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• Tawny Owl is focal raptor sentinel species
for contaminants in the environment.

• Contextual data is needed for correct in-
terpretation in contaminant assessments.

• Population contextual data indicating
contaminant exposure/impact were sum-
marized.

• Review of spatial variation in Tawny
Owl's population contextual data

• A minimal recommended raptor monitor-
ing scheme on a pan-European level is
proposed.
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Top predators are often used as sentinel species in contaminant monitoring due to their exposure and vulnerability to
persistent, bioaccumulative and, in some cases, biomagnificable contaminants. Some of their ecological traits can vary
in space and time, and are known to influence the contamination levels and therefore information on ecological traits
should be used as contextual data for correct interpretation of large-scale contaminant spatial patterns. These traits can
explain spatiotemporal variation in contaminant exposure (traits such as diet and dispersal distances) or contaminant
impacts (traits such as population trend and clutch size). The aim of our research was to review the spatial variation in
selected contextual parameters in the TawnyOwl (Strix aluco), a species identified by the COSTAction European Raptor
Biomonitoring Facility as one of the most suitable candidates for pan-European biomonitoring. A considerable variation
in availability of published and unpublished contextual data across Europe was found, with diet being the most exten-
sively studied trait. We demonstrate that the Tawny Owl is a suitable biomonitor at local scale but also that taking spa-
tial variation of other contextual data (e.g. diet) into account is necessary. We found spatial gaps in knowledge about
the species ecology and biology in Southern Europe, alongwith gaps in certain population parameters (e.g. population
Ecosystems Research, National Institute of Biology, Večna pot 111, SI-1000 Ljubljana, Slovenia.

7 November 2022; Accepted 23 November 2022

er B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2022.160530&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2022.160530
mailto:urska.ratajc@nib.si
Journal logo
http://dx.doi.org/10.1016/j.scitotenv.2022.160530
http://creativecommons.org/licenses/by/4.0/
Unlabelled image
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv


U. Ratajc et al. Science of the Total Environment 860 (2023) 160530
trends) in several countries. Based on our findings, we proposed a minimal recommended scheme for monitoring of
population contextual data as one of the first steps towards a pan-European monitoring scheme using the Tawny Owl.
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1. Introduction

Various organisms have been used in ecotoxicological studies in an
effort to monitor the potential environmental effects of a vast array of
chemicals that are a product of human activities (García-Fernández et al.,
2020). Top predators were found to be good sentinel species for environ-
mental pollution because of their position at the top of food chains, which
makes them more susceptible to persistent, bioaccumulative and, in some
cases, biomagnificable contaminants (Helander et al., 2008; Shore and
Taggart, 2019); they can also be a target of direct and indirect poisoning
(Helander et al., 2009; Molenaar et al., 2017). Raptors, including birds of
prey (Accipitriformes), falcons (Falconiformes) and owls (Strigiformes),
are a group of top predators that have been regularly used in ecotoxicolog-
ical studies (Gómez-Ramírez et al., 2014; Espín et al., 2016) and have long
been considered as good candidates for long-term and wide-scale contami-
nant monitoring schemes (Berg et al., 1966; Seidensticker and Reynolds,
1971; Movalli et al., 2017, 2018, 2019; Shore and Taggart, 2019; Badry
et al., 2020).

Towards developing a harmonised continental-wide raptor biomonitor-
ing scheme in Europe, the COST Action European Raptor Biomonitoring
Facility (hereafter ERBFacility; https://erbfacility.eu/ and https://www.
cost.eu/actions/CA16224/) was established with the aim to design and
build key elements of a “Facility” (or framework) for pan-European raptor
biomonitoring. This network is gathering existing knowledge and advanc-
ing raptor ecotoxicology and ecology in order to step up from local contam-
inant studies with raptors to a continental-scale biomonitoring schemewith
raptors as focal species. ERBFacility's ultimate goals are to improve the
2

evaluation of effectiveness of chemicals regulations and conventions,
enhance risk assessment of specific chemicals and provide early warning
of emerging contaminant problems. The key elements of ERBFacility are:
a European Raptor Sampling Programme, which gathers raptor samples
and relates them to contextual data from the field; a distributed European
Raptor Specimen Bank, which stores these samples and related data; and
a European Raptor Biomonitoring Scheme, which analyses raptor samples
for contaminants on an ongoing basis (Movalli et al., 2019; Badry et al.,
2020; Espín et al., 2021; Dulsat-Masvidal et al., 2021).

The challenges of implementing a long-term and wide-scale biomoni-
toring scheme include the selection of the focal species and the focal sam-
ples for analysis, but also the capacity to obtain representative and
reliable contextual data that allow correct and enhanced interpretation of
contaminant levels (Badry et al., 2020; Espín et al., 2021; Dulsat-Masvidal
et al., 2021). Spatial and temporal variation in environmental and ecologi-
cal conditions are key elements in large scale and long-term ecotoxicologi-
cal studies, and these require comprehensive knowledge of the life-history
of the focal species (Shore and Taggart, 2019; Badry et al., 2022).

Ecological traits are known to influence exposure to environmental con-
taminants, and thus should be considered as contextual data for a correct inter-
pretation of large-scale spatial and temporal patterns of contaminants
(Mañosa et al., 2003; Espín et al., 2014; Monclús et al., 2020). Diet is one of
themost relevant traits to be considered in the interpretation of contamination
levels in raptors, since intraspecific variations in diet composition and trophic
pathways are known to influence individual burden (Palma et al., 2005;
Lourenço et al., 2011b; Gil-Sánchez et al., 2018; Badry et al., 2019). However,
at a continental scale, the diet of raptors can show considerable variation
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(Lourenço et al., 2011a; Roulin, 2015; Vrezec et al., 2018), which might lead
to differential exposure to contaminants in different regions. The exposure to
contaminants in raptors can also be affected by their movement behaviours
and space use, most often accounted for as home range size, habitat selection,
dispersal and migratory movements (Christensen et al., 2012; Blanco et al.,
2018; Badry et al., 2020). Additionally, contextual data are crucial in early-
detection of the environmental impacts of contaminants on raptor populations
and consequently biodiversity (Thompson et al., 1991;Hörnfeldt andNyholm,
1996; Newton and Haas, 1988; Shore and Taggart, 2019). In the short-term,
contaminant impacts can manifest through several breeding parameters,
such as decreasing trends in overall breeding success corresponding to
increasing contaminant levels (Newton and Haas, 1988; Nygård and
Gjershaug, 2001; Helander et al., 2008; Gil-Sánchez et al., 2018) and conse-
quently in long-term population effects (Newton and Wyllie, 1992; Ratcliffe,
1993; Helander et al., 2008; Shore and Taggart, 2019).

The suitability of raptor species as focal species for large-scale con-
taminant biomonitoring is determined by a set of ecological and mor-
phological traits related to the focal contaminants (Badry et al., 2020;
Monclús et al., 2020). Taking into consideration several key traits,
including distribution, habitat, foraging, diet and migration, the
Tawny Owl (Strix aluco) was found to be among the most suitable senti-
nel species to monitor mercury, anticoagulant rodenticides, pesticides
and medicinal products (Badry et al., 2020). It is a strictly residential
species with (considering its body size) relatively small home ranges,
with adults usually being specific to an area within 1 km radius from
sampling point (Sunde, 2011). As such, the Tawny Owl is a promising
biomonitor on a local level. The species has already been used in various
long-term studies of environmental contaminants taking into account
different matrices from passive or active sampling (Yoccoz et al.,
2009; Ahrens et al., 2011; Bustnes et al., 2013; Eriksson et al., 2016;
Varela et al., 2016). In the case of passive sampling, Tawny Owl car-
casses are the most frequently collected raptor carcasses by European
natural history museums (Ramello et al., 2022), giving promising avail-
ability of suitable tissue matrices for pan-European ecotoxicological
studies. The species population is among the most monitored raptor
populations in Europe (Derlink et al., 2018), providing good potential
also for active sampling, as well as the availability of extensive back-
ground knowledge for assessing contaminant exposure and population
impacts at continental scale.

