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Artificial breeding structures, such as nestboxes, can potentially influence the population
size and conservation status of bird species relying on heavily human-modified environ-
ments such as agroecosystems and urban areas. However, the effectiveness of these inter-
ventions may vary, as artificial structures could attract individuals to suboptimal breeding
sites, potentially reducing breeding success compared to natural nesting sites and resulting
in ecological traps. European populations of the Lesser Kestrel Falco naumanni, a second-
ary cavity-nesting raptor, have greatly benefitted from extensive provisioning of artificial
nestboxes in recent decades. However, the long-term conservation effectiveness of such
efforts may be jeopardized because of recent changes in local climatic conditions, with
nestboxes becoming unsuitable under climate warming as nest temperatures become too
high, exposing developing embryos and nestlings to lethal hyperthermia. We assessed vari-
ation in nest temperature and breeding success between naturally available nest-cavities
(natural nests) and nestboxes in two Italian Lesser Kestrel populations settled in different
climatic zones (Po Plain, subcontinental; Matera, semi-arid). In both areas, natural nests
were ~5°C cooler than nestboxes. In the Po Plain, nestling survival was substantially lower
in natural nests (44%) than in nestboxes (96%), whereas the opposite was the case in
Matera (92% vs 45%). In Matera, frequent heatwaves led to very high temperatures
(>44°C) inside nestboxes, which in turn resulted in lethal hyperthermia and a substantial
reduction in nestling survival, while this was not the case in natural nests. In contrast, nest-
box temperatures in the Po Plain were always below critical values, and nestling predation
was lower compared to natural nests. These findings highlight that the appropriateness of
nestbox provisioning should be carefully evaluated on a case-by-case basis, and that consid-
ering thermal safety, climate resilience and predation risk is crucial when designing and
building artificial nest structures to ensure their long-term conservation effectiveness.

Keywords: climate change, Falco naumanni, heatwaves, Lesser Kestrel, natural nests, nestboxes,
nestling survival.

Anthropogenic land conversion, i.e. the transfor-
mation of natural habitats as a result of human
activities, has led to significant impacts on species
and communities by altering ecosystem structure
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and resource availability (Clergeau et al. 2006, Fer-
enc et al. 2014, Ripple et al. 2017, Betts
et al. 2022). In addition to direct habitat loss, land
conversion frequently introduces novel pressures
which can further compromise native biodiversity
(Clavero et al. 2009, Newport et al. 2014). Species
may respond to these stressors through beha-
vioural adaptations, such as altered foraging or
nesting strategies, or through range shifts toward
less disturbed areas (Wong & Candolin 2014,
Montras-Janer et al. 2024, Gilbert & Kalan 2025).
However, not all species are equally capable of
adapting. This is particularly true for species that
rely on cavities for reproduction, such as bats or
birds, where habitat modification (e.g. removal of
old trees and/or restoration of historical buildings)
can lead to a reduction in suitable nesting sites
(Catry et al. 2009, Dulisz et al. 2022, Sudyka
et al. 2023).

To mitigate this issue, a widely implemented
conservation solution is the provisioning of artifi-
cial nesting structures (Ciechanowski 2005, Catry
et al. 2009, Goldingay et al. 2015, Reynolds
et al. 2019). These structures, which may include
nestboxes and nest-walls, have become a funda-
mental tool in the conservation of cavity-nesting
species. Indeed, they have been shown to enhance
local population sizes and support the recovery
of species of conservation concern (Griffith
et al. 2008, Lindenmayer et al. 2009, Catry
et al. 2011, Brazill-Boast et al. 2013, Jokimaki
et al. 2018, Dulisz et al 2022, Pichegru
et al. 2024), and in some cases even provide
advantages over natural nesting sites by offering
increased protection against predation (Griffith
et al. 2008, Libois et al. 2012).

