factors (average between hatching date and last nest check), we included hatching rank and
number of nestlings as explanatory variables. Age at first visit (varying from age 0 up to 42)
and difference between first and last visit (varying from 1 up to 48 days) were included into
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the analysis as control variables. Nest ID was used as random effect. The distribution of the
residuals was checked with a binned residual plot of the package arm (Gelman & Su 2018).
Brood Size at Fledging
Only data from nest checks was used for the analysis. Not all the nests were checked multiple
times until shortly before fledging. To exclude a systematic error by only using nests that
were checked with a certain age (for example 62 – 72 days), we decided to use the brood size
of the last nest check of all nests (which for some nests is also the first climbing event).
Therefore, nest age at the last nest check was variable (from age 44 to 87). To control for this
variation, we included nest age as control variable.
Even though number of nestlings per nest is count data, Poisson distribution could not be
used as it would make too strong assumptions about the parameters. An approach with a
binary binomial distribution (one nestling or more) was tested but did not lead to a
satisfactory residual distribution and was discarded as the transformation of the data lead to
a loss of information. As the distribution of the data looked bell shaped with a mean at 1.76
± 0.7, the normal distribution seemed to be the best approximation, even though it did not fit
perfectly. We used a linear mixed model to analyse the effects of the different variables on
brood size. Nest ID was included as random effect and in addition to the control variable,
year or the environmental factors (average between hatching date and last nest check) were
included as explanatory variables.
Body Condition
As indices for body condition eighth primary feather growth and body mass were analysed
with a linear mixed model. Only data from nest checks was used. Nest ID and Bird ID (bird
identity) were included as random effects to correct for the nested design and repeated
measures. To see, whether model assumptions were met, we checked for normal distribution
of residuals and temporal autocorrelation
Feather Growth
Data of nestlings with known hatching date were analysed in a linear mixed model. Only data
from nest checks were used. The main aim of this analysis was to get a better method to age
nestlings. Therefore, the estimates of the resulting curves were used for the age estimation of
nestlings with unknown hatching date (see Appendix C). We used the eighth primary feather
length as response variable and age as explanatory variable. We further included hatching
rank and treatment, since feather growth might be reduced in subdominant nestlings and
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increased in food supplemented nestlings. The rodent activity index and the weather variables
were not included in the analysis, as most of the known hatching dates were collected in 2018
and the variability of the environmental factors was therefore very low. Also, the year model
was forgone due to the same reason.
Body Mass
As measure for body condition we used the body mass of nestlings at each climb. An
orthogonal polynomial regression was done. We used body mass as response variable and
included eighth primary feather lengths up to the second polynomial as explanatory variable
to control for the age-dependent change in body mass. Beside the environmental factors
(average of the weather variables in the week before the nest check and the current rodent
activity index) or year, feeding treatment, sex, hatching order and number of nestlings were
included into the analysis.

Results
Due to Pearson correlation coefficients (PCC) above 0.7 between year and at least one of the
environmental factors, we first investigated whether the reproductive traits differed between
years. Thereafter we investigated the yearly effects by including the environmental factors in
the model (and excluding year). The estimates of the year and the environmental factors
model are given in the tables in each section.
Nest Survival
Nests that were only visited once could not be used for the analysis (N = 61). Thirteen nests
had to be excluded, because the abandonment happened immediately after a climbing event
and could have been caused by human disturbance. This led to a total sample size of 345 nest
(see Table 5).
For both, the year and the environmental factors model, none of the tested models was
distinctively 2 AICc values smaller than others (see Table 6 and 7). The model with the
smallest AICc value supported the inclusion of the Phase x Treatment interaction in the year
as well as in the environmental factors model, whereas the models with the second smallest
AICcs did not. The beta values of the models with ΔAICc < 2 are shown in Appendix D.
Also, the DSR of the year and the environmental factors model with the lowest AICc are
given in Appendix D. Here we only show the nest survival rates of the year model including
~ Treatment + Year + Phase + Treatment x Phase and the DSR in relation to rain and
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temperature of the environmental factors model ~ Treatment + Temperature + Rain + Phase
+ Phase x Temperature + Treatment x Phase + Phase x Rain.
Table 6: Model selection results for the MARK model including year.
Levels

AICc

ΔAICc

weight

Deviance

~ Treatment + Year + Phase + Treatment x Phase

7

688.32

0.00

0.41

674.31

~ Treatment + Year + Phase

6

689.37

1.05

0.24

677.37

~ Year + Phase

5

689.47

1.15

0.23

679.46

~ Treatment + Year + Phase + Treatment x Phase +
~ Year x Phase

10

691.13

2.81

0.10

671.12

~ Treatment +Year + Phase + Treatment x Phase +
~ Year x Phase + Treatment x Year

13

694.44

6.12

0.02

668.42

Model

Table 7: Model selection results of the MARK model including environmental factors.
Model
~ Treatment + Temperature + Rain + Phase + Phase x
~ Temperature + Treatment x Phase + Phase x Rain

Levels

AICc

ΔAICc

weight

Deviance

8

672.80

0.00

0.48

656.79

~ Temperature + Rain + Phase + Phase x Temperature +
~ Phase x Rain
~ Treatment + Temperature + Rain + Phase + Wind +
~ Rodent Activity Index + Phase x Temperature +
~ Treatment x Phase + Phase x Rain
~ Treatment + Temperature + Rain + Phase + Phase x
~ Temperature + Phase x Rain

6

674.60

1.80

0.19

662.60

10

674.83

2.03

0.17

654.82

7

675.30

2.49

0.14

661.29

~ Treatment + Temperature + Rain + Phase + Wind +
~ Rodent Activity Index + [All Interactions]

18

679.74

6.94

0.01

643.70

7

692.94

20.14

0.00

678.93

~ Treatment + Temperature + Rain + Phase + Wind +
~ Rodent Activity Index
Note: All Interactions used are given in Table 4.