We aimed to review key population contextual data for the Tawny Owl
from across Europe, as potential indicators of contaminant exposure and
impact. Based on an extensive literature review, we assessed for the first
time the geographical differences in key population contextual parameters,
which underpin interpretation of ecotoxicological results. We assessed geo-
graphical variation in selected parameters across Europe and evaluated
their importance for contaminant studies. The lack of available contextual
data can lead to uncertain conclusions from contaminant results, therefore
our objective was also to identify the gaps in our knowledge about the spe-
cies contextual data spatial coverage within the species' European range.
We proposed a minimal recommended scheme for monitoring of popula-
tion contextual data for Tawny Owl, which would not only provide crucial
data to improve interpretation of biomonitoring results, but also indicate
population status and other essential information for overall conservation
assessments.

2. Methods

2.1. Study area

The study area was defined to encompass the 39 Member
and Cooperating Member countries in the European Cooperation in
Science and Technology network (COST https://www.cost.eu/about/
members/), including the 27 member states of the European Union
and the Near Neighbour and International Partner Countries within
Tawny Owl distribution range, excluding Russia (adapted according to
Keller et al., 2020).
3

2.2. Study species

According to recent taxonomy, there are seven subspecies of Tawny
Owl, among which only two, S. a. aluco and S. a. sylvatica, inhabit Europe
including Turkey and Israel (Gill et al., 2022). These two subspecies form
the bulk of the Tawny Owl population that is confined to Europe
(Mikkola, 2013) and were those considered in the current review. The
European population has been genetically differentiated into three clades
corresponding to three glacial refugia in the Balkans, Italy and Iberia
(Brito, 2005). The most distributed clade, the Balkan clade, expands over
most of Europe including Northern Europe and Great Britain (Brito,
2005) (Fig. 1). The Balkan and Italian clade are taxonomically defined as
S. a. aluco, while Iberian clade corresponds to S. a. sylvatica. However, the
status of S. a. sylvatica is questionable since it is not genetically supported
(Brito, 2005). In the eastern Turkey possibly the fourth clade occurs corre-
sponding to the Caucasian/Caspian subspecies S. a. wilkonskii (Brito, 2005),
but this was not included in the study. The Tawny Owl is also a highly col-
our polymorphic species (Galeotti, 2001), with colour morphs related to
different physiological and ecological traits. Grey owls seemmore common
in colder and drier climates and brown individuals in warmer and wetter
climates (Galeotti and Cesaris, 1996) but the fitness of colour morphs is
changing due to fluctuating environmental conditions (Roulin et al.,
2004; Karell et al., 2021; Solonen, 2021) and disease infections (Galeotti
and Sacchi, 2003; Gasparini et al., 2009; Karell et al., 2017). This great
inter- and intra-population polymorphism might induce spatial differences
in species traits that might affect contaminant exposure and impacts.

The Tawny Owl is an adaptable mesopredator of temperate climate
zone that is not sensitive to rapid temporal changes in prey availability
(Gryz et al., 2019; Ratajc et al., 2022). Its population size is more governed
by other environmental factors, e.g. extreme low or high temperatures and
snow cover (Francis and Saurola, 2004; Pavón-Jordán et al., 2013; Comay
et al., 2022), competitive dominance or predation by larger predators
(Vrezec and Tome, 2004; Sunde, 2005; Sergio et al., 2007) or anthropo-
genic factors that could increase species mortality or decrease habitat suit-
ability (Silva et al., 2012; Santos et al., 2013; Fröhlich and Ciach, 2018; van
der Horst et al., 2019). Reported densities of territories vary greatly
between areas and regions, ranging from 0.2 up to 143.0 territories per
10 km2 (Ranazzi et al., 2001; Vrezec, 2003). The species is sedentary
since most breeding adults remain within a few km from their birth site
(Cramp, 1985), with home range size of adults ranging from 20 to nearly
300 ha (Coles, 2000; Sunde, 2011; Burgos and Zuberogoitia, 2020). In
the post-fledging dependency period, which is easily recognized as persis-
tent begging (Sunde and Naundrup, 2016), the fledged young depend en-
tirely on food provision by the parents within their territory (Coles, 2000;
Sunde, 2011; Burgos and Zuberogoitia, 2020). Their independence, usually
followed by post-fledging dispersal, is triggered by cessation of parental
investment (Southern et al., 1954; Sunde, 2008). Post-fledged young can
disperse some hundreds of kilometers away, but the majority disperse
<100 km, however, proportion of longer movements is higher in Northern
Europe (Cramp, 1985). Mean natal dispersal is usually much lower (e.g. in
Finland, it is only 14 km for males and 17 km for females; Valkama et al.,
2014).

The Tawny Owl is predominantly a forest species of deciduous and
mixed forests (Galeotti, 2001; Vrezec, 2003; Marchesi et al., 2006;
Bartolommei et al., 2012), but also of coniferous forest stands in extreme
conditions (Sunde et al., 2001; Comay et al., 2022). However, the species
is highly adaptable in habitat selection (Rumbutis et al., 2017), frequently
occupying fragmented and heterogeneous landscapes and even urban
areas (Redpath, 1995; Ranazzi et al., 2000; Solonen and af Ursin, 2008;
López-Peinado et al., 2020). As a hole-nesting bird, the Tawny Owl readily
uses nest-boxes (Petty et al., 1994; Vrezec and Bertoncelj, 2018), enabling
detailed studies on species demography. Annual survival of young
(8–48 %) is lower than that of adults (52–87 %) due to high predation
risk after fledging, but also very few young birds hatched in highly produc-
tive years survive till the next year due to the crash of small mammal
populations the following winter (Sunde, 2005; Newton et al., 2016;

https://www.cost.eu/about/members/
https://www.cost.eu/about/members/


Fig. 1.Distribution areas of the three clades of TawnyOwl in Europe (distribution areas are adapted after Brito, 2005 and are approximate; the areawas chequered if the clade
represented at least 20% of the population) (A), and inter- and intrapopulation colour variation of owls in two clades: Balkan clade from Slovenia corresponding to S. a. aluco
(B) and Iberian clade from Portugal corresponding to S. a. sylvatica (C).
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Saurola and Francis, 2018). In a latitudinal gradient, Tawny Owl productiv-
ity increases towards the north (Overskaug and Bolstad, 1998), but lifetime
reproduction seems to be higher in the south (Bucciolini et al., 2022),
which might depend on longevity of owls due to natal environmental con-
ditions (Millon et al., 2011), colour morphs (Brommer et al., 2005), nest
predation (Sasvári and Hegyi, 2011) or prey cycle phase at their first breed-
ing (Millon et al., 2010). Timing of breeding depends on prey availability
and weather conditions, and clutches are laid earlier in good vole years
with low snow cover, therefore owls in warmer habitats, i.e. urban areas,
breed earlier than owls in forests (Solonen, 2014).

2.3. Population contextual data

We defined the ‘population contextual data’ as a range of parameters
about raptor populations that can indicate the level of exposure to contam-
inants and/or the level of contaminant impact on the raptor populations,
the latter providing early warning of threats to populations (Table 1). In
the review, we considered only contextual data relevant to the breeding
populations or at the breeding sites.

2.4. Data collection

2.4.1. Initial literature search
We have carried out an extensive literature search to acquire published

research papers and other publications (e.g. reports and theses) about the
Tawny Owl in Europe (published online before December 2020). Using
the Google Scholar search engine, our search formula was: “Strix aluco”
OR “tawny owl”. The search resulted in a database of published papers
and other publications, which were checked for population contextual
data. This enabled us to select the most extensively studied population
contextual data for detailed analysis of their spatial patterns in Europe.

2.4.2. Selection of case population contextual parameters and collecting data
When selecting population contextual parameters to study their large-

scale pattern in Europe, we followed two criteria: (1) their relative impor-
tance for better interpretation of biomonitoring results, and (2) the data
availability across Europe as found in our initial literature search. The
objective was to cover at least two key exposure contextual parameters,
i.e. parameters that can assess the risk of contaminant exposure of the
TawnyOwl, and at least two key impact contextual parameters, i.e. changes
4

as potential indicators of contaminants affecting the population in the
region (listed in Table 1). Accordingly, we selected five parameters: in the
exposure group, we considered the data on Tawny Owl's diet and dispersal,
and in the impact group, population trends and clutch size. Spatial patterns
in population density could indicate both exposure to, and impacts of,
contaminants.

