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Abstract

Understanding the selection of breeding sites in cities is key for the effective management of urban bird populations. We analysed
16 years of data collected within a relocation program for female mallards in Berlin (Germany), with the goal of (i) characterizing the
breeding output and breeding sites in urban environments, (ii) identifying factors correlating with probabilities of individuals to re-
turn to previously used breeding sites (i.e. breeding site fidelity) and (iii) assessing the consequences of ongoing management strate-
gies on the selection of breeding sites. Mallards using anthropogenic structures for breeding primarily chose balconies, roof terraces
and courtyards. In 22.8% of cases, mallards selected the same sites in subsequent breeding events. Breeding site fidelity decreased
with higher human population density at that location, and decreased as mallard families were relocated further away from the
breeding site to a suitable water body. In contrast, return probabilities were higher for subsequent broods within the same breeding
season than across two successive seasons. Above all, the identity of the breeding location and the identity of the female best pre-
dicted whether an individual would return to a given breeding site. We conclude that breeding site fidelity in urban mallards is
strongly shaped by micro-scale location-specific properties (e.g. balcony characteristics), as well as individual variation due to an in-
trinsic propensity for site fidelity. We argue that adequate management for waterfowl in urban environments depends on why birds
choose to breed on anthropogenic structures, on their conservation status and the availability of breeding sites around urban waters.
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Introduction

The expansion of urban areas and the associated transformation of
natural ecosystems is happening extensively around the world
(United Nations, Department of Economic and Social Affairs PD 2015,
Santangelo et al. 2018). For wildlife, urbanization represents a variety
of challenges: it can affect fundamental environmental properties
such as access to food sources (Reynolds et al. 2017), noise level
(Sierro et al. 2017) and risk of predation (McKinney 2002, Lépez-Flores
et al. 2009). For birds in particular, the availability of suitable breeding
habitat is one of the most critical factors limiting the successful colo-
nization of urban environments (Reynolds et al. 2019). Urban birds
must be able to nest near people, on anthropogenic structures, and
away from traffic, which can cause high levels of noise and represents
a serious risk of fataliies to them (Brown and Brown 2013,
Mainwaring 2015, Liordos et al. 2021). Even for birds that can tolerate
these sources of disturbance or cope with associated risks, the choice
of breeding sites in urban landscapes may represent a so-called
‘ecological trap’ (Schlaepfer et al. 2002), whereby the response of
organisms to novel environmental clues leads to a reduction in sur-
vival and/or reproduction (Sherley et al. 2017, Krams et al. 2021).
Here, we focus on the mallard (Anas platyrhynchos)—an em-
blematic species that, over the last century, has increasingly

populated urban environments (Engel et al. 1988, Hallau and
Otto 2005, Meissner et al. 2015, Yetter et al. 2018, Jarman 2019).
Urban mallards are frequently observed breeding on anthropo-
genic structures, such as balconies or rooftop terraces (Rutschke
1990, Hallau and Otto 2005). In the absence of rescue interven-
tions, the choice of such breeding sites is generally maladaptive
and can therefore correspond to an ecological trap: once hatched,
ducklings cannot escape breeding sites, exposing them to a high
mortality risk due to starvation or predation (e.g. by crows, gulls
or cats). For now, local animal conservation organizations in
multiple large cities in Europe and North America try to alleviate
the costs of these choices of breeding sites by providing guidance
or service for relocating mallard families to an adequate body of
water. These initiatives are often motivated by a desire to im-
prove the mallards’ welfare, but also contribute to mitigating
human-wildlife conflicts and to ensuring the sustainability of ur-
ban mallard populations.

Recent research has focussed on the survival (Figley and
VanDruff 1982, Engel et al. 1988, Yetter et al. 2018), behaviour
(Hallau and Otto 2005, Baratti et al. 2009), physiology (Jarman
et al. 2020), feeding ecology (Polakowski et al. 2010, Jarman 2019)
and diseases (Meissner et al. 2015, Wille et al. 2017) of mallards
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in urban habitats. There is little research on their selection of
breeding sites in such environments, the fitness consequences of
alternative breeding sites and the effect of possible management
strategies on the breeding fidelity of mallards. In other species,
multiple factors have been identified to cause birds breeding on
anthropogenic structures, including an increased access to an-
thropogenic food sources and protection from predators (Soh
et al. 2002, Mgller and Diaz 2018). Understanding which of the
various incentives drive mallards to nest repeatedly on anthropo-
genic structures, what the consequences for offspring survival
are and how interventions can influence breeding success should
be the basis of efficient management of urban mallard
populations.

In this paper, we aim to analyse data collected on 1199 breed-
ing events from 795 ringed individuals over 16 years (2005-20), as
part of an ongoing relocation and ringing program in Berlin,
Germany. We focus on (i) characterizing the breeding outputs
(clutch size and brood size) and breeding sites of this population,
(ii) investigating whether breeding site fidelity of urban mallards
is shaped by external factors of the breeding environment or in-
ternal properties and (iii) evaluating potential effects of ongoing
management strategies performed by NABU Berlin on the breed-
ing behaviour of urban mallards.

Materials and methods
Study background and data collection

Data on breeding mallard ducks were collected by employees of
the wild bird rehabilitation centre of the NABU Berlin e.V.
(Nature And Biodiversity Conservation Union) between 2005 and
2020 in the German metropole of Berlin (Germany, N52.50343-
N53.53618, E13.40114-E13.41122). Berlin is the capital of
Germany and has a growing human population (currently esti-
mated at 3.87 million people) in an area of ca. 900km?. The city
landscape is very heterogeneous, with highly urban areas as well
as a large network of green habitat islands of parks and cemeter-
ies. Water bodies and streams account for ca. 6% (5.415ha) of the
city’s total area (www.statistik-berlin-brandenburg.de, 2020).

