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Abstract

In countries belonging to the European turtle dove (Streptopelia turtur) western-flyway,
a substantial proportion of hunting grounds implement habitat measures that may
benefit the species, but no research has addressed whether these measures area
associated with higher densities. The possible associations between turtle dove density
and habitat measures were evaluated in 45 hunting grounds of Spain (mainly in south-
western Iberia) in 2020, using a detailed game management questionnaire to categorize
the main measures, in addition to characterizing the habitat composition within 250-m-
radius buffers from turtle dove presences. Most grounds (67.6%) provided food or
water, 42.4% implemented forest measures and 46.1% agricultural ones, and 63.3%
managed ponds. The predominant habitat types in the presence buffers were dehesa (an
agroforestry system, 41.9%), arable land (24.8%) and forest (13.8%). Turtle dove
density was positively associated to heterogeneous habitats comprising dehesa, arable
land and forest, whereas associations with habitat measures were context-dependent:
agricultural measures were positively associated to turtle dove density in hunting
grounds dominated by forest habitats, whil forest measures (thinning and clearing) were
positively associated to turtle dove densities in grounds dominated by farmed and
grassland habitats. Attempts to favour the association between turtle dove density and
habitat management should consider the habitat types, and rather than relying on water
and food provision, efforts should prioritize land interventions such as agricultural and

forest measures, especially in areas with sub-optimal habitats. Although the
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observational design precludes causal inference, the ecological patterns identified here
provide a valuable framework for designing and testing adaptive habitat management

for the conservation of the species.

Keywords: gamebirds; habitat; hunting; management; migratory species.

Introduction

Game management is conducted around the world to benefit a wide range of species,
though gamebirds are one of the targeted groups for which more studies have been
conducted, outstanding Galliforms, including partridges, pheasants and grouse
(Robertson, 1997; Watson, 2010; Potts, 2012;). By contrast, in other gamebirds there is
a lack of research about the effects of game management on their populations, being this
the case for the European turtle dove (Streptopelia turtur, hereafter turtle dove).

The turtle dove is a widely distributed columbid that breeds in Europe, north Africa
and Asia, and winters in sub-Saharan Africa (Browne and Aebischer 2005). It generally
nests in trees and shrubs within a variety of agricultural and forest habitats that provide
foraging opportunities, including wild and cultivated seeds (Fisher et al. 2018). The
species has undergone a severe population decline in Europe in recent decades owing to
habitat loss, illegal killing and unsustainable hunting (Fisher et al. 2018). In response,
and following recommendations from the European Commission, a hunting moratorium
was introduced in 2021 across Western Europe, with strict bans enforced in France,
Spain and Portugal. This moratorium, together with habitat management in hunting
grounds, may help the recent population stabilization and recovery observed along the
western flyway (Carboneras et al. 2024, Sanchez-Garcia et al. 2024).

An extensive pre-moratorium survey of hunting grounds along the western flyway,

including grounds where no hunting occurred, showed that most implemented
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management measures that could benefit turtle doves, simultaneously to other species
(Sanchez-Garcia et al. 2024). These measures included food and water provision,
together with land interventions such as game crops and forest/shrub management
(Rocha et al. 2009, 2022). In practice, only Spain and Portugal implemented
management targeting specifically turtle dove and, in most Iberian hunting grounds also
targeted other species. Despite these efforts, evidence concerning the influence of game
management on turtle dove populations remains limited, making difficult to determine
whether these measures achieve their intended outcomes, as has been assessed for other
gamebirds (Potts 2012, Powolny et al. 2021, Casas and Garcia 2022).

In Spain, the turtle dove abundance is influenced by cereal crops and the availability
of wild seeds and water (Gutierrez-Galan et al. 2019), and the species uses management
measures such water troughs and feeders (Armenteros et al. 2021). Food provision is
one the most common management tools targeting turtle dove in Spain and Portugal
(Rocha and Hidalgo 2001, Sanchez-Garcia et al. 2024). Although evidence suggest that
it increases the proportion of juveniles among harvested birds (Rocha and Quillfeldt,
2015; Rocha et al., 2022), some authors have argued that it may aggregate birds rathen
than improve breeding success (Carboneras et al. 2022). Thus, a better understanding of
the associations among turtle dove densities, habitat characteristics and game
management in areas managed to benefit the species, could be the first step to address
whether game management measures deliver the intended outcomes and more over, to
develop tailored management measures for the conservation on the species.