Furthermore, a detailed literature search has been carried out for
selected population contextual data in order to mobilise as much available
data as possible from available sources including published sources, grey
literature and existing databases. At this step, our search formula was
more focused: “Strix aluco” OR “tawny owl” AND “diet” OR “breeding”
OR “clutch” OR “reproduction”. We obtained additional data by direct
contact with researchers to acquire information about the existence
(or complete lack) of literature on the diet of TawnyOwl from the countries
where no or few records were found using the search engines; microstates
were not considered in this case because of their small area.

In the diet analysis, we included only articles reporting either numbers
or percentages for main prey groups. We included studies with 20 or more
prey items in total. The data from each study were separated into different
entries in our database if more locations were clearly defined. Since we
were interested in differences between percentages of main prey groups
(mammals, birds, invertebrates, reptiles and amphibians), we could only
include articles with a detailed list of prey species or a summarized list
with the same prey groups. To ensure prey proportion comparability in
further analysis, we had to exclude entries which reported only mammals
or vertebrates (i.e. did not report or quantify some prey groups - most
frequently invertebrates). Not all articles provided data which enabled us
to calculate both numeric and biomass percentages. Although prey biomass
percentages are more important in terms of total contaminant levels
(Mañosa et al., 2003; Lourenço et al., 2011b), numeric percentages of
prey can also be used to understand the effects of diet composition and
prey contamination on the spatial variation of contaminant levels in raptors
(Palma et al., 2005). Due to foodweb bioaccumulation of contaminants, the
exposure to contaminants is related to the trophic level of the prey and in
predators preying on higher trophic level prey, higher exposure is expected
(Newton, 1979; Helander et al., 2008; Lourenço et al., 2011b; Shore et al.,
2014). Therefore, we calculated percentages of mammal prey by trophic
level categorised to the groups of herbivores (e.g. voles, rabbits), omnivores
(rats and mice), insectivores (e.g. shrew, moles and bats) and carnivores
(e.g. weasel) in the diet of the Tawny Owl. A detailed list of mammal

Image of Fig. 1


Table 1
Population contextual data parameters for breeding raptor populations that indicate
exposure to contaminants and contaminant impact on raptor populations.

Contextual data parameter Description and derived
data

Value for contaminant
studies

Distribution range/range
change

Distribution of breeding
population/changes in
breeding range

Exposure: Assessment of
effective contamination
area.
Impact: Distribution range
contraction may indicate
threats (Mateo-Tomás
et al., 2020; Dimitriou
et al., 2021).

Population density Density of the species
(number of breeding
pairs/territories per km2)

Exposure: Low density can
indicate larger home ranges
(Sunde et al., 2001), which
may locally change the risk
of exposure to
contaminants.
Impact: Spatial variation in
density may be linked to
spatial variation in
population
health/environmental
quality (Newton, 1979;
Mateo-Tomás et al., 2020;
Badry et al., 2022).

Population trend Changes in numbers (pairs)
through time (or indices of
change)

Impact: Basic data to assess
population effects of
exposure to contaminants
and population
vulnerability (Newton,
1979; Green et al., 2004;
Oaks et al., 2004; Shore
and Taggart, 2019;
Mateo-Tomás et al., 2020;
Dimitriou et al., 2021).

Nesting frequency/trend The proportion of years in
which breeding occurs
within a territory or the
proportion of territorial
pairs that breed each year.
Relative measures, like
nest-box occupancy rate
(nr. of occupied nest-boxes
per nr. of monitored
nest-boxes) can also be
informative.

Impact: Decreased
proportions of breeding
years/pairs or nest-box
occupancy rate may
indicate a threat (Henny
et al., 2008).

Timing of breeding/trend Breeding phenology
(timing of laying), usually
back-calculated from egg
density or from known
hatching date or chicks
following approximation
from growth curve
patterns.

Exposure: Assessment of
the most critical period for
breeding for evaluation of
different environmental
effects including
contamination.
Impact: Changes in
phenology could be linked
to adverse effects within
the population (e.g., low
body condition; Weimeyer
and Hoffman, 1996;
Lamarre and Franke,
2017).

Clutch size/trend Number of eggs per nest Impact: Population
breeding fertility can be
affected by exposure to
contaminants (Hörnfeldt
and Nyholm, 1996; Newton
and Haas, 1988).

Eggshell thickness Average annual egg shell
measurements.

Impact: Annual
measurements of egg shells
in the nest might indicate
contamination effects at
population level, e.g. DDT
impact (Ratcliffe, 1967;
Newton, 1979; Shore and
Taggart, 2019).

Nest failure and causes % nests that fail before
hatching/% nests that

Impact: Ratio between
known nest

Table 1 (continued)

Contextual data parameter Description and derived
data

Value for contaminant
studies

hatch successfully and
causes of failure

failure/abandonment
causes (e.g., predation,
stress, nest destruction) and
unknown nest failure
causes might indicate hid-
den contamination prob-
lems in the population
(Ratcliffe, 1967; Newton,
1979; van Oosten et al.,
2019).

Brood failure rate and
causes

% nests that fail during
brood rearing/% nests
fledging at least one young
and causes of failure

Impact: Ratio between
known nest failure causes
(e.g. predation, stress, nest
destruction) and unknown
nest failure causes might
indicate hidden
contamination problems in
the population (Steenhof
and Newton, 2007; Crick
and Ratcliffe, 1995).

Productivity/trend The total number of
nestlings or fledged (large)
young produced related to
the total number of
occupied territories/active
nests (i.e., nests in which
eggs were laid)/successful
nests (i.e. nests in which at
least one large young was
produced)

Impact: Poor or declining
productivity could be
linked to contamination
effects in the population
(Newton, 1979; Helander
et al., 2008; van Oosten
et al., 2019; Shore and
Taggart, 2019).

Survival/trend % of young or adult birds
surviving from one year to
the next

Impact: Increased
post-fledging mortality of
young birds or adults may
indicate contamination or
even poisoning problems
(Tenan et al., 2012;
Parvanov et al., 2018;
Shore and Taggart, 2019).

Migration/post-fledging
dispersal/post-breeding
dispersal

Movements of young and
adults after breeding
(distances and directions).

Exposure: Assessment of
effective area/region where
individual(s) are exposed
to contamination (Nygård,
1999; Bedrosian et al.,
2012).

Natal and breeding
dispersal

Distance and directions of
movement between birth
site and first breeding site
and distance of movement
between successive
breeding sites.

Exposure: Assessment of
effective area/region where
individual(s) are exposed
to contamination (Dauwe
et al., 2003).

Diet Composition of the diet
(numeric and biomass
percentages of prey items).
Other parameters may also
be useful like diet diversity,
or composition by trophic
levels.

Exposure: A principal
information source for
defining main
contamination and
bioaccumulation pathways
(Newton, 1979;
Nadjafzadeh et al., 2013;
Shore et al., 2014). Diet
composition is necessary to
account for the influence of
consumption of prey from
different trophic levels on
the concentration of
contaminants in raptor
samples (Palma et al.,
2005; Lourenço et al.,
2011b; Schipper et al.,
2012; Badry et al., 2019)

Causes of death % of birds found dead for
each specific cause of death

Impact: Ratio between
known death causes (e.g.
roadkill, electrocution,
predation, collisions) and
unknown death causes
which might indicate
hidden contamination or
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Table 1 (continued)

Contextual data parameter Description and derived
data

Value for contaminant
studies

poisoning problems in the
population (González et al.,
2007; Isomursu et al.,
2018; Alarcón and
Lambertucci, 2018).

Threats (including
persecution)

Information on the
existence of threats to
populations on a regional
or national scale
(qualitative data)

Impact: Important for
placing any impacts of
contaminants or poisoning
on populations into the
context of other negative
influences in the area
(Villafuerte et al., 1998;
Whitfield et al., 2003;
González et al., 2007).

Morph variability % of colour morphs in
polymorphic species

Exposure and impact:
Colour morphs are usually
related to different
physiological traits
(Galeotti and Sacchi, 2003;
Gasparini et al., 2009),
which might affect the level
of contaminant exposure
through physiological or
behavioral patterns as well
as their effects (Karell
et al., 2021; Romano et al.,
2021; Passarotto et al.,
2022).