In both models DSR of Phase I was smaller than DSR of Phase II for control nests (see
Appendix D). Therefore, also the estimated nest survival rate was smaller in Phase I
compared to Phase II (see Figure 4). Treated nest had higher DSR during Phase I compared
to control nests resulting in similar DSR between Phase I and Phase II in both, the year and
the environmental factors model (see Appendix D). Nest survival varied over the years, with
the lowest value in year 2016 for Phase I of control nests (see Figure 4). Overall, for the
whole breeding attempt, 2016 was the year with the lowest survival rate for control and
treatment nests (values for control nests 2015: nest survival = 0.67, SE = 0.14, 2016: nest
14

survival = 0.48, SE = 0.09, 2017: nest survival = 0.70, SE = 0.05, 2018: nest survival = 0.77,
SE = 0.05, treated nests 2015: nest survival = 0.77, SE = 0.11, 2016: nest survival = 0.60, SE

Nest Survival

= 0.09, 2017: nest survival = 0.82, SE = 0.05, 2018: nest survival = 0.83, SE = 0.05).

Figure 4: Predicted nest survival rates and 95% Confidence Intervals of control (black) and treated
(green) nests calculated by the delta method with the DSR estimates of the MARK year model.
Above: Dashed line resembles predicted values for Phase I and solid line values for Phase II. Below:
Averaged predicted nest survival rates for each year.

Figure 5: Influence of rain and temperature on Daily Survival Rate for Phase I and Phase II. Shaded
area resembles 95% Confidence Interval.

We found no support to include rodent activity index and wind into the environmental factors
model. The interactions between Rain x Phase and Temperature x Phase revealed a negative
effect of rain on DSR during Phase I and a positive effect of temperatures on DSR during
Phase II (see Figure 5). An example of nest survival rates for different rain scenarios is given
in Table 8.
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Table 8: Nest survival rates for Phases I and Phase II for control nest estimated with the delta method.
A prediction for a no rain scenario, real average rain during the breeding seasons (2015 – 2018) and
an extreme rain scenario at average temperature values of Phase I (10.9 C°) and Phase II (15.5 C°)
was made.
Phase I
Year

Nest Survival

Phase II
95 % CI

Nest Survival

95 % CI

0 mm rain

0.87

0.81

0.93

0.92

0.83

1.01

1.5 mm rain

0.67

0.59

0.75

0.95

0.91

0.98

5 mm rain

0.02

-0.07

0.10

0.98

0.94

1.02

Nestling Survival
As 104 nests were climbed only once, sample size of control nestlings for the nestling
survival analysis was reduced (see Table 5). Average nestling age at the first visit was 20
days and at the last visit 41 days. Mean difference between first and last visit was 20 days.
We found a correlation of -0.84 between age at first visit and days between visit, strongly
suggesting that one variable explains the effect of the other. The earlier a nestling was
observed the higher was the difference between first and last visit. Therefore, only age at first
visit was included into the analysis to correct for the unbalanced data set. The remaining
correlations were below 0.7. Only correlations between temperature and rain (PCC = 0.62)
and wind and rodent activity index (PCC = 0.65) were higher than 0.5. As the estimates and
credibility intervals did not change considerably when excluding one of the variables, all of
them were left in the model.
We found a significant interaction between Treatment x Last Hatched in both the year model
and the environmental factors model: Treated last hatched nestlings had a higher survival
than control last hatched nestlings (survival for control last hatched chicks in a brood of three;
estimate =0. 741, CrI = 0.642, 0.970, and treated last hatched: estimate = 0.882, CrI = 0.554,
0.868, see Figure 6). The interaction between Temperature x Last Hatched in the
environmental factors model showed that the strong negative effect of being the last hatched
nestling is less negative when temperatures are high (see Figure 7). The control variable age
at first visit had a negative effect on the nestling survival, meaning that the earlier a nestling
was checked for the first time the higher is the chance for it to die until the last nest visit.
Year, brood size, rain, wind and rodent activity index had no influence on nestling survival
(see Table 9).
The binned residual plots of both models showed that the nestling survival is generally
overestimated for low survival rates. The exclusion of the interaction between Temperature
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x Last Hatched improved the binned residual plot slightly, but as none of the estimates
changed when excluding the interaction, Temperature x Last Hatched was kept in the model.
Table 9: Estimates of the generalized linear mixed models (binary error distribution) analysing factors
associated with nestling survival. Results for two alternative models are shown, a model including
year and a model including environmental factors instead of year.
Year
Explanatory Variable