However, while nestboxes are widely used as a
conservation tool, their impact on individual fit-
ness is not always beneficial and, in some cases,
may result in ecological traps (Catry et al. 2011,
Rodriguez et al. 2011, Hale & Swearer 2016). For
instance, nestboxes can increase parasite and/or
pest infestations (Lindenmayer et al. 2009, Zhang
et al. 2023), and high nestbox densities may inten-
sify direct competition for food, leading to direct
fitness costs (Mainwaring 2017,  Fuentes
et al. 2019, Stojanovic et al. 2021). Additionally,
nestboxes often differ from natural cavities in their
different thermal properties. For example, they
may have poorer insulation characteristics, and be
more strongly influenced by external temperatures
or direct solar radiation (Catry et al. 2011,

Campobello et al. 2017, Maziarz et al. 2017, Gold-
ingay & Thomas 2021). This can be advantageous
in colder climates by enhancing breeding success
(Andreasson et al. 2018, Eeva et al. 2020), yet the
design, placement and materials of these nestboxes
can make them susceptible to overheating under
high temperatures, which may negatively affect
reproductive outcomes (Catry et al. 2011, 2015,
Lei et al. 2014, Kelsey et al. 2016, Griffiths
et al. 2017, Imlay et al. 2019, Corregidor-Castro
et al. 2023, 2026).

This concern is particularly relevant in the con-
text of climate change, where rising global temper-
atures, and an increasing frequency and intensity
of extreme heat events (i.e. heatwaves; Raftery
et al. 2017, Rogers et al. 2022, Russo et al. 2025)
may exacerbate the risks associated with nestbox
use (Catry et al. 2011, 2015, Rowland et al. 2017,
Corregidor-Castro et al. 2023, 2025, 2026). As
environmental conditions shift, the suitability of
nestboxes as a conservation strategy must be criti-
cally re-evaluated. To fully understand their
long-term implications, it is essential to compare
their performance against natural nests across
diverse climatic regions (e.g. Finch et al. 2019).
Thus, comparative studies assessing key reproduc-
tive parameters are crucial for identifying potential
vulnerabilities in artificial nest-site design and pro-
visioning, and for improving their effectiveness in
supporting local populations under changing envi-
ronmental conditions.

The Lesser Kestrel Falco naumanni is a second-
ary cavity-nesting, colonial raptor that has suffered
a strong population decline since the end of 20th
century, associated with a decline of suitable nest-
ing sites (Catry et al. 2009). Indeed, the provision-
ing of artificial nest structures (nesting towers,
nest-walls or nestboxes) has been demonstrated to
be an effective conservation strategy, with local
population growth rates in areas with nestboxes
being ten-fold higher than in areas lacking such
structures (Catry et al. 2009). However, the pro-
gressive deterioration of abandoned rural buildings
often used for nesting and the renovation of his-
toric buildings (both of which lead to the loss of
naturally available nest-cavities, hereafter natural
nests) has led to an increase in nestbox provision-
ing, implying that the Lesser Kestrel increasingly
has become a ‘conservation-reliant’ species (Catry
et al. 2009, Gameiro et al. 2020). To date, at least
33 projects financed by the LIFE EU biodiversity
conservation funding programme, most of which
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include the deployment or construction of nest-
boxes or other artificial structures, have targeted
the Lesser Kestrel (LIFE Public Database 2025).
Yet, despite evidence of positive effects of artificial
structures on local population size, their effective-
ness may depend heavily on adequate positioning
and choice of construction materials (Ciecha-
nowski 2005, Catry et al. 2009, 2011).

We investigated variation in the reproductive
success of Lesser Kestrels using two types of nests
—natural nests (i.e. holes/crevices in abandoned
buildings/walls) and nestboxes—across two geo-
graphically distinct regions characterized by con-
trasting temperature regimes, broadly matching
the southern and northern limits of the species dis-
tribution of the European lineage (Ferrer-Obiol
et al. 2025). Whereas the northernmost site, the
Po Plain (northern Italy, 45°N), has a temperate
climate, particularly during the breeding season
(May—July), the southernmost study site, Matera
city (southern Italy, 41°N), has been experiencing
very high summer temperatures and frequent
heatwaves in recent years (Corregidor-Castro
et al. 2023; Fig. 1). We aim to assess whether nest-
boxes provide comparable thermal characteristics
and similar breeding outcomes compared to natu-
ral nests in these two different environmental con-
texts, including the impacts of an extreme
temperature event (a heatwave that hit the Matera
study site). These findings contribute to improve

our understanding of the role of artificial breeding
structures as an effective conservation solution,
and highlight the need for adaptive management
strategies to avoid such structures becoming poten-
tial ecological traps in the face of rapidly changing
climatic conditions.