Genetic variation Level of genetic
heterogeneity in the
population

Exposure and impact:
Populations with low
genetic variability are
usually more susceptible to
different environmental
changes, diseases and
contamination (Brown
et al., 2009;
Mussali-Galante et al.,
2014).

Age and sex structure % of population
(breeding/non-breeding)
by age class and % of
population
(breeding/non-breeding)
according to the sex

Impact: Basic data that can
indicate age- and
sex-specific mortality in the
population (Solonen and
Lodenius, 1990; Naccari
et al., 2009).

Diseases Veterinary control of dead
or alive birds for different
known diseases and
parasites (% of infected
individuals)

Exposure: Infection rate in
the population might
indicate higher
susceptibility to
contamination as a stress
factor (Galeotti and Sacchi,
2003).
Impact: Diseases might
cause additional mortality
and breeding productivity
decrease as parallel effect
to contaminants (van
Velden et al., 2017).

Habitat quality/selection Habitat type selection
(quantitative data)

Exposure: This can help
indicate where the species
is most exposed to the
contaminants. Exposure or
habitat use may vary
between seasons (Delibes
et al., 2001; Badry et al.,
2022).

Food availability Trend of availability of
main prey or other food
sources (i.e. carrion) in the
environment

Exposure: Food availability
governs population
fluctuations and size in
raptors and is thus crucial
in interpretation of raptor
population dynamics. Can
also be a source of
contamination (Bustnes
et al., 2011; Dimitriou
et al., 2021). Changes in
diet due to food stress may

Table 1 (continued)

Contextual data parameter Description and derived
data

Value for contaminant
studies

increase exposure of
individuals to certain
contaminants.
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species and their categorisation by trophic level is provided in the Supple-
mentary material (Table A.1).

We chose clutch size as a measure of Tawny Owl's breeding perfor-
mance because the mean number of eggs per nest was more frequently
reported than brood size or number of fledglings in the reviewed studies
(the two are combined under “Productivity” in Fig. 2).

When gathering data on diet and clutch size, georeferencingwas carried
out based on the research area description if no coordinates were given by
the authors. In cases where the data were gathered for a larger area (e.g. a
region or country), the central coordinates were used. We used decimal
degree geographic coordinates.

Data on Tawny Owl population size and population trend were adapted
from the BirdLife International (2017) assessment (and from Shirihai et al.,
1996, for population size in Israel). For each country, we calculated the
crude density from the estimated average of the population size per distri-
bution area (number of pairs per 100 km2).

Ringing data (recoveries and recaptures), were acquired from the
EURING database (du Feu et al., 2009), to which we added ringing data
for Slovenia from the Slovenian Bird Ringing Centre (Slovenian Museum
of Natural History) database. The ringing dataset included data from
1910 to 2021. Some data entries had a doubtfully large time difference be-
tween ringing and the last retrapping, most likely indicating data errors.
Thus, according to the highest reported age of the Tawny Owl in Europe
(22 years, 5 months; Fransson et al., 2017), we excluded entries with
>22.5 years time difference. Young owls remain in their natal territory
for an additional 2.5–3 months after fledging, in which time they still re-
ceive parental care (Southern, 1970; Coles and Petty, 1997; Sunde, 2011;
Sunde and Naundrup, 2016). To avoid data entries of retrapping fledged
young (pulli) before post-fledging dispersal, we excluded entries of birds
marked as nestlings/fledglings with <5 months of the time difference
between ringing and retrapping (Coles and Petty, 1997; Sunde, 2011).
Juveniles were considered as those birds which were ringed as nestlings
or fledglings not able to fly, whereas adults were considered as those
birds which were ringed as fully grown with age 2 y and more. Only maxi-
mum distance from the ringing location per ring ID and the coordinates of
Fig. 2. Frequency of published articles covering the population contextual data of
Tawny Owl in Europe (N = 366). Some articles offered data on several topics,
thus the overall sum totals >100 %.

Image of Fig. 2
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the ringing location were used in the spatial analysis. In this paper, we used
the term juvenile-adult ringing distance in birds ringed as juveniles and
recaptured/recovered as full-grown birds, and adult-adult ringing distance
in birds ringed as adults. Juveniles can be recaptured or recovered at their
post-fledging dispersal and thus the ringing distances do not necessarily
reflect the natal dispersal. The adults can be recaptured or recoveredwithin
their stable territory and have not dispersed, therefore these distances do
not necessarily reflect the breeding dispersal of this sedentary species. How-
ever, since most Tawny Owls establish a breeding territory within the first
year of life (Southern, 1970), we assumed that the adult-adult ringing
distances provide a good proxy for between-year movement distances of
adults. We aimed to compare available recovery and recapture data on
Tawny Owls in Europe in relation to their spatial differences between
regions related to the scale of contaminant exposure. We did not adjust
ringing data by considering only recovery data of dead ringed owls
(Saurola and Francis, 2004) due to large discrepancies in the number of
available data between countries and regions.

2.4.3. Data analysis
To investigate spatial patterns in the traits of the Tawny Owl that are

relevant as population contextual data in ecotoxicological studies, we con-
sidered 20 dependent variables: 18 variables describing diet composition, 1
variable describing dispersal, and 1 variable describing breeding success.
As explanatory variables we focused exclusively on latitude and longitude.
Since the dependent variables may not respond linearly to latitude and
longitude, we used generalized additive models (GAMs) to relate the
dependent and explanatory variables. Smoothing parameters in GAM
were chosen via a restricted maximum likelihood method (REML). We
fitted five competing models combining the two explanatory variables and
the use of smoothing factors for each dependent variable (Table 2). If needed,
variables were log transformed to correct distribution, reduce the effect
of any outliers and to improve model fit (see Table 2). We then used a
multi-model comparison approach (Burnham and Anderson, 2002), and
compared the five competing models for each variable, including a null
model (intercept only) used as a measure of the explanatory power of the
Table 2
A list of dependent variables, their arithmeticmean and range and explanatory variables inc
lon - longitude, s - smooth factor applied to the explanatory variable [s(lon); s(lat)].

Dependent variable Explanatory variables included in the best mod

N of mammals lat, s(lat)
N of birds
log transformed

lon, s(lon)

N of invertebrates
log transformed

lon, s(lat), s(lon)

N of amphibians
log transformed

lon, s(lat), s(lon)

N of reptiles
log transformed

lon, s(lat), s(lon)

N of herbivore mammals s(lat)
N of omnivore mammals lat, s(lat), s(lon)
N of insectivore mammals
log transformed

lat, s(lat), s(lon)

N of carnivore mammals
log transformed

lat, s(lat)

B of mammals Null model
B of birds
log transformed

Null model

B of invertebrates
log transformed

s(lon)

B of amphibians
log transformed

lat, s(lat), s(lon)

B of reptiles
log transformed

Null model

B of herbivorous mammals Null model
B of omnivorous mammals lat, s(lat)
B of insectivorous mammals
log transformed

lat, s(lat)

B of carnivorous mammals
log transformed

s(lat)
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variables. The selection of the best models for each dependent variable was
based on Akaike's Information Criterion (AICc), using as threshold a ΔAICc
below 2.0 (Burnham and Anderson, 2002). When the null model was
included in the set of best models, we considered that the variables latitude
and longitude had low explanatory power of the data variability. Models
were validated using diagnostic plots.

Kruskal-Wallis rank test was used to compare mean dispersal distances
of different regions (regionalization by United Nations geoscheme, but
separating the United Kingdom from continental Europe) and a Dunn test
with the Bonferroni correction was performed to test for differences in
mean dispersal distances between regions.

To obtain a visual output of the continuous variation of the dependent
variables across Europe, we transformed the point spatial data for the pro-
portions in the diet, dispersal distance and mean clutch size into raster data
using the inverse distanceweighted (IDW) interpolation. IDW interpolation
is a common method in spatial analysis that predicts values based on the
assumption that the influence of each measured point decreases with
increasing distance. In the function “idw” (R package “gstat”) the IDW
power was set to 3 and the interpolation was calculated over a 0.2° ×
0.2° grid. Interpolation maps were delimited by the distribution area of
the Tawny Owl.