Estimate

Environmental Factors

95 % CrI

Estimate

95 % CrI

Intercept

5.55

1.90

9.26*

4.82

1.71

8.00*

Treatment

-1.08

-2.51

0.29*

-1.09

-2.56

0.440

Brood Size 2

-1.16

-3.91

1.410

-1.06

-3.96

1.810

Brood Size 3

-2.53

-5.24

0.110

-2.33

-5.15

0.380

Brood Size 4

-2.65

-7.27

2.010

-2.41

-7.46

2.460

First Hatched

-0.67

-2.11

0.800

-0.79

-2.25

0.770

Last Hatched

-2.77

-4.26

-1.35*

-2.97

-4.51

-1.40*

0.61

0.14

1.09*

0.08

0.02

0.13*

Wind

–

–

–00

-0.35

-1.00

0.260

Temperature

–

–

–00

-0.40

-1.36

0.480

Rain

–

–

–00

-0.05

-0.65

0.640

Rodent Activity Index

–

–

–00

-0.54

-1.31

0.170

2016

-0.27

-2.42

1.940

–

–

–00

2017

1.38

-0.77

3.460

–

–

–00

2018

0.46

-1.63

2.410

–

–

–00

Treatment x Last Hatched

2.03

0.33

3.88*

2.04

0.16

3.91*

–

–

–00

1.25

0.30

2.29*

Age

Temperature x Last Hatched
Random Factor Nest ID (sd)

1.31

1.46

Note: Credible intervals (CrI) that do not overlap with zero imply a significant influence on the response
variables and are marked here with a star. Brood size denotes number of nestlings in the nest at observation.
Sample size can be found in Table 5.

Figure 6: Predicted nestling survival of the environmental factors model with 95% Credible Intervals
of control and treated nestlings in relation to hatching order at nestling age 20.
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Nestling Survival

First Hatched
Last Hatched

Temperature (°C)

Figure 7: Model predictions of the effect of temperature on nestling survival. The effects for first
hatched and last hatched nestlings are shown. The shaded areas resemble the respective 95% Credible
Intervals.

Brood Size at Fledging
Three nests were not available for the analysis due to missing nest age resulting in a sample
size of 302 nests (see Table 5). Average brood size at fledging for all the years was 1.77 ±
0.7 and average age at last climb was 38 days. In the environmental factors model wind had
to be excluded due to a PCC of 0.70 with the rodent activity index. We found a PCC of 0.53
between temperature and rain. As the estimates and credibility intervals did not change
considerably when excluding one of the correlated variables, both variables were kept in the
model.
The results of the two models, the year model and the environmental factors model, are
shown in Table 10. In 2017 (mean = 1.89, sd = ± 0.14) and 2018 (1.82 ± 0.14) the brood size
at fledging was higher than in 2015 (1.47 ± 0.15) and 2016 (1.53 ± 0.15, see Figure 8).

Figure 8: Predicted brood size at fledging each year with 95% Credible Intervals at average nest age.
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In the environmental factors model the rodent activity index had a positive and temperature
and rain a negative significant effect on brood size at fledging (see Figure 9), whereas nest
age and feeding treatment had no significant effect.
Table 10. Estimates of the linear mixed models analysing factors associated with brood size at
fledging. Results for two alternative models are shown, a model including year and a model including
environmental factors instead of year.
Year
Explanatory Variable

Estimate

Environmental Factors

95 % CrI

Estimate

95 % CrI

Intercept

1.47

1.18

1.76*

1.79

1.61

1.96*

Treatment

-0.03

0.16

-0.220

0.03

0.22

-0.180

Temperature

–

–

–0

-0.11

-0.22

-0.00*

Rodent Activity Index

–

–

–0

0.09

0.00

0.18*

Rain

–

–

–0

-0.13

-0.23

-0.03*

Age

0.00

-0.08

0.090

0.03

-0.06

0.110

2016

0.06

-0.24

0.350

–

–

–0

2017

0.42

0.14

0.70*

–

–

–0

2018

0.35

0.07

0.64*

–

–

–0

Random Effect Nest ID (sd)

0.17

0.17

Note: Credible intervals (CrI) that do not overlap with zero imply a significant influence on the response
variables and are marked here with a star. Sample size can be found in Table 5.