MATERIALS AND METHODS

Study species and study area

The Lesser Kestrel is a small gregarious migratory
raptor (~140 g) that undertakes long-distance
migrations, arriving at its European breeding
grounds between February and April (Sara
et al. 2019), where it forms breeding colonies of
variable size (Serrano et al. 2004). Egg-laying
occurs in late April or early May, with females
typically laying clutches of three to five eggs. Both
parents share incubation duties for approximately
30 days (Ramellini et al. 2022, Corregidor-Castro
et al. 2023). Hatching occurs asynchronously
(Podofillini et al. 2018, Soravia et al. 2021), result-
ing in a pronounced size hierarchy among nes-
tlings, which can lead to the mortality of smaller,
late-hatched offspring during periods of food scar-
city (Aparicio 1997). After hatching, both parents
feed the nestlings, which fledge approximately
40 days later. Lesser Kestrels predominantly feed
on invertebrates, small mammals and lizards,

Po Plain colonies
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Matera colony

Climatic regions

Mediterranean suboceanic to subcontinental

partly semiarid to arid

=4 Mediterranean subcontinental to continental, 0 250 500 km
]
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Air temperature (°C)
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Figure 1. Left: map of the climatic regions of ltaly (adapted from Costantini et al. 2013); right: box plot/violin plot combinations illus-
trating the variation in daily maximum air temperature during 2-26 June 2024 in the Po Plain and Matera study areas. The red line
represents the 37°C threshold used to identify heatwave conditions according to Catry et al. (2015).
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foraging in agricultural landscapes surrounding
their breeding colonies (Rodriguez et al. 2010,
Morganti et al. 2021, Morinay et al. 2023, Berlu-
sconi et al. 2025). Being a secondary cavity-nesting
species, the Lesser Kestrel does not build its own
nest but instead lays its clutch in cavities, including
rock crevices, ruins, roof tiles and nestboxes
(Negro & Hiraldo 1993, Catry et al. 2011). Euro-
pean Lesser Kestrels have been tightly associated
with humans and artificial structures for breeding
for at least 2500 years; nowadays, 95% of their
breeding sites are on buildings (Negro et al. 2020).

This study was conducted during the 2024
breeding season (late April to mid-July). The Po
Plain study area (44°52'N, 11°17'E; northern Italy)
is located in the Mediterranean suboceanic to sub-
continental climatic region (Costantini
et al. 2013). This area has been colonized by
Lesser Kestrels relatively recently (since about
20 years ago), which is likely to be part of a north-
ward expansion in response to increasing tempera-
tures associated with climate change during the
breeding season (Morganti et al. 2017). This study
area currently hosts about 130 breeding pairs, dis-
tributed over more than 45 decaying buildings
hosting small colonies (Morganti et al. 2017,
Assandri et al. 2023). Here, we monitored 19 nat-
ural nests and 17 nestboxes at nine breeding sites,
hosting four to 19 breeding pairs each, distributed
within a 40-km radius in the central-eastern Po
Plain. Nestboxes were placed close to the existing
colonies, ensuring a similar environmental context.

The Matera study area (40°66'N, 16°61'E) is
located in the Mediterranean subcontinental to
continental (partly semi-arid to arid; Costantini
et al. 2013) climatic region. Matera is a small city
(~60 000 inhabitants) surrounded by semi-natural
grasslands and extensive agricultural areas mainly
devoted to durum wheat production, and hosts
one of the world largest Lesser Kestrel colonies,
with approximately 1000 breeding pairs (La Gioia
et al. 2017). Lesser Kestrels mostly breed on roof
terraces and crevices of historical buildings in the
old town (the ‘Sassi of Matera’), listed among the
UNESCO world heritage sites (https://whc.
unesco.org/en/list/670/). Since 2009, hundreds of
nestboxes have been deployed across the city
thanks to the LIFE ‘Rapaci Lucani’ LIFEO5 NAT/
IT/000009 conservation project, about 200 of
which have been regularly monitored since 2016
(e.g. Podofillini et al. 2018, Morinay et al. 2021,
Corregidor-Castro et al. 2025). Since 2021, Matera

has been experiencing strong heatwaves during the
breeding season, which have dramatically increased
nestling mortality, raising concerns about the
future viability of the population (Corregidor-
Castro et al. 2023, 2025, 2026). For this study, we
monitored a sample of breeding pairs located on
two roof terraces, where both nest types were pre-
sent (eight natural nests and 44 nestboxes).