All statistical analyses and visualisations were carried out using R 4.0.3
statistical software (R Core Team, 2021) in RStudio (RStudio Team, 2021)
with packages mgcv (v.1.8-33, Wood, 2017), MuMIn (Bartón, 2020), gstat
(v.2.0-6, Pebesma, 2004), tmap (v.3.3, Tennekes, 2018), and ggplot2
(Wickham, 2016).

3. Results

3.1. Review of published population contextual data for Tawny Owl in Europe

We obtained 366 journal articles and other available literature (reports,
theses, book chapters, conference proceedings) with the initial literature
search (see Methods), which covered various population contextual data
(Fig. 2). Diet was the contextual data most frequently found in Tawny
luded in the bestmodels. N - numeric percentage, B - biomass percentage, lat - latitude,

els Arithmetic mean (%) ± SD Range (%) (min–max)

67.8 ± 21.2 4.4–100.0
12.9 ± 14.4 0.0–90.1

12.2 ± 16.6 0.0–95.6

6.4 ± 10.7 0.0–60.4

0.4 ± 1.8 0.0–27.2

33.9 ± 19.7 0.0–94.3
26.6 ± 17.0 0.0–96.7
10.6 ± 10.5 0.0–63.4

0.05 ± 0.1 0.0–1.1

79.0 ± 17.7 14.0–100.0
15.4 ± 16.2 0.0–76.0

1.5 ± 3.1 0.0–15.9

3.2 ± 4.7 0.0–24.1

0.4 ± 1.2 0.0–7.0

38.6 ± 21.4 0.0–95.4
36.0 ± 20.8 0.0–98.8
5.4 ± 6.7 0.0–49.4

0.1 ± 0.6 0.0–4.5
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Owl literature (n=156; 42.6% of articles). Themost often presentedmea-
sure of productivity was the number of nestlings or fledglings per territory
or per active or successful nest (under “Productivity”, n = 73; 19.9 % of
articles), followed by clutch size (n=52; 14.2%of articles). A considerable
percentage of articles (n = 105, 28.7 %) focused on other topics, such as
vocal activity, parasites, toxicology, behaviour, interspecific interactions
and physiology. Out of these, a little less than half of the articles did not
include data on any of the population contextual data (n = 51; 13.9 % of
all articles). Population trend, natal and breeding dispersal, genetic varia-
tion, range change, eggshell thickness and post-breeding dispersal are
among the most understudied parameters.

3.2. Diet composition

3.2.1. Main prey groups
Weused diet data from192 articleswith 403 data entries in total, which

were published in the period from 1930 to 2020. From these, 17 % were
published before 1980 and 45 % after 2000. There were no available
diet data from Bosnia and Herzegovina, Albania, Kosovo and North
Macedonia. Only 42 % of articles included both numeric and biomass per-
centages for either main prey groups or groups of mammals by trophic
level. Out of these, 11 % did not calculate the frequency percentage of
invertebrates and 28 % did not determine invertebrate biomass. Thus, in
the analysis of the main prey groups numeric percentages, 66 % of the col-
lected articles could be included (72% of data entries), whereas in the anal-
ysis of the main prey groups by biomass percentage, 32 % of the collected
articles were considered (18 % of data entries).

Mammals were the most frequent prey (67.8 % on average, Table 2)
across Europe, with slightly lower numeric percentages in the Mediterra-
nean and increasing northwards. Biomass percentages of mammalian
prey were also the highest among the main prey groups (79.0 % on aver-
age). Little spatial pattern of changing mammal percentages in the diet
with latitude was obvious (Fig. 3), rather the spatial pattern was found sig-
nificant only in the case of numeric percentages (Tables 2 and A.3 to A.5).

In the case of the numeric percentage, birds and invertebrates had
similar importance in Tawny Owl diet (mean 12.9 % and 12.2 %, respec-
tively). Birds, however, represented much larger biomass percentages
than invertebrates (mean 15.4% and 1.5%, respectively). Themapof inter-
polated bird numeric percentage shows an overall low percentage across
Europe with some local exceptions, mostly from urban areas (Fig. 3). The
explanatory variables in the selected GAM models were longitude (“lon”)
with and without the smooth factor “s(lon)”, suggesting that the numeric
percentage of birds increased with longitude (Tables 2, A.6 and A.7). On
the contrary, the map of interpolated invertebrate numeric percentage
indicates that the importance of invertebrates in the diet was decreasing to-
wards north, and both latitude and longitudewere identified as explanatory
variables of the spatial pattern in invertebrate numeric percentage
(Tables 2, A.9 and A.10). Invertebrates were present in only 77.8 % of
data entries in the analysis of numeric percentages and their biomass per-
centages were very low across Europe (Fig. 3), but a significant pattern of
decreasing biomass percentage towards the east was found (Tables 2,
A.11 and A.12). There was no specific spatial pattern in bird biomass
percentage (Fig. 3, Tables 2 and A.8).

Amphibians and reptiles were rarely a part of Tawny Owl diet in any
significant percentage. Amphibians were present in 73.6 % of data en-
tries and reptiles in 31.8 % of data entries in the numeric percentage
analysis, and in 63.9 % and 34.7 % of data entries, respectively, in bio-
mass percentage analysis. There seemed to be subtle spatial variations
in the importance of amphibians and reptiles in the diet (Figs. 3 and
A.1). The amphibian numeric and biomass percentages slightly
increased towards the north and had a bimodal pattern along the longi-
tude, with peaks at around 7° and 21° in numeric percentage, and at
3° and 26° in biomass percentage (Tables 2, A.13 to A.16). The numeric
percentages of reptiles slightly decreased with latitude and increased
with longitude (Tables 2, A.17 and A.18). There was no significant
spatial pattern in reptile biomass percentage (Tables 2 and A.19).
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3.2.2. Mammals by trophic level
We could include 94 % of the collected articles in the analysis of nu-

meric percentages (92 % of data entries) and 38 % of articles (24 % of all
data entries) in the analysis of biomass percentages of mammal groups by
trophic level. Herbivorous and omnivorousmammals were themost impor-
tant mammalian prey. The mean numeric percentage of herbivorous mam-
mals was 33.9 % and of omnivorous 26.6 % (Table 2). The numeric
percentage of herbivorous mammals increased northwards (Fig. 3). On
the contrary, the numeric percentage of omnivorous mammals decreased
northwards and also changed with longitude. Both spatial patterns were
found to be significant (Tables 2, A.21 and A.24). Amap of the interpolated
biomass percentages revealed an opposite SW-NE gradient between the two
groups. However, the spatial pattern of herbivore biomass percentages was
not statistically significant (Tables 2 and A.22), and in omnivores, only
changes with latitude were found to be significant (Tables 2, A.25 and
A.26).

Insectivores and carnivores were less important prey of the Tawny Owl
(Fig. A.1). The mean numeric percentage of insectivorous mammals was
10.6 % and of carnivorous mammals only 0.05 % (Table 2). However,
insectivores were recorded in 94.0 % of the data entries, whereas carni-
vores were recorded in only 19.2 %. The numeric percentages increased
northwards, along with changes in insectivore numeric percentages with
longitude (Tables 2, A.27 and A.28). In the dataset providing biomass
percentages, insectivores were reported in 93.8 % of the data entries
while carnivores were consumed in 14.4 % of the cases. Mean biomass
percentages of both insectivorous and carnivorous mammals were very
low (5.4% and 0.1%, respectively, Table 2). Both insectivore and carnivore
biomass percentages in Tawny Owl diet were found to increase signifi-
cantly with latitude (Tables 2, A.30 and A.34).

3.3. Population density

The overall mean crude density in the research area was 13.5 pairs/
100 km2 (n = 37 countries, SD = ±9.9). The lowest densities were
found in Moldova (0.2 pairs/100 km2) and Finland (0.7 pairs/100 km2)
(Fig. 4A). In Belgium, Slovenia and Bosnia and Herzegovina the crude den-
sities were found the highest (41.9, 34.8 and 34.1 pairs/100 km2, respec-
tively). In Western Balkan the crude densities found were the highest in
Europe, while populations were less dense at the edges of the distribution
range (e.g. Norway, Finland, Spain, Turkey).