Figure 9. Effects of rodent activity index, temperature and rain on brood size at fledging at average
nest age. The grey shaded area represents the 95% Credible Intervals.
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Body Condition
Feather Growth
For the primary feather growth curve, only nestlings with recorded hatching date were used.
The exact hatching date of 49 nestlings was available (see Table 2). Growth curves often are
of sigmoid nature. Due to only few measurements in the non-linear phase, we could only
analyse the linear phase. Therefore, 18 measurements that were taken before an age of 15
days were not included in the analysis, as they would have had a strong influence on the slope
of the linear curve. This led to a sample size of 139 measurements (see Table 5).
At the same individual age, birds with different hatching rank showed differences in the
length of the eighth primary, whereas nestlings with hatching rank three had 17.02 mm (CrI
= -24.67, -9.42) shorter feathers and second hatched 5.11 mm (CrI = -10.28, 0.09) shorter
feathers than nestlings with hatching rank one. The feeding treatment significantly influenced
feather length at the same age, resulting in a length difference of 9.85 mm (CrI = 18.15, 0.67)
between treated and control nestlings (see Figure 10). The interactions between Age x
Treatment (treated: estimate = 0.05, CrI = -0.22, 0.33) and Hatching Rank x Treatment
(treated 2nd rank: estimate = 4.77, CrI = -6.66, 16.86, and treated 3rd rank: estimate = 2.65,
CrI = -11.58, 16.53) were not significant and suggest an effect of treatment on the feather
growth rate before the linear phase. Sex was excluded from the analysis as it showed no
significant effect and the aging of the nestlings will therefore not be split for males and
females. With the results of this equation the age of 552 nestlings was calculated (see
Appendix C).
Table 11: Estimates of the mixed model analysing factors associated with primary feather growth
(mm).
Explanatory Variable
Intercept

Estimate

95 % CrI

-100.14

-109.24

-90.49*

7.78

7.65

7.91*

Hatching Rank 2

-5.11

-10.28

0.090

Hatching Rank 3

-17.02

-24.67

-9.42*

9.85

18.15

0.67*

Age

Treatment
Random Effect

sd

Nest ID

11.13

Bird ID

6.72

Note: Credible intervals (CrI) that do not overlap with zero imply a significant influence on the response
variables and are marked here with a star. Brood size denotes number of nestlings in the nest at observation.
Sample size can be found in Table 5.
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Figure 10: Feather growth curve of nestlings with different hatching rank during the linear phase of
feather growth. Black lines represent predicted feather lengths for control nestlings and green lines
for treated nestlings.

Body Mass
Two nestlings were found on the ground and probably had not gotten any food since they fell
out of the nest. Therefore, those two measurements were excluded from the analysis as their
condition is not comparable to nestlings measured in the nest. We had to exclude further 169
individuals measured at nest checks, either because of missing sex (N = 85), eighth primary
length (N = 69), hatching rank (N = 8) or body mass (N = 7). This led to a total of 979
measurement of 478 nestlings in 274 different nests that could be used for the analysis (see
Table 5). All the PCC between the explanatory variables were lower than 0.5.
The year model revealed that the body mass differed between the years (Table 12). In 2016
control nestlings were lighter than in other years. Treatment had a significant positive effect
on body mass in 2016 whereas no significant positive effect of treatment was found in the
other years. We found a significant difference in the body growth curve as a function of
primary feather growth for treated and control nestlings in both models in the middle of the
nestling period but not at the beginning and at the end (see Figure 12 B for the environmental
factors model). Both models predict lighter body mass for last hatched nestlings and lighter
body mass for male nestlings.
Temperature, rain and wind had a significant negative effect on body mass (see Figure 11).
The interaction of Treatment x Rodent Activity Index was significant, resulting in higher
body mass of treated nestlings when rodent activity index is low, but not when rodent activity
index is high (see Figure 12 A). The interaction between Brood Size x Rodent Activity Index
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was significant, implying that body mass increases with a higher rodent activity index for
nestlings in broods of one and two, but not in broods of three nestlings.

Figure 11: Influence of the environmental factors on body mass at average feather length (143 mm).
The shaded grey areas represent the 95% Credible Interval.

A

B

Figure 12: Influence of different interactions between explanatory variables on body mass. Shaded
areas resemble the respective 95% Credible Intervals. A) Interaction between rodent activity index
and feeding treatment. B) Body mass growth curve of control and treated nestling.
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Table 12: Estimates of the linear mixed model analysing factors associated with body mass (g).
Results for two alternative models are shown, a model including year and a model including
environmental factors instead of year.
Year
Explanatory Variable