The NABU Berlin rehabilitation centre provides year-round
telephone consultation and in-field services for wild bird related
topics. Between April and July, a large proportion of the wild bird
station’s capacity is dedicated to the relocation of mallard fami-
lies (adult female and ducklings) from breeding sites located on
anthropogenic structures to a suitable natural water body in or-
der to ensure their survival. The strategy consists of (i) centraliz-
ing the reports of breeding events on anthropogenic structures at
NABU Berlin, (i) educating citizens on the breeding ecology of
mallards, explaining the predicament and advising them on how
to handle the breeding duck, and (iii) relocating those mallard
families to suitable water bodies. After the hatching of ducklings
is reported by citizens, the adult female and ducklings are cap-
tured by hand at the breeding site within 24h by employees of
the wild bird station and transported to a suitable body of water
for release. At that point, ducklings are mobile enough to follow
the mother. The water body is usually chosen as the nearest suit-
able lake or river, taking factors such as shore vegetation, water
area and potential predators into account. In many cases, citi-
zens reported from which direction the ducks approached the
breeding site, which further helps NABU Berlin to select the ap-
propriate water for relocation.

Out of 1634 breeding events recorded in urban habitats during
the study period, a total of 1199 events correspond to 795 ringed
adult females. For each of these latter events, breeding

parameters related to the brood location (e.g. coordinates, type of
location), biology (e.g. clutch/brood size) and biometry of the
adult female (e.g. wing length, body mass) were recorded when-
ever possible. Because data on the height of the nest (floor level)
was available for only 6% (n=100) of breeding events, we disre-
garded this piece of information. All identified adult females
were ringed once around the tarsus at the first relocation event
with individually coded metal rings (size JC, inner diameter
11mm) provided by the ringing scheme ‘Radolfzell’ (Germany).
Subsequent recaptures allowed us to collect and compare data
on multiple consecutive breeding events of the same individuals.
The beginning of incubation was calculated based on the hatch-
ing date reported by the citizens and assuming a mean incuba-
tion period of 27 days until hatching (Rutschke 1990).

Type of breeding site and site fidelity

In order to disentangle whether the decision of a mallard to re-
turn to a previously used breeding site was based on past experi-
ence of environmental features, its previous breeding success, its
individual propensity for site fidelity or local environmental
effects, we examined a series of generalized linear mixed-effects
models (GLMMs). These GLMMs predict the breeding site fidelity,
i.e. the probability that an adult female returned to its previous
breeding site, based on multiple predictors related to the previ-
ous breeding event.

Since our goal is to estimate the probability that an adult fe-
male returned to a previous breeding site, all GLMMs were logis-
tic regressions (binomial family) fitted on a subset of the original
data that considered only individuals with a minimum of two
breeding records, resulting in 632 breeding events from the 228
identified adult females. We further selected only observations
corresponding to the same or two consecutive breeding seasons,
resulting in discarding 91 breeding events and 42 individuals.
Indeed, repeated observations separated by more than one
breeding season widely differed in how far apart they were in
time, and the sparsity of these data precluded the definition of a
meaningful category to model how such durations have im-
pacted the return probabilities. The presence of observations as-
sociated with missing values for at least one of the predictors
used for modelling resulted in discarding all records associated
with six ducks. The resulting dataset used to fit the GLMMs
contained 301 rows, and encompassed records from 481
reproductive events—including 180 first captures and 301 recap-
tures—from 180 adult female mallards.

We considered seven different classes of predictor variables
as fixed effects in our models (Table 1): one class to describe the
habitat type, one for the habitat structure, one for the human
disturbance, one for the breeding success, one for applied man-
agement strategies and one for the breeding season. All quantita-
tive variables among these predictors were normalized prior to
model fitting using z-scores. The maximum Pearson’s correlation
coefficient encountered between them was |r| = 0.65, suggesting
acceptable levels of collinearity (Dormann et al. 2013). We classi-
fied the habitat type into five different categories according to
the breeding sites chosen by the mallard: roof terrace, balcony,
courtyard, other (e.g. sills, pathways or basement entries)
and unknown.

We obtained aquatic habitat structures in the study region
from the Copernicus online database (https://land.copernicus.
eu), including the distance to the nearest body of water suitable
for breeding (DNSW) and the presence of such (PSW) within two
buffer zones of radii 1000 and 2000m around the breeding site
(Table 1). We considered all LBM-DE CORINE Land Cover (CLC)
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Table 1. Fixed predictor variables used to model the breeding site fidelity.

Class Predictor variable?®

Description Source

Habitat type Habitat type (qualitative,
S levels)
Habitat structure DNSW (quantitative)

PSW (qualitative, 2 levels)

Human-related disturbance Traffic volume (quantitative)

Human population density
(quantitative)
Breeding success Brood size (quantitative)
Delta season (qualitative,
2 levels)

Relocation distance
(quantitative)

Breeding season

Management strategies

Roof terrace, balcony, courtyard, NABU Berlin e.V.
other, or unknown

Distance to the nearest suitable
water body®

Presence (0/1) of suitable water
body® within 1000 and
2000m radius

Average daily road traffic
volume (vehicles/24 h) within
500, 1000 and 2000 m radius

Average human population
density (inhabitants/ha) within
500, 1000 and 2000 m radius

Number of successfully relo-
cated juveniles

Same or two consecutive breeding
seasons

Distance between breeding site and
release location

Copernicus (2018)

Copernicus (2018)

Geoportal Berlin (2019)

Geoportal Berlin (2021)

NABU Berlin e.V.
NABU Berlin e.V.