Nest features and monitoring

Natural nests exhibited variability in structure but
typically consisted of cavities in walls or beneath
roofs (Fig. S1). Nestbox characteristics differed
broadly between the Po Plain and Matera owing to
differing positioning requirements (Po Plain: poles
or building walls; Matera: roof terraces of city
buildings) (Fig. S1). Despite this, nestboxes were
uniform in design, consisting of cubicles with a
volume of approximately 36 dm® and a 6.5-cm-
diameter entrance hole. This design prevented the
possibility of occupation by other bird species that
may compete for cavities, such as feral pigeons
Columba livia var. domestica, as well as potential
scavengers or predators such as the Eurasian Jack-
daw Coloeus monedula.

While significant differences in nest temperature
between natural nests and nestboxes were
observed in the two study areas, these differences
were particularly strong in Matera as a result of
the occurrence of a heatwave on 22-23 June 2024
(i.e. at the end of the nestling-rearing period),
defined following Catry et al. (2015) as at least
two consecutive days with maximum air tempera-
tures surpassing 37°C. During this event, the
region experienced a maximum June temperature
anomaly of up to +3.5°C compared to the
1991-2020 reference mean (ISAC 2024). Heat-
waves were not observed in the Po Plain during
nest monitoring (see below).

From the beginning of the breeding season,
nests were monitored every 3-4 days to record
egg-laying and first egg-hatching date, and to
determine clutch and brood sizes. At hatching,
individual nestlings were temporarily marked with
unique combinations of black dots on their heads
using a non-toxic permanent marker, and were
fitted with individual rings at approximately
10 days of age (Corregidor-Castro et al. 2023).
Nestlings were ranked according to their hatching
order, with rank 1 (high rank) assigned to the
first-hatched individuals (see Podofillini et al. 2019
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for rank assignment details). Monitoring continued
for 2 weeks until nestlings reached an average age
of 15 £ 0.1 (se) days (range 13-17 days), when
we recorded body-mass using an electronic scale
(accuracy 0.1 g). This developmental stage marks
the end of the linear growth phase (Romano
et al. 2021) and strongly predicts body size at
fledging (Braziotis et al. 2017). Nest visits were
discontinued after body-mass recording to mini-
mize the risk of premature fledging. Nestling mor-
tality was determined by retrieving the corpses of
marked individuals either directly within the nests
or in their immediate surroundings. When a nes-
tling was not present at the final monitoring visit
(at 15 days of age), we assumed that it was
removed by a predator (Corregidor-Castro
et al. 2023).

To investigate temperature differences between
nest types (natural nests vs nestboxes), we
deployed miniaturized temperature loggers (Eli-
tech RC-5+, accuracy 0.5°C), glueing them to the
inner wall of each nest (i.e. not exposed to direct
solar radiation) during the early nestling-rearing
period (1-26 June 2024). These loggers were pro-
grammed to record temperature every 30 min,
and were individually calibrated by the supplier.
Before deployment, loggers were placed in a ther-
mostatic chamber at a constant temperature for
>24 h, confirming negligible deviations in recorded
temperatures among loggers (see Corregidor-
Castro et al. 2023). Hourly air temperature data
were obtained from nearby weather stations
(Poggio Rusco for the Po Plain area: https://www.
3bmeteo.com/meteo/poggio+rusco; Matera: http://
www.centrofunzionalebasilicata.it/).

Statistical analyses

Variation in ambient temperature and effects of nest
type on nest temperature

We tested for differences in daily maximum air
temperatures (T,;,) between study sites during the
period of temporal overlap in the study areas
(2-26 June 2024) by means of a linear mixed
model (LMM) with T, as the dependent variable,
study area as a two-level fixed factor (0 = Po Plain,
1 = Matera) and Julian day (1 January = 1) as a
random factor, the latter to account for non-linear
temperature trends during the study period in
both study areas (see Results and Fig. 2). To assess
differences in nest temperature between natural
nests and nestboxes, we fitted an LMM with daily

maximum nest temperature (Tnest) as the response
variable, nest type as a two-level fixed factor
(O = natural nest; 1 = nestbox), and study area
and their interaction as fixed factors, while nest
identity and Julian day were included as random
effects.

Effect of nest type on breeding parameters

To evaluate differences in breeding parameters
between natural nests and nestboxes, we fitted dis-
tinct models with different response variables,
namely laying date (linear model, LM), clutch size
(generalized linear model, GLM, with a Poisson
error structure), hatching success and survival
(binomial mixed models, GLMMs, see below). For
all models, nest type, study area and their interac-
tion were included as fixed factors, the latter test-
ing for differential effects of nest type in the
different study areas. For the binomial GLMMs
assessing hatching and nestling survival, hatching
success of each egg (0=not hatched,
1 = hatched) and survival of each hatched nestling
to Day 15 (final monitoring visit; O = not survived,
1 = survived) were set as binomial dependent vari-
ables, while nest (clutch/brood) identity was
included as a random intercept. In models of
clutch size, hatching success and survival, we
included only those nests in which at least one
nestling hatched.