Estimate

Environmental Factors

95 % CrI

Estimate

95 % CrI

Intercept

862.95

826.78

902.49*

879.15

853.09

905.17*

Feather

318.52

295.37

342.59*

144.61

138.27

151.07*

Feather2

-184.49

-209.06

-161.78*

-40.35

-45.41

-34.97*

-67.86

-80.06

-55.97*

-67.77

-79.77

-55.31*

Brood Size 2

-4.24

-23.61

14.610

-5.37

-24.18

13.900

Brood Size 3

-12.35

-34.52

11.180

-9.06

-32.02

14.090

Last Hatched

-38.00

-57.87

-18.38*

-35.82

-56.11

-15.75*

First Hatched

4.12

-15.09

23.230

3.43

-16.57

23.370

-36.28

-112.28

41.690

31.77

11.31

50.91*

Temperature

–

–

–00

-11.27

-18.51

-4.11*

Rain

–

–

–00

-6.55

-12.41

-0.97*

Rodent Activity Index

–

–

–00

29.56

16.30

42.87*

Wind

–

–

–00

-12.29

-18.46

-6.02*

2016

-12.54

-51.04

24.340

–

–

–00

2017

19.79

-15.69

54.030

–

–

–00

2018

30.61

-5.87

64.900

–

–

–00

Feather x Treatment

68.38

22.86

109.86*

-10.44

-19.72

-1.02*

Feather2 x Treatment

-81.50

-125.27

-34.70*

-16.24

-25.75

-6.67*

Treatment x Rodent Activity Index

–

–

–00

-28.35

-45.11

-11.83*

Brood Size 2 x Rodent Activity Index

–

–

–00

-18.28

-34.43

-2.22*

Brood Size 3 x Rodent Activity Index

–

–

–00

-32.97

-51.33

-13.73*

Treatment x 2016

126.97

42.75

210.03*

–

–

–00

Treatment x 2017

72.38

-11.16

152.810

–

–

–00

Treatment x 2018

33.93

-54.84

121.830

–

–

–00

Male Nestlings

Treatment

Random Effects

sd

Sd

Nest ID

30.68

Bird ID

57.31

31.89
55.33

Note: Credible intervals (CrI) that do not overlap with zero imply a significant influence on the response
variables and are marked here with a star. Sample size can be found in Table 5.
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Discussion
The results of this study investigating the cause for variation in reproductive traits of red kites
show that both, weather conditions and food availability are important drivers of the
individual reproductive output. Natural food availability influenced brood size at fledging
and body condition, but neither nest survival nor nestling survival. Supplementary food
increases body condition and nestling survival, whereas the strongest effects could be found
for last hatched nestlings. Brood loss occurred mainly in the incubation period due to rain.
Adverse weather also affected brood size at fledging, body mass and nestling survival. The
results suggest that changes of weather conditions, fluctuations in natural food availability
and alteration in anthropogenic food provisioning during the breeding season will affect the
productivity of red kite populations.
Food availability
Food availability is often stated as an important factor affecting brood size (Korpimäki 1992;
Hakkarainen et al. 1997; Millon et al. 2008) and nest survival (Steenhof et al. 1997; Väli
2012; Panek & Hušek 2014). The results of the nest survival analysis support to some extent
an effect of supplementary food on daily survival rates and the significant effect of the
feeding treatment on nestling survival implies influence of food availability on survival also
in this study, even though no effect of natural food availability on survival was found. The
regulating effects of natural food availability become apparent when looking at brood size
and body mass. Body mass increased simultaneously to the rodent activity index in broods
up to two nestlings and brood size was significantly higher in years with a high rodent activity
index (2017 and 2018) compared to years with a low rodent activity index (2015 and 2016).
It might be that red kites already adjust their clutch size to the natural food availability and
therefore the effects of rodent abundance are only visible in the brood size at fledging and
body condition analysis, whereas food supplementation improves the survival of a whole
brood and the survival of nestlings.
Even though treated nestlings grew feathers and gained body mass faster than control
nestlings, which has been found in other studies before (Granbom & Smith 2006; Perrig et
al. 2014), the body mass growth curve of treated nestlings and control nestlings converged
to the same fledging body mass. The similar body condition of treated and control nestlings
shortly before fledging implies, that parents are able to provision their chicks with sufficient
food, to reach the ideal fledging body mass. Nevertheless, faster feather growth and mass
gain of treated nestlings indicate better food provisioning in treated nests which can affect
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start of dispersal (Fattebert et al., 2019, submitted) and result in less stress during growth.
Catitti (2018) showed that treated red kite nestling within the study region had lower H/L
ratio and CORTf, indicating that the feeding treatment lowers the stress during nestling
growth. Stress during early life stages can affect stress response later in life (Pravosudov &
Kitaysky 2006). Whether this is also the case in red kites and to what extent nutrition of
nestlings influences stress response of later life stages needs yet to be studied.
Energy flow is often conditional on hatching order due to competition between siblings. The
dominant sibling might monopolize food during periods of low food provisioning by parents,
leading to lower body condition and higher mortality probability of subordinate nestlings.
When food availability is artificially increased, the energy flow towards the last hatched
nestling increases and improves its survival and body condition (Perrig et al. 2014). Our
findings that control last hatched nestlings had lower survival than treated last hatched
nestlings and that last hatched nestlings of both groups were lighter than not last hatched
nestlings support this theory and underline the importance of including hatching order when
looking at individual survival and body condition.
The food availability in Switzerland is suspected to be surpassing high as compared to other
countries with lower red kite density, for example Germany. This might be because a large
proportion of agricultural area is used for dairy farming, resulting in a high amount of
pastures and meadows (BLW 2018) leading to higher abundances of rodents than in areas
with mainly mechanically cultivated crop fields (Apolloni et al. 2018). In addition, many
people dispose of kitchen left overs for raptors or even intentionally provide pieces of raw
meat. Eva Cereghetti and colleagues (2019, submitted) showed that up to 12% of the
households within our study region regularly feed red kites. Therefore, anthropogenic food
might be able to lower the shortage of natural food, when the rodent population crashes. A
reason for the high red kite density in Switzerland could be that the parents are able to
compensate the natural food shortage, by complementing their diet with anthropogenic food.
The interaction between rodent activity index and the feeding treatment showed that the body
mass of treated nestlings is higher than body mass of control nestlings when the rodent
activity index is low. Furthermore, the higher nest survival of treated pairs during incubation
and the higher survival of treated last hatched nestlings implies that anthropogenic food can
increase the reproductive output. Meanwhile the reason for the negative effect of low prey
abundance on brood size at fledging might be explained by the high density of red kites. The
high amount of breeding pairs and subadult red kites within the study region might still lead
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to food limitation during years with low natural food availability. Even though,
anthropogenic food might lower the negative effect, pairs still raise less chick because the
high red kite density leads to high competition for food.
Weather
Rain had a consistent negative effect on survival and nestling body condition, whereas the
influence of temperature seems to be age-dependent. Nest survival was influenced negatively
by higher amounts of average daily rain during the incubation phase, while low temperatures
mainly affected the nestling phase. In general nest success during incubation was lower than
during nestling phase, similar to other studies (Varland & Loughin 1993; Charter et al. 2007).
This implies that the incubation phase is much more relevant for the population-wide output
(productivity, or number of pairs that have any breeding success) than the nestling phase and
therefore, rain seems to be one of the main regulating factors determining nest success or