Associations between turtle dove density and game management should take into
account the habitat characteristics of the hunting grounds in which they are
implemented, as the species is strongly influenced by the habitat composition and

structure, as shown for breeding populations of Spain, France and Morocco (Moreno-



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

Zarate et al., 2020; Telleria et al., 2020; Sauser et al., 2022; Hanane et al., 2023; Estrada
et al., 2024). The turtle dove is able to adapt to a variety of habitats as long as they
provide nesting and feeding resources (Carboneras et al. 2022), and not all management
measures targeting turtle dove may deliver the expected outcomes (Dunn et al. 2021).
The aim of this study was to address associations between turtle dove densities,
habitat types and game management measures implemented in hunting grounds.
Because linking hunting and habitat management measures is one of the tasks of the
current adaptive harvest management framework for the species (Sdnchez-Garcia et al.
2026), a better understanding of these associations could help hunters, managers and
policy makers to improve their decisions and make the best use of available resources,

thereby contributing to the species’ conservation.

Materials and methods

This study was conducted in hunting grounds of Spain participating in the national
game monitoring project Observatorio Cinegético (the Hunters’ Watch, hereafter OC;

www.observatoriocinegetico.org), a voluntary project involving hunters, game

managers and scientists. Volunteers provided data on game management measures,
habitat characteristics, and conducted turtle dove surveys through transects on foot.
Game management data

Data on habitat management measures (and other management practices), were
collected using a structured questionnaire delivered to game managers via Google
Forms®©. This formed part of a European project aimed at implementing the adaptive
harvest management (Arroyo 2022), following the International Single Species Action
Plan for the Conservation of the turtle dove (Fisher et al. 2018). Before distribution,

meetings were held with representatives of the principal hunting associations to ensure
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consistency and clarity in the responses. The questionnaire was also piloted with
volunteers to assess its comprehensibility and reliability.

The questionnaire comprised 110 items organised into 10 sections and 56 questions:
(1) basic characteristics of the hunting ground, (2) food provision (feeders and feeding
plots of different size, usually fenced), (3) water provision (water troughs and ponds,
either natural or artificial), (4) agricultural management (crops for game and wildlife,
stubbles and fallow land), (5) participation in agri-environmental programmes, (6)
additional habitat management strategies, (7) forest and shrub management (thinning
and clearings), (8) hunting practices, (9) managers’ perceptions, and (10) perspectives
on future management options. Questions concerning habitat management are presented
in Supporting information 1 (questions 6-46) (Figure 1). For management measures not
implemented annually (such as pond creation and forest management), respondents
were asked to report the number or area managed during the 2015-2019 period.

A total of 679 completed questionnaires from different hunting grounds were
collected for data analysis in 2020 (n = 632) and 2021 (n = 48). Participating hunting
grounds were located in 11 Spanish regions, mainly Castilla y Leon (227), Castilla-La
Mancha (140), Andalucia (130), Extremadura (76), and Catalufia (52) (see Sanchez-
Garcia et al. 2024). Based on the minimum areas required to establish a hunting ground
in the larger participating regions (250-500 ha in Castilla y Leon, Castilla-La Mancha
and Andalucia), the grounds were categorized ‘small’ (<500 ha, n = 109) and ‘medium-

large’ (>500 ha, n = 570).

Habitat characteristics
Habitats within hunting grounds were characterized using two databases: the
Geographic Information System for Agricultural Parcels (SIGPAC), which provides

detailed information on agricultural parcel boundaries and land use (MAPA 2024), and
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the 1:50,000-scale Forest Map of Spain (MFE50), which provides comprehensive
information on the structure and condition of forested areas, with a particular emphasis
on woodland (MITECO 2024).

These datasets were integrated to classify habitats into the following 10 categories:
(1) forest, (2) scrubland, (3) dehesa (grassland with scattered oak trees Quercus spp.),
(4) grassland, (5) arable land, (6) horticultural crops (orchards and vegetables), (7) olive
groves, (8) water bodies and water courses (rivers, lakes, and natural ponds), (9) built-
up areas, and (10) other habitats. The MFE50 was prioritised for identifying forest
cover, scrubland, and aquatic habitats, whereas SIGPAC was used preferentially for all
other habitat types (Supporting information 2). The area of each habitat type was
calculated within (1) each hunting ground, and (2) a 250-m-radius buffer around each
turtle dove record, based on the location at which the bird was heard or seen. Turtle
doves may have large home ranges in Iberian landscapes (JCCM 2023), hence the
resulting 19.6 ha plot from the buffer was considered sufficient to characterize habitat
around individual observations. When combined within a hunting ground, these plots
provided a representative description of the habitats in which birds were recorded.