3.4. Clutch size

We analysed 73 data entries for Tawny Owl mean clutch size from 49
studies covering 16 countries. The range of mean clutch size across Europe
was between 2.4 and 4.5 (median = 3.35, mean = 3.3 ± 0.5 SD).
Clutch size seems to increase towards the north-east (Fig. 4B), but only longi-
tude was found to significantly explain the spatial pattern in clutch size
(Tables 2, A.37 and A.38).

3.5. Population trend

Population trends were evaluated in 37 countries (BirdLife
International, 2017). In 53.8 % of the countries the population was stable
and in 5.1 % it was fluctuating (Fig. 4C). Tawny Owl populations were
decreasing in 15.4 % of the countries. In 25.6 % of the countries, the popu-
lation trend was unknown. Southern Europewas the region with seemingly
the most stable populations but there are some major knowledge gaps in
Europe, with several neighbouring countries having no population trend
estimates.

3.6. Dispersal

There were 23,970 entries from 20 countries in our ringing dataset. The
range of juvenile-adult and adult-adult ringing distances across Europe was
between 0 and 917 km, and their mean was 18.2 km (±36.3 SD). Overall,



Fig. 3. Interpolated numeric (top two rows) and biomass (bottom two rows) percentages of prey groups in Tawny Owl diet across the research area. Black dots represent
locations of individual diet studies.
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9.0 % of birds were found further than 50 km from their ringing location
and only 3.4%were found further than 100 km (see Table A.39 for regional
differences).
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The ringing distances increased towards the north-east (Fig. 4D).
Changes with latitude and longitude were found to be significant
(Tables 2, A.35 and A.36).

Image of Fig. 3


Fig. 4. Spatial variation in selected population contextual data of TawnyOwl across the research area: (A) Crude population density per countrywithin the distribution area of
Tawny Owl (mean number of breeding pairs per 100 km2); (B) Interpolated values of the mean clutch size (black dots represent locations of the studies providing breeding
performance data); (C) Population trends per country (data obtained from BirdLife International, 2017); (D) Interpolated dispersal distances (black dots on the small map
represent initial ringing locations of the individual owls).
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Half of the countries in the dataset (50.0 %) had <60 and the other half
had over 600 data entries. Finland had by far the most data entries (n =
8227). There was a lack of data from the countries in the Eastern and
South-Eastern Europe, France, Spain and Portugal on thewest. Mean ringing
distance was longest in Northern Europe (25.1 km± 41.1 SD) and shortest
in the United Kingdom (8.4 km±24.8 SD). The difference inmean between
regions was significant, but not in all pairwise comparisons (Fig. 5).

Mean juvenile-adult ringing distance was 22.0 km (±38.4 SD, range:
0–917, N = 18,168) and mean adult-adult ringing distance was 6.1 km
(±24.8 SD, range: 0–785, N = 5786). The ringing distance between juve-
nile and adult birds was significantly different (Wilcoxon rank sum test W
=20,327,442, p< 0.001). Themain differences between regions in overall
ringing distances were mainly due to differences in juvenile-adult ringing
distances, which were highest in Northern Europe (mean ± SD = 30.3
± 43.6 km) and lowest inWestern Europe (mean± SD=9.7± 23.8 km).

4. Discussion

The information collected regarding the parameters of population contex-
tual data reflecting both exposure to and impact of contaminants reinforced
10
three main assertions: firstly, the suitability of the Tawny Owl as a focal
species for pan-European long-term monitoring of contaminants; secondly,
the relevance of population contextual data for the interpretation of large-
scale patterns of the effects of environmental chemical pollution; and thirdly,
the multidisciplinary value of collecting comprehensive and continent-wide
data on the ecological traits of the Tawny Owl and other top predators.

4.1. The Tawny Owl as a focal species for biomonitoring

Our literature review results supported previous indications that the
Tawny Owl is a suitable species for contaminant biomonitoring in Europe
(Gómez-Ramírez et al., 2014; Derlink et al., 2018; Badry et al., 2020;
González-Rubio et al., 2021). It is a common species that readily occupies
a wide array of habitats (Mikkola, 1983; Cramp, 1985; Galeotti, 2001)
and is widely distributed across Europe. Information on population densi-
ties and population trends is available for most European countries
(BirdLife International, 2017), even if some estimates are relatively rough
and could be refined. Despite being a nocturnal raptor, it is a relatively sim-
ple species for which to undertake territory monitoring (Hardey et al., 2013)
and several countries already have established schemes for population

Image of Fig. 4


Fig. 5. Tawny Owl ringing distances in Europe by region and age (Juv - juvenile-
adult ringing distance, Ad - adult-adult ringing distances). Y-axis is in logarithmic
scale. The dots represent the arithmetic means. The significant pairwise compari-
sons between regions are shown (Kruskal-Wallis = 2270, df = 2, p < 0.001; post-
hoc Dunn test with Bonferroni correction for multiple comparisons). *p < 0.05,
**p < 0.01, ****p < 0.0001.
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density and trendmonitoring (Derlink et al., 2018). Additionally, diet studies
are already numerous and distributed in many countries, making available
background data for contributing to large-scale biomonitoring studies of
contaminants. The Tawny Owl's generalistic nature shows in its ability to
use a variety of nest structures (tree cavities, tree stumps, caves, cliffs,
nest-boxes and buildings; Mikkola, 1983; Galeotti, 2001; Marchesi et al.,
2006). Nest monitoring is rarely based on natural nesting sites, because it
requires a very large sampling effort and nests are very difficult to find
(Southern, 1970; Wendland, 1972; Zuberogoitia and Campos, 1998;
Avotinš, 2004). It is, however, possible to determine breeding productivity
with relatively high precision without accessing the nest, as juveniles
throughout the post-fledging dependency period keep together and vocal-
ise quite vigorously (Southern, 1970; Sunde and Markussen, 2005; Sunde
and Naundrup, 2016). On the other hand, use of nest-boxes can be a
very cost-efficient method for obtaining data on various other breeding
productivity measures, including clutch size (Southern, 1970; Saurola
and Francis, 2004). In a number of European countries nest-boxmonitoring
is already established: Norway (Overskaug et al., 1999), Sweden (Ericsson
et al., 2014), Finland (Saurola, 2012), Estonia (Nellis, 2012), Latvia
(Reihmanis, 2012), Lithuania (Grašytė et al., 2016), Ukraine (Yatsiuk,
2010), Poland (Gryz et al., 2019), Czech Republic (Luka and Riegert, 2018),
Slovakia (Karaska, 2007), Hungary (Sasvári and Hegyi, 1998), Slovenia
(Vrezec and Bertoncelj, 2018), Italy (Sacchi et al., 2004), Switzerland
(Roulin et al., 2011), Germany (Mammen et al., 2017), France (Baudvin and
Jouaire, 2003), Denmark (Jensen et al., 2012), and United Kingdom (Petty
et al., 1994).Whilemonitoring studies based on nest-boxesmay not bewholly
representative of local populations, they enable reasonable comparisons of
population contextual parameters between countries and regions of Europe.

Finally, spatial variation in the movements of the Tawny Owl in Europe
confirmed previous notions (Southern, 1970; Sunde and Bølstad, 2004;
Sunde, 2011) that the species is highly sedentary, which confirms it is a
suitable sentinel species because it will serve to reflect the effects of con-
taminants mostly due to local exposure (Badry et al., 2020). Adult Tawny
Owls are known to hold their territories even in poor prey abundance
years and when not breeding (Sunde and Bølstad, 2004; Solonen, 2011;
Vrezec and Bertoncelj, 2018; Ratajc et al., 2022). There are some excep-
tions, such as semi-nomadic behaviours of female in Northern Europe
(Sunde et al., 2001). Althoughwe found some tendency for longer dispersal
distances in Northern Europe (see also Saurola, 2002) most owls did not
disperse >50 km and <10 % of the individuals dispersed >100 km. In
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United Kingdom, for example, there were no records of Tawny Owls dis-
persing to the mainland and vice versa (Wernham et al., 2002), but there
were a few cases of birds moving from Northern to Central Europe and
from Central to Southern Europe and it seems that a few owls are capable
of dispersing over the sea (Valkama et al., 2014) and colonising even
remote islands (Vrezec and Jernejc Kodrič, 2021). As is often the case in
birds, we found that juvenile-adult ringing distances were longer than
adult-adult ringing distances. According to ringing recaptures in Finland,
for example, there were about 25 % of young owls dispersing >100 km to
their first nest (Saurola and Francis, 2004). Tawny Owls are territorial,
long-lived and usually establish lasting territories early in life (Southern,
1970; Sunde, 2011), therefore adults are much more relevant for biomoni-
toring than juveniles due to their strict sedentary behaviour and thus repre-
sentativeness of the local environment conditions. In other words,
contaminant information from adult owls will be easier to interpret in rela-
tion to spatial exposure than that from independent juveniles that disperse
further.