failure. The nest survival during the incubation phase in 2016 was exceptionally low. This
can be linked to the above-average amounts of rain in April 2016 (MeteoSchweiz 2016).
Heavy rain fall during the breeding season is often stated as one of the most important factors
affecting nest success in raptors (Kostrzewa. & Kostrzewa 1990; Rodriguez & Bustamante
2003; Fisher et al. 2015). Besides, nest survival decreased drastically when the average
temperature during the nestling phase fell below 12 C°. Similar effects of temperature on
nestling survival were found. Nestling survival of last hatched chicks decreased with lower
temperatures, whereas the negative influence of low temperatures decreased with proceeding
nestling age. High amounts of rain might even increase the negative effect of temperature.
Due to the high correlation of rain and temperature, it is not fully clear what the separate
effects of temperature and rain on nestling survival are.
Additionally, adverse weather decreased the body mass (wind and rain) of nestlings and
brood size (rain). This result is similar to other studies (Dawson & Bortolotti 2000; Fisher et
al. 2015). Wind speed and rain can directly affect the survival and body condition of nestlings
via higher energy expenditure (Tinbergen & Dietz 1994). Red kite nestlings are not able to
regulate their thermoregulation up to the second week (Aebischer 2009). Therefore, parental
nest attendance is crucial during the early nestling stage. Adverse weather can influence the
survival and condition of nestlings also indirectly via lower food provisioning. It was shown
in black kites (Milvus migrans) that the frequency of prey captures decreases with adverse
weather (Sergio 2003) which in turn likely results in lower body mass and therefore higher
mortality of nestlings. In red kites it was shown, that rain and wind decreases the home range
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size of male red kites, which might result in lower food provisioning of nestlings (Baucks
2018). Therefore, adverse weather can affect energy expenditure of nestlings and parents and
the accessibility of prey but the underling pathway of the effect of weather remains unclear.
Based on the contrasting effect of higher temperatures on brood size and body mass compared
to nestling survival and nest survival, I hypothesise that with proceeding nestling age the
effect of higher temperatures switches from positive to negative. Metabolic costs increase
when temperature both exceed or fall below the thermoneutral zone (Starck & Ricklefs 1998).
Therefore, low temperatures can cause mortality during early nestling phase via cooling as
thermoregulation is not yet developed in altricial birds right after hatching. Whereas cold
days do not have such a big impact anymore as soon as nestling can regulate their body
temperature. In the white stork (Ciconia ciconia) it was shown that most of the nestlings died
before they reached homeothermy, whereby inclement weather decreased their survival
probability (Jovani & Tella 2004). On the contrary, a negative effect of high temperatures
has already been found in golden eagles (Aquila chrysaetos). Hot days had a significant
negative effect on brood size and percentage of successful nests (Steenhof et al. 1997) and in
Spain it was shown that red kites avoid areas with high mean annual temperature (Seoane et
al. 2003) implying a selective mechanism in red kites for nest sites with optimal temperatures.
The negative effects of higher temperature and high average rain per day indicate that a
change in weather conditions will have a high impact on the productivity of the red kite
population. The reproductive output is especially sensitive to the amount of rain. Already an
increase of 0.5 mm per half day (06.00-18.00 o’clock) during the incubation phase leads to
10% more nest losses (1.5 mm rain nest survival estimate = 0.67, 2 mm rain estimate = 0.57).
To what content higher temperatures will affect the reproductive output is not so clear. Higher
temperatures during early nestling phase seem to be beneficial for survival, on the other hand
will they lower the quality and quantity of the nestlings. As climate change might lead to
higher spring temperatures (Collins et al. 2013), shifts in regional and seasonal rainfall and
an increase in extreme precipitation events (Madsen et al. 2014), red kites will suffer from
the effects of climate change to some content but more long-term data is needed to make
clear predictions. Nevertheless, our results provide evidence that also generalist species
might suffer a reduction in reproductive output when weather conditions change. Therefore,
it is important to also closely monitor species that are less obviously affected by climate
change to fully grasp the scope of this development on species composition in different
ecosystems.
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None of the interactions between food availability (rodent activity index and feeding
treatment) and the weather variables were significant, implying that weather conditions affect
reproductive traits independent of food availability. This could mean that ecologically
improved agricultural land use, leading to higher food availability in the future, might not be
able to fully counteract the effects of climate change. The parents might still stay away longer
to search for food on a rainy day, as even with higher food availability, hunting might still be
more demanding as during days with good weather. Failure or success of a whole nest seems
to depend on food availability to some extent, but temperature and rain were the main
regulating environmental factors. The amount of rain during incubation determines whether
a nest reaches the nestling stage or fails entirely. Thus, nest survival during incubation might
be the most important reproductive trait and therefore, the productivity of the population
appears to be mainly related to weather conditions. Nevertheless, when a nest successfully
transitions to the nestling stage, food availability might play an important role. The feeding
experiment showed that increased food availability reduces mortality of last hatched
nestlings. Feather growth and body mass gain are also related to environmental factors. High
food availability improves the body condition of nestlings which might even positively
influence an individual’s later life stages. Therefore, improved natural food availability might
still uphold population growth.
In conclusion this study showed how different reproductive traits of red kites are influenced
by environmental factors. Weather is a strong driver of annual productivity as it affects all
levels of the reproductive output. However, natural food availability most probably
modulates clutch size and influences body condition which in turn can affect later life stages.
Anthropogenic food increases productivity substantially as it reduces nest loss during
incubation, increases survival of last hatched nestlings and improves feather growth and mass
gain. Further studies investigating post fledging-survival and life time reproductive success
in relation to environmental conditions experienced during an individuals’ nestling phase are
needed, as this study provides primary indications for a regulating effect of environmental
factors on red kite population dynamics. In addition, this study underlines the importance to
investigate the influence of climate change not only on sensitive species, but also on
generalist species.
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Appendix A
Red kites show reversed size dimorphism, meaning that females are slightly larger than
males. As there is a large overlap between body mass and wing length between the sexes, it
is not possible to determine the sex by those measures (Carter 2001). It was shown for white
tailed eagle nestlings, that tarsus width can be a good measure to distinguish between sexes
(Helander, Hailer & Vilà 2007). Therefore, we measured the tarsus width minimum and the
tarsus width maximum of the nestlings at the last nest visit. The measurements are strongly
observer-biased and hence analyses have to be performed for every ringer individually.
Measurements used in the presented analysis were all taken by the same ringer. The two
tarsus width measurements were then used, to perform a linear discriminant analysis (LDA)
with the package MASS (Venables et al. 2002) for the 81 birds with known sex.