NABU Berlin e.V.

: All variables refer to the previous breeding event during the same or previous breeding season.

Considering water features with a total area >0.39 ha.

classes of group G (watercourses, waterbodies, mud flat) as bod-
ies of water, using a digital land cover model for Germany (LBM-
DE 2018, multitemporal RapidEye and Sentinel2 ESA satellite im-
agery; 10m pixel resolution). We defined bodies of water to be
suitable for breeding whenever their total area was larger than
0.39ha. We derived this threshold from ornitho.de, a Europe-
wide online database of individual sightings of birds. Specifically,
we extracted from this database all reported sightings of mallard
ducks with offspring at water bodies of classes C11 (active nest)
and C12 (fledged juvenile) between first and 30th of July 2021
within the study area. Only sightings of these two classes repre-
sent reliable proof that mallard ducks successfully bred at a
given water body. Out of these observations, we then calculated
the average area of the five smallest water bodies in order to rep-
resent a minimal water area at which mallards potentially breed
and rear young (Supplementary Table S1), resulting in the
threshold of 0.39ha.

We integrated human-related disturbance indices for urban
environments by accessing data on traffic volume and human
population density through the online database Geoportal for the
state of Berlin (https://www.berlin.de/umweltatlas/). To account
for potential scale-dependent effects, we averaged values for
each breeding site in a buffer zone with a radius of 500, 1000 and
2000m, respectively, using the open-source geographical infor-
mation system QGIS (2024, version 3.36 Maidenhead).

We also included breeding success in the previous breeding
event as the brood size (e.g. number of relocated juveniles) and
whether two consecutive breeding events happened within the
same or two successive breeding seasons. This allowed us to
characterize the breeding status and breeding season of mal-
lards, respectively.

To analyse the effect of ongoing relocation strategies, we used
the relocation distance (m) from the breeding site to the site of
release of the previously recorded breeding event as a fixed ef-
fect. All distances between two coordinates were computed as
the shortest great circle distance using the ‘st_distance’ function
from the sf R package (Pebesma and Bivand 2023).

Lastly, we included the ring number and the identity of the
breeding site (using the coordinates and habitat type, i.e. treating
two balconies in the same house independently) as random
effects—termed, respectively, individual ID and location ID—to

account for individual as well as spatial variability not captured
by the fixed effect terms. We also attempted to account for con-
tinuous spatial autocorrelation by including an autocorrelated
random effect with the Matérn correlation function (Matérn
1960), but these more complex models did not fit observations
better than the original model fits according to the conditional
Akaike information criterion (cAIC; Vaida and Blanchard 2005).
For the sake of simplicity, we therefore chose not to retain such
parametrization.

Using R standard notation, the formula for the full model con-
sidered was therefore:

return ~ habitat_type +habitat_structure_previous
+ trafficvolume_previous + populationdensity_previous
+brood_size + delta_season + relocation_distance
+ (1]individual _ID) + (1[location_ID),

where the suffix ‘_previous’ indicates that the predictors are de-
fined by the characteristics of the breeding site during the previ-
ous capture (irrespective of whether or not the adult female
returns to the same breeding site).

Statistical analysis

We fitted 27 GLMMs because we considered all possible combina-
tions between three alternative predictors for habitat structure
(DNSW, PSW1000, PSW2000), as well as three alternative predic-
tors for both traffic volume and (human) population density as
these variables can be defined at three different spatial scales
(radius of 500, 1000 or 2000 m; see above). To identify predictors
leading to the best goodness of fit among these 27 alternative
representations of the full model, we selected the model fit yield-
ing the highest likelihood. This procedure is appropriate given
that the alternative models all shared the same number of
parameters and were all fitted on the same data. All GLMMs were
fitted using the function fitme from the R package spaMM
(Rousset and Ferdy 2014) version 4.5.0 and setting the link
function to ‘logit’ and the fitting method either to PQL/L or to
PQL. The latter differs from the former by a form of restricted
likelihood (REML) correction and is therefore more suitable for
estimation and testing of random effect variances, while PQL/L
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must be used for fixed effects. We explored model assumptions
by checking plots of residuals simulated via parametric
bootstrapping using the R package DHARMa version 0.4.6
(Hartig 2022).