Because T, can have a strong effect on nes-
tling survival (see Corregidor-Castro et al. 2023),
we fitted an additional model with T, as a covar-
iate instead of nest type, including squared Tjes to
test for a quadratic effect of temperature (i.e. if
survival is impaired both by very low and very
high temperatures), while including study area as
an additional fixed factor. In the latter model, we
excluded nestlings whose actual death could not
be confirmed by retrieving corpses (i.e. nestlings
that were assumed to be preyed upon).

We also analysed whether the probability of
predation/nestling disappearance (the latter likely
to be the result of intraspecific predation, i.e. con-
sumption by siblings or parents) was associated with
nestbox type across study areas. Because the num-
ber of predated/disappeared nestlings was low and
mostly concentrated in very few nests (as is typical
of predation events, e.g. by mammals, where the
entire brood is removed), the sample size for this
analysis was very small and binomial models did not
fit properly in exploratory analyses (details not
shown for brevity). We thus analysed differences in
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Figure 2. Variation in daily maximum air temperature (black dashed line) and daily maximum nest temperature in natural nests
(green line, dots) and nestboxes (red line, triangles) in Po Plain (left panel) and Matera (right panel) during 2-26 June 2024. The ver-
tical orange bar represents the heatwave event (daily maximum air temperature exceeding 37°C for >2 consecutive days; Catry
et al. 2015). The horizontal red dotted line represents the 37°C threshold used to identify heatwave conditions according to Catry
et al. (2015). An additional thinner red dotted line represents the 44°C threshold of nest temperature above which >50% mortality
occurs (Corregidor-Castro et al. 2023). Data points represent daily T,est Values, while fitted lines (95% confidence bands) represent
locally estimated scatterplot smoothing for each study area/nest type combination.

the proportion of predated nestlings separately for
each study area using Fisher’s exact tests, although
we acknowledge that the results of these analyses
should be taken with caution because they cannot
account for non-independence of predation events
on nestlings from the same brood.

Effect of nest type on nestling body mass

To test for differences on nestling body mass
among different nest types, we fitted an LMM of
body mass in relation to nest type, study area and
their interaction, with brood size, nestling rank
and hatching date (day of hatching of the first egg
of the clutch to account for seasonal variation in
body mass; mean-centred within each study area
to account for differences in breeding phenology
between study areas) as additional fixed effects,
while nest identity was included as a random inter-
cept effect. A single body mass measurement was
collected for each nestling, and sampling aimed to
obtain it as close as possible to end of the linear
growth phase (see Nest features and monitoring).
Eventually, nestling age at sampling ranged
between 13 and 17 days, and age was thus
included as an additional random factor. Sex was
not considered because at this age differences in
size between males and females are negligible (see
Corregidor-Castro et al. 2023).

Model-fitting

All statistical analyses were performed using the
software R (v.4.3.3; R Core Team 2024). LMMs
and binomial GLMMs were fitted using the ‘lme4’
and ‘glmmTMB’ packages, respectively (Bates
et al. 2014, Brooks et al. 2017). Before modelling,
we assessed collinearity among predictors, and
residual diagnostics were evaluated using the ‘per-
formance’ package (Lidecke et al. 2021). All pre-
dictors in all models were mean-centred and
standardized. No overdispersion was detected in
any non-Gaussian model. We removed non-
significant (P > 0.05) interactions (if tested), and
then refitted models. Final models included all
main effects and statistically significant interaction
terms. In all mixed models, the significance of
fixed effects was tested with likelihood ratio tests
(Singmann et al. 2015). Means and parameter esti-
mates are reported with their corresponding stan-
dard errors unless otherwise specified.

Ethical note

Capture and handling of nestlings was authorized
by Decreto Giunta Regionale no. 1704 dated
29/01/2024 and performed by ISPRA wunder
authorization provided by Law 157/1992 (Art. 4
(1) and Art. 7 (5)). Nestboxes used in this study
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Context-dependent effects of nestboxes on breeding success of Lesser Kestrels 7

were specifically designed with materials aimed at
reducing internal nest temperatures but were oth-
erwise exposed to natural sunlight and tempera-
ture conditions (see Corregidor-Castro et al. 2023
for more information). Nest monitoring and nes-
tling handling were conducted by minimizing dis-
turbance at the nest (ASAB 2023).