Figure 13: Graph with curve from LDA by which sex can be separated with an accuracy of 95%. Pink
points are female and blue points male nestlings. The plus sign denotes the mean of each group.

The calculated separation line by the LDA lead to a miss classification of three males (N =
38) and one female (N = 43) resulting in a sexing accuracy by the two measurements of tarsus
width of 95% (see Figure 13). Therefore, we conclude that tarsus width is an adequate
measure to sex red kite nestlings. Accordingly, 55 nestlings with missing molecular sex were
sexed based on the LDA separation line. Due to missing tarsus width measurements and
measurements taken by other ringers (who only took a few measurements), the sex of 123
nestlings is still not known.
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Appendix B
Small rodents, especially voles (Microtus arvalis and Arvicola terrestris), are an important
food source for red kites during breeding. Our rodent activity survey was oriented on the
method of Apolloni and colleagues (2018). To assess the rodent abundance, we searched
once a month for traces of rodents, such as runways, holes and heaps in four areas within the
study region (Figure 1). In each area we searched for the habitat types meadow, winter cereal,
other crops, forest edge and edge structures (for example a field margin). We attempted to
find nine transects for each habitat type in each region. This was not always possible due to
the different agricultural use of the landscape. Transects were five meters long and one meter
wide and distributed randomly within the four areas and corresponding habitats.
Additionally, vegetation height, ground visibility, snow cover and past/present rain were
noted. Traces of rodents were only counted when they looked fresh. For example, holes with
cobwebs and heaps with overgrowing grass were ignored.

Figure 14: Monthly rodent activity index with 95% Confidence Intervals during the breeding period
(2015 = grey, 2016 = blue, 2017 = green, 2018 = black). For visualization reasons the rodent activity
index is log transformed.

For the estimation of the rodent activity index in the study region, we only used the habitat
type meadow as it is the main hunting habitat of red kites. The analysis is based on a method
already used by Samuel Sieder (2019, in prep.). A negative binomial generalized linear model
with the package lme4 (Bates et al. 2015) was used to analyse seasonal variation of rodent
activity. All the observations of the four areas were analysed together. A total of 665 transect
37