We tested the significance of variables in the selected full
model using parametric bootstrap as implemented by the func-
tion LRT from spaMM. Specifically, we relied on 1000 bootstrap
replicates to build the distribution of the test statistic of each
Likelihood Ratio Test (LRT) under the null hypothesis. In one
case, we increased the number of bootstrap replicates to 100,000
to obtain a more accurate estimate of the P-value. For each LRT
reported below, we indicate if the underlying models were fitted
using PQL or PQL/L using the abbreviation LRTpq;, 0 LRTpqr,1.. We
also compared the predictive power of nested models based on
both the conditional and marginal AIC (cAIC and mAIC; Vaida
and Blanchard 2005), as well as on Tjur’'s D (Tjur 2009). Tjur’'s D
reflects the average difference between the predicted probabili-
ties for individuals to return to the previously occupied breeding
site between individuals that did return and individuals that did
not. The predictive power increases with increasing D and can
take values between 0 and 1. Tjur’s D metric is simple to compute
and interpret, but it evaluates the predictive power of a model
based on the very data that was used to fit this model. Therefore,
models overfitting the data can provide the illusion of having a
strong predictive power in the light of this metric. The cAIC and
the mAIC are more robust to overfitting by design. The mAIC is
Akaike’s original AIC. When applied on a mixed-effect model, it
quantifies the ability of the model to predict future data depend-
ing on new realizations of the random effects. By contrast, the
cAIC quantifies the predictive ability of future data conditional
on the same realizations of the random effects as in the fitted
data. The cAIC is thus a metric favoured when the goal is to iden-
tify the model best predicting the behaviour of already observed
ducks given the already observed breeding sites. The mAIC is in-
stead favoured when the goal is to identify the model best pre-
dicting the behaviour of new ducks in a landscape composed of
new breeding sites. Wildlife management applications therefore
fall somewhere in the middle of these two hypothetical scenar-
ios, which is why we chose to rely on both metrics. To express
the predictive power of the models based on the AIC metrics, we
calculated AcAIC (AmAIC) as the difference of cAIC (mAIC) for
each model and the model with lowest overall cAIC (mAIC).

Data processing and statistical analyses were all performed in
R version 4.4.1 (R Core Team 2024). The data and code used in
this publication are available in the form of a dedicated R pack-
age—mallaRd—which we created to promote transparency and
reproducibility. The package is available on GitHub (www.github.
com/courtiol/mallaRd) and Zenodo (https://zenodo.org/records/
14397939). To summarize results, we used the ‘gradual language
of evidence’ detailed in Muff et al. (2022).

Results

Breeding outputs

Between 2005 and 2020, NABU Berlin personnel relocated a total
of 1634 mallard families (i.e. mothers and their ducklings) from
inapt urban breeding sites to suitable waters in Berlin. The distri-
bution of biometric parameters is displayed in Supplementary
Fig. S1 and summarized in Table 2.

Type of breeding site

Female mallards preferentially chose to build their nest in
three different urban breeding habitats (Fig. 1): roof terraces

Table 2. Summary statistics for the biometric measurements
from adult female mallards and breeding events observed in
urban habitats between 2005 and 2020.

Biometric Mean +sd Range  Number of Number of
parameter® (min-max) breeding adultfemale
events mallards
Clutch size 8.65+£2.29 1-17 1238 711
Brood size 6.98+3.13 1-15 1621 790
Body mass (g) 817+66.1 520-1030 1140 754
Wing length (mm) 264+7.61 226-287 1162 773
Hatching day (doy) 147+23.4  61-207 1411 771

* The following biometric parameters were recorded: the number of eggs
(clutch size), the number of ducklings (brood size), the body mass of the adult
female mallard (body mass), the wing length of the adult female mallard (wing
length), and the distribution of the hatching date as measured by the number
of days between hatching and January first (hatching day).

(29~6%v Nbreeding events =484, Nadult female mallards:267)v balconies
(32'7%v NMpreeding events = 535, Nadult female mallards = 319) and court-
yade (23»9%| nbreeding events — 390, Nadult female mallards = 220) Other
types of breeding habitat, e.g. windowsills, pathways or base-
ment entries accounted for only 4.4% (Npreeding events = 72, Nadult fe-
male mallards = 37) Of all records. No data on the type of breeding
habitats was available for 9.4% (Npreeding events = 153, Nadult female
mallards = 16) of all breeding events.

Breeding site fidelity

Out of the 795 adult ringed female mallards recorded, 228 were
observed multiple times, demonstrating that at least 28.7% of the
ducks selecting anthropogenic structures as breeding sites did so
more than once in their lives. The number of times ducks were
recorded to breed in urban habitats ranged from 1 to 13 (mean +
SD=1.51+1.11; Fig. 2A). Among the 228 ducks recorded to have
used anthropogenic structures as breeding sites more than once
during the study period, 52 (i.e. 22.8%) of them were observed to
have used the exact same breeding sites at least twice. The distri-
bution of the maximum number of times each given female mal-
lard reused the exact same breeding sites, within the same or the
following breeding season, shows that some birds were particu-
larly faithful in their breeding site selection (Fig. 2B). Out of the
863 breeding sites used by ringed individuals, 153 (i.e. 17.7%)
breeding sites were used at least twice, and 64 have been occu-
pied by at least two different adult female mallards.