RESULTS

Effect of nest type on nest temperature

Mean T, was significantly lower in the Po Plain
site compared to Matera by almost 2.5°C (Fig. 1;
Table S1). These differences were exacerbated late
in the season, with higher increments in T, in
Matera during late June, particularly during the
23-24 June heatwave in that study area (mean
T, = 38.3 £ 0.5°C; Table S1; Fig. 2). Regarding
Thest, values were overall higher in nestboxes as
compared to natural nests by almost 5°C (Figs 2
and S2). In a similar way to T, differences
between study areas increased with the progress of

the breeding season, nests becoming warmer in
Matera as a result of the aforementioned heat-
wave, when T, reached up to a maximum of

51.3°C (Fig. 2).

Effect of nest type on breeding
parameters

Within study areas, natural nests (19 in Po Plain,
eight in Matera) and nestboxes (17 in Po Plain, 44
in Matera) were occupied at the same time (simi-
lar laying date), and did not show significant differ-
ences in clutch size or hatching success (Table 1).
However, nestling survival was strongly influenced
by nest type, displaying contrasting patterns in the
two study areas: in the Po Plain, the mean esti-
mated survival probability was significantly lower
in natural nests (0.44) compared to nestboxes
(0.96), whereas in Matera the trend was reversed:
survival in natural nests was higher (0.92) than in
nestboxes (0.45; Table 1; Fig. 3). Additionally, we
found a significant non-linear effect of T, on nes-
tling survival (GLMM, quadratic term The

Table 1. Variation in breeding parameters between natural nests (code 0) and nestboxes (code 1) in the two study areas (0 = Po
Plain, 1 = Matera). Interaction terms were removed from the final model if non-significant. Test statistics F for LM, Z for GLM and »°
for GLMMs. Marginal /% for GLMMs was calculated according to Nakagawa et al. (2017).

Predictors Estimate + se F/Z/? df P
Laying date (LM, n = 66 nests; R® = 0.10)%
Nest type —4.42 + 3.58 0.28 1,63 0.60
Study area 9.46 + 3.61 7.01 1, 63 0.01
Nest type x study area —7.91 £ 7.56 1.1 1, 62 0.30
Clutch size (Poisson GLM, n = 49 nests; R = 0.06)°
Nest type 0.02 + 0.23 0.09 - 0.93
Study area —0.07 £ 0.17 —-0.47 - 0.64
Nest type x study area —0.01 £ 0.38 —0.03 - 0.99
Hatching success (binomial GLMM, n = 220 eggs; n = 49 nests; RZ = 0.26)°
Nest type —0.29 + 0.68 0.19 1 0.67
Study area 0.30 + 0.62 0.29 1 0.59
Nest type x study area —0.53 £ 1.40 0.15 1 0.70
Nestling survival (binomial GLMM, n = 167 nestlings; n = 49 nests; R? = 0.63)¢
Nest type 3.48 + 1.52 0.13 1 0.71
Study area 2.69 + 1.89 0.13 1 0.72
Nest type x study area —6.16 £ 2.35 8.39 1 0.004

#CEstimated mean values for nest type x study area combinations derived from models including the non-significant interaction
term: Laying date (estimated mean values (95% CI); Julian day): Po Plain natural nest = 121 (111-130), Po Plain nestbox = 122
(113-130), Matera natural nest = 135 (127-143), Matera nestbox = 128 (125-132). Clutch size: Po Plain natural nest = 4.7 (3.4
—-6.4), Po Plain nestbox = 4.8 (3.6-6.3), Matera natural nest = 4.3 (2.9-6.3), Matera nestbox = 4.4 (3.8-5.2). Hatching success: Po
Plain natural nest = 0.79 (0.58-0.93), Po Plain nestbox = 0.78 (0.54-0.90), Matera natural nest = 0.89 (0.60-0.96), Matera nest-
box = 0.81 (0.70-0.89). “Estimated mean survival probability (with 95% Cl) for nest type by study area combinations, post hoc test
(different superscript letters for estimated mean values indicate statistically significant differences at P < 0.05): Po Plain natural
nest = 0.44 (0.10-0.85)°, Po Plain nestbox = 0.96 (0.74-0.99)', Matera natural nest = 0.92 (0.34-0.99)%, Matera nestbox = 0.45