4.2. The importance of population contextual data for biomonitoring

Although movements seemed to have little large-scale effect, the expo-
sure of Tawny Owl to environmental contaminants can potentially vary re-
gionally due to spatial differences in diet composition. Food intake is one of
the main pathways of contaminant exposure and contaminant transfer and
bioaccumulation along food chains makes top predators particularly vul-
nerable to poisoning (Newton, 1979; Guigueno et al., 2012; Huang et al.,
2021). The Tawny Owl is opportunistic in prey intake and easily adapts
to local shifts in prey availability (Obuch, 2011; Gryz and Krauze-Gryz,
2016; Luka and Riegert, 2018). However, it is predominantly a mammal-
eating predator, with other prey groups being of only rather local impor-
tance. For example, in urban areas the percentage of birds taken is generally
higher (Goszczynski et al., 1993; Zalewski, 1994; Galeotti, 2001; Marchesi
et al., 2006; Obuch, 2011; Gryz and Krauze-Gryz, 2019), which may
increase local exposure to contaminants due to the consumption of prey
from higher trophic levels (Newton, 1979; Palma et al., 2005; Lourenço
et al., 2011b). Our data showed a distinct gradient of prey species taken
at different trophic positions, where lower trophic level prey, i.e. herbivo-
rous voles, are taken more frequently in the north, whereas higher trophic
level prey, i.e. omnivorous mice, are taken more frequently in the south.
Such latitudinal variation in the trophic levels of prey species is consistent
with the dietary patterns of other similar small mammal eating predators
(Birrer, 2009; Vrezec et al., 2018; Romano et al., 2020). In generalist pred-
ators, such as the Tawny Owl, the spatial variation in diet composition is
greatly affected by prey availability (Petty, 1999; Grzędzicka et al., 2013).
This dietary pattern can pose differential contaminant exposure risks across
Europe, with higher bioaccumulative potentials being in general higher in
Southern Europe. The diet of Tawny Owls exhibits not only spatial but
also temporal variations. It reflects main prey population fluctuations
(Gryz and Krauze-Gryz, 2016; Luka and Riegert, 2018), therefore seasonal
and annual differences in exposure to contaminants can be expected
(Ahrens et al., 2011; Christensen et al., 2012). In terms of population con-
textual data explaining contaminant levels in the tissues of Tawny Owls,
it is important to differentiate seasonal/annual shifts in diet composition
changes (Kirk, 1992; Jedrzejewski et al., 1994) from long-term dietary
shifts as a response to environmental changes in populations of prey species
(Grašytė et al., 2016).

Population density in Tawny Owl is limited and regulated by food
supply, nest site availability, competitive interactions, habitat quality and
climate (Southern, 1970; Wendland, 1984; Redpath, 1995; Vrezec and
Tome, 2004; Brambilla et al., 2020). Spatial variation in density (and simi-
larly, temporal variation in population trend) can thus indicate effects of a
variety of factors and their individual contributions can be difficult to deter-
mine and require detailed research (Becker, 2003). For example, lower den-
sity can occur due to larger home ranges (Sunde et al., 2001), which may
increase the risk of exposure to contaminants (e.g. higher exposure to antico-
agulant rodenticides in urban and rural areas, López-Perea andMateo, 2018)

Image of Fig. 5
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and a sudden drop in raptor population density can occur due to lethal levels
of pollution in the area (Newton and Haas, 1984; Shore and Taggart, 2019).

However, Becker (2003) emphasised that productivity parameters are
even better as “early warning” against detrimental effect of contaminants
than population trend, because a response to sublethal levels of pollution
is immediate in the reproduction, but delayed in the population size. Breed-
ing attempts, clutch size, brood size, and survival of fledglings mostly
depend on prey availability (Southern, 1970; Jedrzejewski et al., 1996;
Coles and Petty, 1997; Solonen et al., 2015; Hoy et al., 2016). In years,
when primary prey populations are low (mice and voles) and the owls
rely on alternative prey (birds, amphibians, and shrews; Southern, 1970;
Jedrzejewski et al., 1996; Petty, 1999), this reflects in lower breeding suc-
cess and juvenile survival (Petty and Thirgood, 1989; Luka and Riegert,
2018; Ratajc et al., 2022). Decreased breeding success can thus be due to
either dietary shifts to less favourable prey or high contaminant levels in
tissues, which also correlate to the diet. Egg failure in raptors can relate
to poor food quality due to contaminant exposure or due to low level of
essential nutrients in food resulting in thinner egg shells or embryo anom-
alies (Newton, 1979; van den Burg, 2009; Yoccoz et al., 2009; Shore and
Taggart, 2019), although these effects so far had not been extensively stud-
ied in Tawny Owl. Impact of contaminants on different populations should
be assessed very carefully, and any major conclusions should be made only
after considering all of the above mentioned natural drivers of the spatial
and temporal variation in breeding success.

4.3. The potential contributions of ecological contextual data to knowledge
advancement in large-scale and multidisciplinary studies

As shown in this review, most ecological studies are focused on a single
or very few topics. There is still a considerable lack of integration of topics
in multidisciplinary approaches to understand relationships between
species traits, especially at a large-scale. Gathering existing data and
harmonising the collection of new ecological information on the Tawny
Owl and other top predators has the potential to open new research ave-
nues by allowing unprecedented integrative analysis. Therefore, besides
contributing to better understanding of environmental contamination pat-
terns and processes, the effort to make available a large amount of ecolog-
ical data from across Europe may also contribute to advances in many
research topics, including a deeper understanding of predator-prey
relationships (Luka and Riegert, 2018; Ratajc et al., 2022), unravelling
the importance of biological control by top predators (Murano et al.,
2019) and exploring the interactions between diet and morphological,
physiological and behavioral traits (Karell et al., 2013, 2017, 2021).

4.4. Limitations of the currently available contextual ecological data on the
Tawny Owl

Despite diet being the most studied trait in the Tawny Owl, there was a
complete lack of available diet studies from some countries in the Balkans
(Bosnia and Herzegovina, Albania, Kosovo and Macedonia) and only few
studies in some other parts of Southern, Northern and Eastern Europe. We
also acknowledge that there can be considerable limitations in assessing
Tawny Owl contaminant exposure from published studies that were con-
ducted mainly by conventional inspection for prey remains in pellets or
nest material. These methods may underestimate some prey groups, partic-
ularly soft-bodied organisms, such as earthworms (Southern, 1969) and
slugs, which can pose a significant part of Tawny Owl prey in some regions
and years (Yalden, 1985; Kirk, 1992; Manganaro et al., 2000; Gaggi and
Paci, 2009; Obuch, 2011; Sand, 2016; Vik, 2017). Since earthworms are
macroconcentrators of contaminants (Rabitsch, 1995; Lukkari et al.,
2004; Al Sayegh Petkovšek et al., 2015), a high consumption of this prey
group could increase exposure of predators to contaminants at least on a
local scale. The importance of earthworms in the diet of Tawny Owl should
be assessed in future studies using advanced next-generation monitoring
techniques, i.e. environmental DNA (Pompanon et al., 2012; Verkuil
et al., 2022).
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There are several possible biases in estimating dispersal distances, e.g.
due to unequal sampling effort, lack of recaptures in some countries, differ-
ential recovery rate of dead ringed birds found in the field due to remote-
ness or low citizen science capacity, and not taking the proportions of
unsuitable habitats in the area into the account, which can underestimate
actual dispersal distances (Saurola and Francis, 2004). The currently avail-
able European ringing dataset in EURING database is extremely biassed in
terms of the amount of data towards some countries, especially to Northern
and Western Europe, while other countries have much less information
available. This is probably a consequence of the lack of initial ringing of
adults and chicks inmost European countries (Derlink et al., 2018). Accord-
ing to the available ringing totals from some European countries, there is a
huge discrepancy in Tawny Owl ringing intensity from about 30,000 or
more ringed birds per country in the Northern and Central Europe and
UK (Wernham et al., 2002; Fransson et al., 2008; Bairlein et al., 2014;
Valkama et al., 2014) to only 2000 or less ringed birds per country in South-
ern Europe (Spina and Volponi, 2008; Božič, 2009; Šere, 2009; Kralj et al.,
2013; Stanković et al., 2018). Considering the average recovery rate of
ringed Tawny Owls in Europe, which is 8.7 ± 10.9 % of all ringed birds
(calculated from ringing data in Wernham et al., 2002; Fransson et al.,
2008; Spina and Volponi, 2008; Kralj et al., 2013; Valkama et al., 2014),
this means that in practice 82–573 owls should be ringed for one recovery
over 50 km, and 212–1910 ringed owls for one recovery over 100 km
(calculated from data in Table A.39), which exceeds ringing totals of
Tawny Owls in many European countries. A detailed review of EURING
data is also showing differences in recovery reporting among countries
since many countries apparently reported only long-distance and cross-
border recoveries, and not short-distance and local recoveries (Spina
et al., 2022), which are essential for a non-migratory species such as
Tawny Owl. In general, overall dispersal patterns of the Tawny Owl in
Europe are still insufficiently understood due to a small proportion of
published studies (Fig. 2), particularly in Eastern and Southern Europe.