To understand factors influencing the breeding site fidelity of
adult female mallards, we ran 27 generalized linear mixed-
effects models (GLMMs) predicting the probability that a mallard
would return to a breeding site it previously occupied. These
models do not differ in terms of number of parameters, only in
terms of alternative proxies used to characterize predictors. For
these alternative predictors, the model with the highest goodness
of fit (hereafter referred to as best full fit), as measured by the like-
lihood (under a PQL/L fit), was one considering the presence of
suitable water bodies within a 1000 m radius, the average daily
road traffic volume within a 2000 m radius and the human popu-
lation density within a 500 m radius (Supplementary Table S2).
Most alternative parametrizations yielded a similar likelihood.
Indeed, 19 out of the 27 models yielded a likelihood that did not
significantly differ from the best full fit, as tested by a bootstrap
procedure providing the distribution of likelihood ratios for sam-
ples simulated under each alternative model tested. In fact, all
alternative parametrizations we considered were retained in at
least one model within the set of best fitting models. This result
demonstrates that the distinct proxies cannot be distinguished
from those selected in the best full model on the basis of the
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Figure 1. Usage of urban breeding habitats by adult female mallards. (A) Frequencies of types of urban breeding habitats selected by female mallards
between 2005 and 2020. Colours depict the different types of habitats. Points depict the frequencies of observations within each year, with the diameter
of each point being proportional to the number of observations for any particular year-habitat type combination. Lines connect points to help visualize
temporal fluctuation. Data include 1634 breeding events from at least 795 different adult females. (B) Frequencies of types of urban breeding habitats
from this study (2005-20, dark red) compared to a previous study in the same study region (1999-2005, light grey; Hallau and Otto 2005).
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Figure 2. Distributions of captures and recaptures of adult female mallards breeding in urban habitats. (A) Frequencies of used anthropogenic
structures selected per individual female mallards between 2005 and 2020. Data include 1194 breeding events at 863 identified breeding sites from 794
different ringed adult females with known breeding site locations. (B) Frequencies of returns to previously used breeding sites within the same or the
following breeding season per individual female mallards between 2005 and 2020. For example, the value 3 on the x-axis corresponds to females that
returned three times to their previously breeding site(s) during the study period. These three sites could correspond to the exact same location or to
different ones. Data include 301 breeding events at 197 identified sites from 180 different adult females.

model predictions. The best full fit predicted breeding site fidelity df=2, P<.001). All parameter estimates of the best full fit are
significantly better than the fit of a model predicting the provided in Table 3.

same probability of return for all breeding events (i.e. an inter- With respect to fixed effects, our best full fit revealed that two
cept only model; LRT =49, df =11, P <.001). This was due to the predictors were significantly negatively related to breeding site fi-
improvement in likelihood stemming from both fixed effects delity: the human population density within a 500m radius

(LRTpqrr =20, df=9, P=.036) and random effects (LRTpqL =27, (LRTpqr.=5.4, df=1, P=.039; Fig. 3A) and the relocation
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distance at the previous breeding event (LRTpq . =4.3, df=1,
P=.043; Fig. 3B). In the full dataset, human density around
breeding sites varied between 0 and 295 humans per hectare
(mean+SD=107+62.6). In the reduced dataset used to fit the

Table 3. Model parameter estimates for the best full fit predicting
breeding site fidelity of adult female mallards breeding in
urban habitats.®

Fixed effects

TermP Estimate® Cond. SE¢
Intercept® 0.235 0.441
Habitat type (courtyard) —0.243 0.528
Habitat type (other) —0.565 1.56
Habitat type (roof terrace) 0.0198 0.459
Presence of suitable water body —-0.0223 0.407
(within 1000 m)
Traffic volume (within 2000 m) -0.127 0.220
Human population density (within 500 m) —-0.427 0.221
Brood size 0.119 0.177
Delta season (same breeding season) 0.786 0.446
Relocation distance -0.313 0.187
Random effects
Term Variance (1)
Individual ID 1.12
Location ID 13.3

* The model was fitted on a dataset including all required variables for 301
breeding events from 180 different adult females.

All variables describe the context measured at the previous
breeding event.

° Fixed effect estimates were obtained following a PQL/L fit and random
effect variances following a PQL fit. All estimates are provided on the scale of
the linear predictor. All predictors besides the habitat type were fitted after z-
score transformation, so as to make estimates directly comparable
across variables

Standard errors for parameter estimates are displayed as
conditional estimates.

“ The intercept corresponds to the baseline where ‘balcony’ is the category
for ‘Habitat type’, ‘previous breeding season’ is the value for ‘Delta season’
and 0 is the value for the other fixed effect predictors.

GLMMs, human density was similar and varied between 9 and
277 humans per hectare (mean+SD=109+58.1). In the best full
fit, each increase in human population density of 100 individuals
per hectare resulted in the odds that an adult female mallard
returns to the same breeding site to be multiplied by 0.479 (Clgse,
=0.311-0.739).

As a management strategy to ensure survival of the ducklings,
families of ducks breeding in urban habitats were captured and
relocated to a suitable natural breeding water. In the full dataset,
relocation distances could be computed for 1192 breeding events.
Such distances averaged 2.42km (+3.74) and ranged between
31.0m and 37.4km. Most urban mallard broods (1072 or 90.0% of
the total) were relocated within 5km of the breeding site, and
only a few broods (77 or 6.46%) were relocated more than 10km
away from the breeding site. The distribution of the subset of 301
relocation distances present in the reduced dataset used to fit
the GLMMs was similar, with relocation distances recorded at
previous breeding averaging 2.17 km (+3.30) and ranging between
82.1m and 30.9km. In total, 280 or 93.0% of urban mallard
broods were relocated within 5km of the breeding site and 14 or
4.65% relocated further away than 10km. In the best full fit, each
increase in the relocation distance at previous breeding of 5km
resulted in the odds that an adult female mallard returns to the
same breeding site to be multiplied by 0.622 (Closy, =
0.431-0.898).

Beyond the effect of human population density and the relo-
cation distance, there is also some evidence that breeding site fi-
delity increased when the focal breeding event followed a
previous brood that happened during the same breeding season
(LRTpqir=4.0, df =1, P=.045; Fig. 3C). We found however no
support for the influence of the habitat type (LRTpqr.=0.68,
df=3, P=.90), the presence of suitable water bodies within a
1000m radius (LRTpqr1=0.0013, df=1, P=.97), the average
daily road traffic volume within a 2000m radius (LRTpqy /. =0.42,
df =1, P=.54), or the breeding success in the previous breeding
(LRTpq =0.69, df =1, P= .42).