(0.25-0.66)".
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Figure 3. Upper panels: estimated nestling probability of survival (95% CI) in natural nests (green) and nestboxes (red) in the Po
Plain (left) and Matera (right). Violin plots represent the distribution of the proportion of surviving nestlings per nest. Lower panel: nes-
tling probability of survival (hatched nestlings that reach Day 15, excluding predated nestlings) according to Tes in both areas (Po
Plain: red circles; Matera: blue squares; symbols representing individual nestlings are jittered to improve interpretability). Fitted line

(and 95% confidence bands) was derived from a binomial GLMM (see Results).

x> =9.51, P=0.002), survival being highest

dead within the nest) was significantly higher

between 35°C and 42°C, slightly declining below

33°C and strongly declining above 44°C (Fig. 3).
In the Po Plain, the proportion of predated nes-

tlings (i.e. excluding nestlings that were found

among natural nests than among nestboxes (natu-
ral nests: 0.50, 9/18; nestboxes: 0.0, 0/25; Fisher’s
exact test, P < 0.001), whereas no significant dif-
ference in predation proportion between nest
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Figure 4. Estimated body mass (g; 95% CL) at day 15 according to nest type and study area (Po Plain, left panel; Matera, right
panel). Data points (natural nests: green dots; nest boxes: red triangles) represent individual nestling body mass values (jittered to
improve readability). Estimated mean values were obtained from the LMM reported in Table S2 (including the non-significant inter-

action term).

types was observed in Matera (natural nests: 0.0,
0/11; nestboxes: 0.13, 9/71; Fisher’s exact test,
P =0.29).

Effect of nest type on nestling
body-mass

At 15 days post-hatching, Po Plain nestlings were
significantly heavier than those from Matera (by
an estimated 16.7 g, or 16.0%), and those growing
in natural nests were significantly heavier than
those from nestboxes (by an estimated 14.2 g, or
13.3%) (Table S2; Fig. 4). Differences between
natural nests and nestboxes were similar in both
study areas (non-significant nest type x study area
interaction, Table S2). These results were robust
to the confounding effects of nestling rank,
whereby high-ranking nestlings were significantly
heavier compared to low-ranking ones (Table S2),
and hatching date, with nestlings from
early-hatched clutches showing a non-significant
tendency to be heavier than those from

late-hatched ones (Table S2).

DISCUSSION

Nestboxes are often assumed to benefit local pop-
ulation size when natural nesting sites are limiting,
yet there is increasing concern about the possibility

that they can become ecological traps when eco-
logical conditions (especially climate) vary (Rodri-
guez et al. 2011, Catry et al. 2015, Krams
et al. 2021). Several factors may influence the
reproductive success in nestboxes, and site-specific
studies are essential to disentangle the interactions
between nest type, environmental conditions and
reproductive outcome (Zhang et al. 2023), as
these ecological and management solutions may
have different performances under different envi-
ronmental circumstances. Our study uncovered
variable effects of nest types and nest temperature
on reproductive success across two regions with
contrasting thermal environments. We found that
nestling survival varied markedly between nest
types in different study areas. In the Po Plain, nes-
tlings were more likely to fledge in nestboxes
(96%) compared to natural nests (44%), whereas
in Matera the trend was reversed, with nestlings
from natural nests exhibiting higher survival (92%)
compared to those from nestboxes (45%). Nes-
tlings developing in nestboxes were highly suscep-
tible to high temperatures in Matera, especially
during heatwaves (see also Corregidor-Castro
et al. 2023). In contrast, the high failure rate in
natural nests in Po Plain could be attributed to
other factors, such as predation.

Our findings revealed regional differences in
nest temperature between natural cavities and
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artificial nestboxes. Whereas natural nests exhib-
ited lower temperatures compared to nestboxes
(Campobello et al. 2017, Rowland et al. 2017),
discrepancies with ambient temperatures in nest
temperature were more pronounced in Matera,
where these frequently exceeded the critical
threshold (~44°C) associated with >50% nestling
mortality (Corregidor-Castro et al. 2023) during
the heatwave event. Despite geographical differ-
ences, the temperature within natural nests at both
study areas showed similar profiles, consistent with
ambient temperatures but attenuating temperature
extremes, particularly in Matera, suggesting a more
stable thermal environment in natural cavities
across diverse climatic  contexts (Maziarz
et al. 2017, Strain et al. 2021).