were analysed. The found traces of each transect were summarised and used as response
variable. Habitat type, year and month of measurement were entered as explanatory variables.
The monthly number of available transects per habitat type was included as offset. We
calculated 95% confidence intervals for the model estimates as credibility intervals are not
calculable for negative binomial models. The predicted monthly traces for meadows then
served as rodent activity index for the further analysis (see Figure 14).
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Appendix C
We were able to age 552 nestlings with the growth curve estimates of the eighth primary
feather growth analysis (see Results). For nestlings with no primary feather measurement we
calculated a wing length growth curve, for which we used the same model structure as for
the feather growth curve. Due to missing wing length and feather length six nestlings could
not be aged. In the primary feather growth curve analysis, we saw, that third hatched chicks
sometimes have very high negative residuals (see Figure 9). The highest hatch difference
between siblings of the known hatch date data set was four days. Therefore, we checked the
estimated ages and calculated the difference of age between siblings. When one sibling was
more than four days younger, we changed the hatching date so that the difference between
siblings was only four days. From the hatch date we subtracted 32 days to get the laying date.
The average of the hatch dates within the nestlings of a nest was used as nest age. For nests
that were not climbed it was not possible to determine nest age by feather length. The nest
histories were used to age such nests. When there were two observations (first = empty nest,
second = incubation) within a month, the middle between the two observation was used as
laying date (N = 51). When a new nest was found with an incubating pair on it, the nest
detection date was used as laying date (N = 21). When a nest was found during the nestling
phase, we subtracted 35 days from the detection date (because nestlings before three days of
age cannot be seen from afar) and used it as laying date (N = 3).
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Appendix D
Nest survival models in MARK request a specific structure of the data. Therefore, the data
set needed to be slightly modified. MARK needs a so-called nest’s successful completion
date, meaning in our case, nest age of 35 days for Phase I and nest age of 72 days for Phase
II (Cooch & White 2004). This date should not be exceeded. In case of nest failure during
incubation, red kites stay sometimes longer on the nest than 32 days. For example, we had
one pair in 2018 that incubated for 60 days. As hatching later than 32 days after incubation
start is very unlikely, we therefore changed the date of failure form nest age 60 to nest age
35 (last day of Phase I). This allowed us to still include nests with excessive incubation
periods into the analysis but resulted in not analysing time-varying covariates. Therefore, the
environmental factors were included into the analysis as individual covariates.
Table 13: Daily Survival Rates of the year model with the lowest AICc (~ Treatment + Year + Phase
+ Treatment x Phase).
Phase I
Year

2015

2016

2017

2018

Nest

DSR

Phase II

95% CI

DSR

95 % CI

Control

0.991

0.975

0.997

0.998

0.994

0.999

Treatment

0.995

0.986

0.999

0.997

0.991

0.999

Control

0.982

0.971

0.989

0.996

0.993

0.998

Treatment

0.991

0.982

0.996

0.995

0.989

0.998

Control

0.992

0.988

0.995

0.998

0.997

0.999

Treatment

0.996

0.992

0.998

0.998

0.995

0.999

Control

0.994

0.990

0.996

0.999

0.998

0.999

Treatment

0.997

0.993

0.999

0.998

0.996

0.999

Table 14: Daily Survival Rates of the environmental factors model with the lowest AICc value at
average rain (1.5 mm) and average temperature (13.2 C°) (~ Treatment + Temperature + Rain + Phase
+ Phase x Temperature + Treatment x Phase + Phase x Rain).
Phase I
Nest

DSR

Phase II
95% CI

DSR

95% CI

Control

0.987

0.981

0.991

0.995

0.990

0.997

Treatment

0.994

0.987

0.997

0.991

0.977

0.996
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Table 15: Beta estimates and Confidence Intervals of the environmental factors and year model with
the lowest AICc, analysing the Daily Survival Rate including the interaction between Phase x
Treatment.
Year
Explanatory Variable

Estimate

Environmental Factors
95% CI

Estimate

95% CI

Intercept

6.29

5.16

7.42

-2.35

-6.28

1.58

Treatment

-0.34

-1.30

0.61

-0.62

-1.58

0.35

Phase I

-1.63

-2.30

-0.97

8.26

4.11

12.41

2016

-0.67

-1.73

0.40

–

–

–

2017

0.15

-0.91

1.20

–

–

–

2018

0.43

-0.66

1.51

–

–

–

Rain

–

–

–

0.25

-0.26

0.75

Temperature

–

–

–

0.55

0.30

0.80

1.06

-0.11

2.23

1.31

0.12

2.50

Temperature x Phase I

–

–

–

-0.58

-0.86

-0.31

Rain x Phase I

–

–

–

-0.93

-1.52

-0.33

Phase I x Treatment

Table 16: Beta estimates and confidence Intervals of the two year models with the second and third
lowest AICc (ΔAICc: left = 1.05, right = 1.15).
Explanatory Variable

Estimate

95% CI

Explanatory Variable

Intercept

6.06

4.98

7.14

Intercept

Treatment

0.40

-0.16

0.96

Phase I

-1.34

-1.88

2016

-0.66

2017
2018

Estimate

95% CI

6.18

5.12

7.25

Phase I

-1.33

-1.87

-0.79

-0.80

2016

-0.65

-1.71

0.42

-1.73

0.40

2017

0.14

-0.91

1.20

0.15

-0.90

1.21

2018

0.33

-0.74

1.41

0.42

-0.66

1.50

Table 17: Beta estimates and confidence Intervals of the environmental factors with the second lowest
AICc (ΔAICc = 1.8).
Explanatory Variable
Intercept

Estimate

95% CI

-2.26

-6.17

1.66

Phase I

8.32

4.20

12.45

Rain

0.21

-0.30

0.72

Temperature

0.53

0.28

0.78

Temperature x Phase I

-0.58

-0.85

-0.31

Rain x Phase I

-0.83

-1.43

-0.23
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