Compared to Tawny Owl population contextual data indicating expo-
sure to contaminants, there was much less data published on contextual
data that would indicate contaminant impact. Population trend was found
relatively poorly known with many spatial gaps, which might be a conse-
quence of a general lack of monitoring schemes for nocturnal raptors in
Europe (Vrezec et al., 2012; Derlink et al., 2018). According to recent
trend estimates, most European countries reported stable population trends
(BirdLife International, 2017), however these seem to be very rough
estimates due to discrepancies found in published literature sources. For
example, BirdLife International (2017) reported a decreasing population
trend for Finland, although the species population seems to be stable for
decades (Saurola, 2012). On the other hand, in southern and central
Europe, the population of the Tawny Owl was reported stable (BirdLife
International, 2017), but recent detailed studies indicated that the Tawny
Owl population is increasing with expected range expansion also to higher
elevations according to climate change effects (Vrezec and Bertoncelj,
2018; Brambilla et al., 2020).

We noticed a large spatial gap in available clutch size data from South-
ern Europe. In Tawny Owl, nest monitoring is rarely conducted by counting
begging nestlings and fledglings at natural nesting sites (Southern, 1970;
Sunde andMarkussen, 2005), even though it enables an estimation offledg-
ling survival (number of fledged begging young divided by number of
nestlings). Monitoring of installed nest-boxes is more common, but few
countries have resources for establishment of long-term field data collec-
tion (Derlink et al., 2018). Therefore, breeding productivity monitoring of
brood size appeared to bemuchmore feasible than clutch size due to avoid-
ance of sensitive incubation period (Hardey et al., 2013) and since direct
access to the nest is not necessary when counting begging young (Sunde
andMarkussen, 2005). As indicated in our review, there were more reports
on the brood than clutch size in the literature, but the standardisation of
measures for brood size (e.g. brood size per active territory or per active
nest) is strongly needed.

Considering all these limitations, it is relevant to harmonise monitoring
methods and establish a minimal scheme that could ensure the long-term
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collection of data to be used in multiple large-scale studies related to the
biology and ecology of the Tawny Owl.

4.5. Conclusions and perspectives

The feasibility of collecting population contextual data varies signifi-
cantly due to different amounts of skill, manpower and funds needed to
carry out the fieldwork. Surveying elusive nocturnal raptors requires sev-
eral labour-intensive monitoring methods, which makes collecting some
data very difficult and costly. Our results show that besides the diet, most
studies monitored breeding population density and breeding productivity.
Point counts/line transects and nest search were identified as the most pop-
ular systematic raptor monitoring methods (Derlink et al., 2018). Territory
monitoring using the playback method requires relatively little field effort
and was found to be a reliable approach for assessing population trends
of Tawny Owl, particularly at large scale and in remote areas (Vrezec and
Bertoncelj, 2018). However, nest monitoring, even though it is a labour-
intensive field method, enables in addition to productivity data also collec-
tion of other valuable population contextual data (diet, survival, morph
variation etc.).

Since all of the mentioned methods require a fair amount of capacity
building, good coordination, funds and legal permissions, e.g. permits for
accessing the nests and handling living birds (Vrezec et al., 2012; Dulsat-
Masvidal et al., 2021), a comprehensive monitoring scheme for Tawny
Owl can be very costly in most countries. Therefore, a basic more feasible
and cost-effective scheme is needed to establish a pan-European population
contextual data monitoring. We propose here a Minimal Recommended
Raptor Monitoring Scheme (MRRMS), measuring internationally compara-
ble parameters. Currently the monitoring schemes for breeding Tawny
Owl are established in 13 countries (32 % of all European countries;
Derlink et al., 2018) and our results confirmed that there are still large
gaps to be covered with population monitoring of the species. In the scope
of MRRMS, we propose one parameter indicating species exposure to con-
taminants and two indicating contaminant impact on the species, i.e. early
warning of contaminant problems (Table 3). All proposed population con-
textual data also indicate population status and development of the target
species and are essential also for overall conservation assessments. The pro-
posed MRRMS for Tawny Owl is aimed to assist in the establishment of
Tawny Owl monitoring schemes in the countries where no species monitor-
ing is established yet as a starting point. Through time, the MRRMS has the
potential to be elaborated usingmore sophisticated and costly approaches of
Table 3
Overview of focal population contextual data to be provided within a suggested Minim
Tawny Owl in Europe.

Focal
population
contextual
data

Contaminant
indication

Derived data Rational and conventional methodo

Population
trend

Impact Annual population
indices

The key approach is to determine p
species at surveyed location or terri
methodological approaches of terri
without playback and/or nest surve
Vrezec and Bertoncelj, 2018; Zuber

Breeding
productivity
per territory

Impact Annual indices of
successful breeding per
territory

The proportion of territories that pr
in a year. More methodological app
more simple, such as survey of voca
more detailed assessments of the yo
require additional skills and tools (i
Markussen, 2005; Saurola and Fran

Diet Exposure Periodical 5-year
reports on the diet
composition for main
prey groups

Tawny Owl diet can be assessed fro
remains; from pellets (Balčiauskien
Krauze-Gryz, 2019), food remains (
et al., 2017) and stomach content (
Villarán Adánez, 2000). For monito
structure can be evaluated at the le
proportions.
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integrated monitoring, if training can be provided and more experienced
volunteers become available, for example allowing the additional collection
of highly indicative demographic data such as population structure, related
seasonal survival rate and lifetime reproduction (Saurola and Francis, 2018).
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logical approaches Method advancement for rapid assessment in monitoring

resence/absence of the
tory. There are many
tory survey with or
y (Hardey et al., 2013;
ogoitia et al., 2020).

Acoustic monitoring using field autonomous sound recorders
proved to be effective soundscape bird survey method
performed as point count (Darras et al., 2018), also for owls
(Marín-Gómez et al., 2020), and should be further explored
for Tawny Owl population monitoring using citizen science
and automated identification tools.

oduced at least one young
roaches are possible from
lising fledged young to
ung in the nests, which
.e. nest boxes) (Sunde and
cis, 2018).

Nest-box cameras are increasingly used research tool for
studying breeding biology of birds (Stevens et al., 2008;
Williams and DeLeon, 2020; Surmacki and Podkowa, 2022),
but can be also applied for monitoring of nest occupancy and
productivity including clutch size and chick survival
(Hereward et al., 2021).

m different types of prey
ė et al., 2006; Gryz and
Petty, 1999; Solonen
Overskaug et al., 1995;
ring purposes, the diet
vel of main prey groups'

Molecular analysis using environmental DNA approach for
diet assessments proved to be a promising tool (Pompanon
et al., 2012; Verkuil et al., 2022), but not yet tested for owl
diet by analysing eDNA in pellets, excrements or nest
material.
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