In Matera, differences in survival rates between
nestbox types were largely the consequence of dif-
ferences in nest temperature. These findings cor-
roborate previous studies indicating that currently
deployed nestboxes may provide inadequate ther-
mal insulation under extreme temperature events
and rapidly changing climatic conditions, exposing
nestlings to heat stress and increasing mortality risk
resulting from hyperthermia (Catry et al. 2015,
Corregidor-Castro et al. 2023, 2026). On the con-
trary, natural nests—often located in shaded or
insulated rock/concrete cavities—provided more
stable temperature conditions, mitigating the
effects of extreme heat (Maziarz et al. 2017) and
maintaining temperatures within the thermoneu-
tral zone (Mitchell et al. 2018; Fig. 2).

In the Po Plain, nest temperature in nestboxes
was instead largely adequate, with no evidence
that it affected nestling survival under current cli-
matic conditions. However, natural nests were
somewhat more exposed to predation and nestling
mortality. Differently from nestboxes, natural nests
typically lack physical barriers that may effectively
prevent predator intrusion (see Material and
Methods — Nest features and field monitoring proto-
cols; Catry et al. 2009, Griffith et al. 2008, Libois
et al. 2012). Site-specific differences in natural nest
location were evident that may have impacted pre-
dation. On the one hand, in Matera the roof struc-
ture where both natural nests and nestboxes were
located is likely to have limited the presence of
predators (e.g. rats, except perhaps some aerial
predators such as corvids; Corregidor-Castro
et al. 2025), and bigger colonies found there may
be a deterrent to other bird predators as a conse-
quence of increased vigilance/mobbing (Gotmark

& Andersson 1984, Minias et al. 2015). On the
other hand, the structure of small, isolated natural
nests/colonies in the Po Plain may have increased
the risk of predation by a number of generalist
predators including corvids, other raptors (both
diurnal and nocturnal, e.g. Common Buzzard
Buteo buteo and Barn Owl Tyto alba), and espe-
cially carnivorous mammals that can easily climb
on decaying artificial structures and which fre-
quently consume nestlings (e.g. Martens Martes
sp., Least Weasel Mustela nivalis).

Additionally, we found that nestlings from natu-
ral nests were heavier than those raised in nest-
boxes. Because T, was higher in nestboxes than
in natural nests in both study areas, a lower body
mass in nestboxes vs natural nests could derive
from higher thermoregulatory costs to buffer high
Thest in nestboxes (Corregidor-Castro et al. 2023,
2026). Indeed, in Matera, experimentally reducing
Thest by shading nestboxes resulted in 14% heavier
nestlings (Corregidor-Castro et al. 2026). Further-
more, nestlings from Matera were 16.0% lighter
than those from the Po Plain site, a pattern that
can be entirely explained by differences in local
thermal conditions leading to increased thermoreg-
ulation metabolic costs during nestling growth in
Matera vs the Po Plain (Corregidor-Castro
et al. 2026). A lower body mass of birds raised in
nestboxes vs natural nests may translate into lower
fitness prospects, as previous studies revealed that
heavier fledglings might have higher survival and
return probabilities than lighter ones (Catry
et al. 2015).

In conclusion, our findings indicate that the
effectiveness of nestboxes as a conservation solu-
tion is highly dependent on local environmental
conditions. In warmer areas, such as in Matera
(41°N, 17°E), currently deployed nestboxes may
function as ecological traps owing to their propen-
sity to exacerbate heat stress during extreme
weather events. Conversely, in regions with more
temperate climate, such as the Po Plain (45°N,
11°E), nestboxes, even if not well-insulated, may
enhance reproductive success compared to natural
nests by providing adequate nest temperature and
reducing predation. Thus, while nestboxes remain
a valuable conservation solution, their effectiveness
may vary across habitats and climatic regimes
(Pichegru et al. 2024), and so their design and
construction should be re-evaluated to minimize
potential negative impacts, including the use of
appropriate insulating materials and structural
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features (size, ventilation) that reduce nest tem-
peratures and improve nestling condition, which
may enhance survival to adult life. To maximize
their performance, we recommend that conserva-
tion practitioners adopt a flexible, site-specific
approach that considers both current local climate
and future environmental challenges, including
projected increments in extreme weather events
(such as heatwaves; Raftery et al. 2017, Rogers
et al. 2022, Esperon-Rodriguez et al. 2025) besides
mean temperature, as the former may considerably
increase the risk of exposure to temperatures
beyond organismal physiological tolerance (Mitch-
ell et al. 2018).
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