A i, B 0. Cc 1.0
0.9 0.91 0.9
0.8 0.8 0.8
0.7 0.71 0.7 ®
. — =
c 06 C 0.6 c 06 O
> =), >
2 05 D 05 D 05
= = =
Q 04 o 04 o 04
0.3 0.3 0.3
0.2 0.21 0.2
0.1 0.11 0.1
0.0 0.0 0.0 -
0 100 200 0 10 20 30 successive same

Human pop density (in/ha)

Relocation distance (km)

Breeding season

Figure 3. Effects of fixed effect predictors on the breeding site fidelity of adult female mallards breeding in urban habitats. Curves and points indicate
model predictions for the effect of human population density (A), relocation distance (B) and breeding season (C). All predictions correspond to partial-
dependence effects whereby the effect of a given fixed-effect variable is computed as the average of predicted values on the response scale, over the
empirical distribution of all other fixed-effect variables in the data, and of inferred random effects. Grey areas and error bars indicate 67.45% intervals
(expected to contain 50% of values, that is the so-called ‘probable error’) for such partial-dependence effects based on the prediction variance. Dotted
lines mark predicted probabilities associated to the average value of the quantitative predictor variables in the dataset restricted to adult female
mallards observed more than once. See Table 3 and its legend for details on model parameter estimates and sample sizes.
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With respect to random effects, the best full fit revealed that
the identity of the adult female duck (LRTpq =10.5, df=1,
P<.001) and the identity of the wurban breeding site
(LRTpqL=14.6, df=1, P<.001) have non-negligible variances.
The comparison of the predictive power of alternative models
nested within the full model described above showed the predic-
tive power is highest when considering both fixed and random
effects (Supplementary Table S2). Nevertheless, considering only
the identity of the breeding site yielded a higher predictive power
than the consideration of all the fixed effects mentioned above.
This was true irrespective of the metric used to measure the pre-
dictive power (Tjur's D, mAIC or cAIC) and irrespective of the
methods used to fit the mixed models (PQL or PQL/L). The consid-
eration of the identity of the breeding site increased the predic-
tive power more than the consideration of the identity of the
adult female mallard (i.e. ring number), and models considering
both random effects were generally superior to those only con-
sidering a single random effect.

Discussion

In this study, we describe the breeding outputs and breeding site
selection, and analyse the determinants of breeding site fidelity
for a population of mallards inhabiting a European metropolis.
The study was motivated by the practical problem that, in Berlin,
a large number of adult female mallards breed on anthropogenic
structures which prompts NABU Berlin to organize and execute
numerous rescue operations during the breeding period each
year. This raised the question of why adult female mallards be-
have this way and whether the management of the urban mal-
lard populations could be improved, as it requires NABU Berlin
and other similar organizations worldwide to intervene at the
cost of not being able to pursue other conservation-related activi-
ties. Moreover, not all breeding events on anthropogenic struc-
tures are observed and reported, and many ducklings probably
die each year as the result of adult female mallards selecting
such breeding sites. We discuss our results on breeding outputs,
breeding site selection and breeding site fidelity, before drawing
conclusion for the management of urban wildlife populations.

Breeding outputs

Mallard productivity is primarily dependent on two sequential
events: the successful hatching of a clutch and the survival of
ducklings until fledging (Amundson and Arnold 2011, Garrick
2015). Breeding at anthropogenic structures may affect these two
components of the breeding success. Indeed, breeding on balco-
nies and roof terraces might contribute to lower predation risk
during incubation compared to breeding in natural sites, result-
ing in larger brood sizes (Roos et al. 2018, Holopainen et al. 2021,
Wiegers et al. 2022). After hatching, on the other hand, the lack
of access to a natural food supply or the inability to escape pred-
ators may lead to a higher mortality of juveniles (Chouinard and
Arnold 2007, Amundson and Arnold 2011).

We found no comparable reports on average brood size for
other urban mallard populations. However, according to our
records, the average clutch size of mallards in Berlin is similar to
those reported for an urban population in the USA (Oplinger
1977, Master and Oplinger 1984), but lower than that of semi-
urban populations (Montgomery et al. 1975, Figley and VanDruff
1982, Supplementary Table S3). Compared to rural and natural
habitats, our recorded clutch and brood sizes are also slightly
lower than those reported for mallard populations in Europe
(Eygenraam 1957, Master and Oplinger 1984, Wiegers et al. 2022),

USA (Zicus et al. 2003) and New Zealand (Sheppard 2018).
Unfortunately, data on the clutch and brood sizes of mallards
breeding in natural habitats near our study area are lacking and
we can not adequately assess the extent to which the breeding
outputs are influenced by breeding in a natural vs. urban site
within the same population.

Breeding site selection

In Berlin, adult female mallards select a diversity of anthropo-
genic structures for breeding, including balconies, roof terraces
and courtyards. In general, the composition of these breeding
sites does not seem to have changed for more than two decades,
as the distribution of urban breeding sites we report for 2005-20
matches the one reported in a previous study for the same study
region between 1999 and 2005 (Hallau and Otto 2005, see Fig. 1B).
An exception is a recent increase in the number of breeding
events recorded at balconies, which may reflect a change in
breeding site availability related to the development of the city.
The possibility that large numbers of adult female mallards also
select anthropogenic breeding sites in other cities seems likely.
Unfortunately, beyond a few reports of mallards breeding in
ponds, tree trunks, wood piles and vegetation within towns and
cities (Oplinger 1977, Figley and VanDruff 1982, Master and
Oplinger 1984, Engel et al. 1988), studies addressing breeding site
selection in urban mallards are lacking.

Breeding site fidelity

Despite, or perhaps because of, the close interaction between
humans and ducks breeding on anthropogenic structures, our
data reveal that many mallards reuse the same urban breeding
site during their lives. The analysis of 301 recaptures provided
very strong evidence for the role of individual and location spe-
cific effects, moderate evidence for the negative roles of the hu-
man population density and the distance between the breeding
site and where mallard families were previously relocated, also
moderate evidence for the role of the duration between two
breeding events, and little or no evidence for all the other varia-
bles investigated (habitat type, habitat structure, traffic volume
and previous breeding success).

The effect of human population density

We found that the higher the human population density around
a breeding site, the less mallards were likely to return to it. This
negative effect is likely related to an increased risk originating
from human activities perceived by the mallards, as has been
reported for other animals (Diaz et al. 2013, Mgller 2015, Samia
et al. 2015). Even in urban areas, birds may avoid close proximity
to areas with a large number of humans and related disturbance,
particularly during breeding season (Mgller 2008). For example,
as urbanization increases, magpies generally build their nests
higher above the ground (Jerzak 2001, Wang et al. 2008).
However, the negative effect of human population density may
not be causal as it is also associated with other factors that might
reduce the attractiveness of breeding sites in cities. For instance,
mallards may not avoid humans per se, but rather cats and dogs.

The effect of the relocation distance

We also found that the further mallard families were relocated
away from their breeding site, the less likely they were to return
to it. The effect was small, however, and relocating birds over dis-
tances of only a few kilometres (in our study, most mallards were
relocated within 5km of their breeding site) appears insufficient
to prevent them from returning to the same place. Preliminary
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findings for single mallard broods suggest however that reloca-
tion over longer distances (>10km) may reduce breeding site fi-
delity (M. Engler, personal observations).

Effect of the identities of the duck and the anthropogenic
breeding site

In addition to the effects of human population density and relo-
cation distance, the identities of the duck and of the breeding site
also shaped the return probability of female mallards. In fact,
these random factors, which capture all unknown factors differ-
ing between individuals and breeding sites, exerted a larger influ-
ence on the predictive power of our statistical models than all
the factors we considered.

The location-specific random effect captures small-scale
properties that were not recorded but may strongly influence the
attractiveness of breeding sites. Considering that the habitat type
did not seem to influence the breeding site fidelity of mallards,
we conclude that these location-specific properties may reflect
the composition and availability of certain features at the breed-
ing site, irrespective of the general type, e.g. balcony, roof terrace
or courtyard. For example, mallards prefer elevated grounds
(Roos et al. 2018, Holopainen et al. 2021) with high vegetation
cover, e.g. balcony plants and flower beds (Oplinger 1977, Garrick
2015). In addition to the spatial characteristics of the breeding
site, mallards may also prefer to return to a location where
humans provided them with food and water ad libitum during
the previous incubation period. In many cases, concerned citi-
zens reported providing breeding females with a daily supply of
carbohydrate-rich corn, mashed potatoes and lettuce leaves
throughout the incubation period (M. Engler, pers. obs.).

Implication for the management of urban
populations

How urban mallard populations are managed can potentially in-
fluence their welfare and conservation simultaneously. From the
point of view of animal welfare, current management practices
implemented by NABU Berlin are successful. In the absence of
human interventions, the choice of anthropogenic breeding sites
is highly maladaptive. In most situations the ducklings are un-
able to leave the anthropogenic structure (e.g. closed-off court-
yard or impenetrable balcony barrier) in the first place, or they
would fail to survive the trip to the water they need to reach after
hatching. Yet, due to human interventions, rescued mallard fam-
ilies survive. The breeding output of the adult females remains
high and neither these females nor their ducklings seem particu-
larly stressed by these interventions. In fact, the same mallards
often reuse the same breeding site multiple times in their life de-
spite the required relocation interventions. The most striking ex-
ample was that of one female (#/C69668) which was relocated 13
times, over 9years, and which used the same site (a fully
enclosed courtyard) 12 times and was only recorded once using a
different breeding site.

Yet the rescue operations, however successful, have down-
sides. First, dealing with the logistics and the rescue operations
require a significant amount of work from NABU Berlin, esti-
mated at around 2.5h per mallard family; time which could oth-
erwise be spent on the protection of other populations of birds.
Second, the practice may encourage ducks to repeat the same
breeding behaviour which could eventually result in a high fit-
ness cost. Indeed, an unknown proportion of birds using anthro-
pogenic breeding sites is likely to not be observed or reported,
leading to the death of the entire clutch. As breeding site fidelity
is high for relocated ducks, but not total, birds can thereby be

driven, due to their previous successful breeding experience, to
new unmonitored locations which end up being a death trap for
the ducklings. Furthermore, even if every single breeding attempt
within anthropogenic structures were to be observed or reported,
it is not guaranteed that conservation organizations like NABU
Berlin would always have the means and personnel to cover all
required relocations.

From the welfare point of view, if the choice of anthropogenic
breeding site represents attractive ecological traps for urban mal-
lards, a relevant research question is, ‘what actions could be
taken to deter urban mallards from selecting anthropogenic
structures for breeding without large (negative) consequences for
breeding cost and population stability?’ The results we obtained
suggest that the attractiveness of anthropogenic breeding sites is
shaped by danger/disturbance (e.g. high human population den-
sity) and rewards (i.e. unknown factors influencing the attrac-
tiveness of certain breeding sites captured by the random
variable ‘location ID’, probably related to better/safer breeding
conditions as well as food provided to the ducks by people).
Modifying the perception of danger therefore seems to be an ap-
propriate mitigation strategy. This could be implemented by re-
ducing the attractiveness of breeding sites, i.e. by removing
flower boxes or deploying decoys of predators such as crows
(Clucas amd Marzluff 2012). While the former heavily collides
with the citizens’ interest, decoys are already used on balconies
to deter birds like songbirds and pigeons. Unfortunately, evi-
dence for their effectiveness is mixed and decoys may not pre-
sent a long-lasting solution as birds can get used to them (Rensel
and Wilder 2012, Micaelo et al. 2023). The perception of rewards
could be reduced by encouraging humans not to feed the adult
female mallards during the incubation period since these ducks
can and do leave their eggs temporarily to forage elsewhere.
Potential downsides of this approach include a decrease in the
quality of human-wildlife interactions, but it is likely to be effec-
tive and potential drawbacks may be alleviated through effective
communication campaigns.

Relocating mallard families far away might form a more effec-
tive prevention strategy. Opting for natural, high-quality bodies
of water in rural environments around Berlin, without proximity
to residential areas, could be a favourable choice for release. Two
practical details would still need to be clarified: (i) how far the
ducks must be relocated from their breeding site to effectively
prevent their return, and (ii) whether this prompts mallards to
cease using anthropogenic structures altogether or to continue
using similarly inappropriate breeding sites, albeit in differ-
ent locations.

Lowering the attractiveness of anthropogenic breeding sites
has the potential to increase the welfare of mallards, but this
should not be done at the expense of the conservation status of
the local mallard population. So, before any program of deter-
rence is implemented, it will be necessary to identify: (i) whether
there are sufficient natural breeding habitats in the vicinity that
are available to support the mallard population, and (ii) whether
even if such habitats are available, the population would remain
largely sustained by the breeding output of mallards breeding in
urban habitats (e.g. through the relocation program).

Studies in the UK, the USA and China have shown that the
shortage of natural breeding spots alone may cause birds to use
residential houses or other anthropogenic structures as breeding
sites (Deng et al. 2005, Reynolds et al. 2019). Another important
research question therefore becomes, ‘is the repeated occupation
of anthropogenic breeding sites linked to a decline of available
natural urban breeding sites?’ If this is the reason Berlin's
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mallards choose to breed on anthropogenic structures, long-term
population sustainability could be compromised, and the deter-
rence measures proposed above may not represent adequate sol-
utions. Instead, management strategies aiming at increasing the
availability of natural breeding sites would become the primary
conservation target. Such an approach would also contribute to
animal welfare by decreasing the incidence of breeding at inade-
quate anthropogenic sites. Measures reducing traffic and human
related disturbance around water bodies are practical solutions,
e.g. by designating urban water bodies as protected nature
reserves or promoting dense vegetation in the shore area, thereby
limiting access of humans to sensitive breeding habitat. Adding
artificial structures such as ‘nest rafts’ in these locations could
also help to increase the density of breeding sites in natural habi-
tats (Brenner and Mondok 1979).

In sum, the need for the continuation of current relocation
measures and investment in proposed extensions of (semi-) nat-
ural breeding sites depends on the conservation status of urban
mallard populations. It is therefore crucial to monitor and evalu-
ate occupancy and breeding success of mallards at natural water
bodies in cities to determine if there is a shortage of natural
breeding sites, and to determine the influence that this may have
on the selection of anthropogenic structures as breeding sites.
Benefits of a systematic application of management strategies
should be critically evaluated in light of the objective. If animal
welfare is the main concern, reducing the attractiveness of an-
thropogenic breeding sites, encouraging citizens not to feed mal-
lards, and using long distance relocations may form reasonable
options. However, if a lack of natural breeding sites in urban
centres is the main driver forcing mallards to select alternative
anthropogenic breeding sites, emphasis should be put on improv-
ing the general quality of natural urban water bodies, including
the creation of structures appropriate for breeding and the reduc-
tion of human related disturbance. None of the proposed options
are alternatives, and each should be rigorously tested before be-
ing deployed on a large scale.

Conclusion

To our knowledge, this study is one of the first to address the
breeding site fidelity of mallards and study the effects of applied
management strategies in a context of highly urban breeding
environments. While our results show that location-specific
properties exert a major influence on breeding site fidelity, the
question remains why mallards elect to breed on anthropogenic
structures in the first place. Clarifying the main cause behind the
urban breeding behaviour of mallards should become a research
priority since it impacts which wildlife management actions are
likely to be most appropriate. To understand whether this origi-
nates from the attraction of such locations, we underline the
need to record and study location specific properties of breeding
sites. At the same time, future studies should monitor and evalu-
ate occupancy and breeding success at natural water bodies in
cities. We also suggest that relocation programs could be used as
an experimental ground to test and refine management strate-
gies. For example, one could (i) conduct a randomized trial on a
small number of attractive anthropogenic breeding sites to test
the effect of long-distance relocations on return rates or (ii) ma-
nipulate structure and appearance of breeding sites to reduce the
attraction perceived by mallards. Not only could this kind of ex-
periment be informative for the management and conservation
of mallards and other bird species, but it could also bring funda-
mental insights into the reproductive biology of birds.
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