Habitat data were available for 86 hunting grounds with 4,626 georeferenced turtle
dove records (2,252 after repeated records were excluded). These grounds distributed
across 17 provinces, although most were located in Badajoz (n = 57).

Turtle dove survey data

In 2020, the OC launched a first national migratory gamebird survey campaign targeting
mainly turtle dove and common quail (Coturnix coturnix), but also other hunted
columbids. Volunteers were invited to take part, selecting areas with potential habitats
for the turtle dove within their hunting grounds, and the location of the selected areas

was submitted and discussed in advance with the technical staff from the OC.
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Volunteers were encouraged to conduct transect counts on foot (of at least 4-6 km) in
habitats including farmland and woodland, together with riparian, including the
representative habitats present in each hunting ground. To obtain at least one valid
survey per hunting ground, volunteers were asked to repeat each transect at least once,
where possible 4-7 days after the initial survey. Based on previous information from
south-western Spain (Rocha and Hidalgo 2002), surveys were conducted before
juveniles were recruited into the population, from May to early July.

Surveys were carried out during in the early morning (within three hours after dawn),
in the absence of wind, rain or other unsuitable weather. VVolunteers were instructed to
carry out transects on foot, avoiding artificial turtle dove aggregation points such as
ponds and feeding plots. The point from which the volunteer detected the turtle dove
(seen or heard) was recorded through the mobile phone application “CensData”

(https://observatoriocinegetico.org/dashboard).  All  transects were subsequently

reviewed and validated by the OC staff, and surveys that did not meet the established
criteria were excluded from the analysis.

Following standard practice in transect-based studies, the turtle dove detections were
classified into three distance bands relative to the observer along the transect: < 25 m,
25-100 m >100 m. A total of 45 hunting grounds submitted valid surveys, of which 26
were in Extremadura and the remaining 19 from nine different regions. Surveys were
discarded when the agreed requirements were not met or when transects did not
correspond to the areas previously reviewed with the OC staff.

Data analysis
Three datasets were analysed; (1) game management questionnaires from 679 hunting

grounds, (2) habitat types from 86 grounds and, (3) a final subset of 45 hunting grounds
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for which the three datasets were available: survey data, game management and habitat
types.

To analyse the game management data, we examined questionnaire responses and
selected 21 dichotomous variables for further analysis (Supporting information 1).
Correlation analysis was used to explore possible relationships among variables.
Multiple Correspondence Analysis (MCA) was then used to identify the underlying
structure of the management data and address collinearity, because this multivariate
statistical technique is suited to categorical variables and identifies latent dimensions
(Greenacre 2017). Both analyses were intended to reduce dataset dimensionality while
retaining as much relevant information as possible. The coordinates of the hunting
grounds along the resulting dimensions were used in subsequent analyses.

Habitat data were processed to calculate the proportion of each of the 10 habitat
categories within every buffer. To reduce dimensionality and to understand the latent
habitat composition around turtle dove presences, a Principal Component Analysis
(PCA) was applied on the matrix of habitat proportions. This reduced the complex
habitat dataset into a smaller set of uncorrelated principal components (Jolliffe and
Cadima 2016). To obtain factor scores for each hunting ground for subsequent analyses,
the linear equations for the three principal components were applied to the proportions
of habitat classes across the total area of each hunting ground.

Counts suspected of being affected by aggregation (i.e. abnormally high values
within a transect) were excluded. The surveys provided generated quantitative measures
of turtle dove abundance across hunting grounds for use as the response variable in
subsequent analyses. Density in each ground was estimated from transect data using a

fixed strip width of 100 m and accounting for the effective detection strip width of 96.3
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m estimated by Carrascal and Palomino (2008). Detections beyond 100 m were
therefore excluded from the analysis.

Generalized Linear Models (GLM) fitted by maximum likelihood with a negative
error distribution to account for overdispersion, were used to assess associations among
turtle dove density, game management measures and habitat characteristics. The three
main management dimensions and the three principal habitat components were included
as fixed factors, and the number of turtle dove detected along transects within a 100 m
fixed strip width along each transect was used as the response variable. As the transect
length varied among surveys, the effective area sampled (transect length multiplied by
twice the strip width) was included as a fixed covariate in the linear predictor.

The GLM results were further complemented by machine learning methods,
specifically Random Forest (RF), an algorithm which constructs multiple decision trees
and aggregates their outputs to enhance predictive accuracy (Breiman 2001). RF can
capture complex, nonlinear relationships and interactions among predictors, that may be
difficult to identify using classical model-based approaches such as GLMs. The RF
regression used 500 trees and 2.45 variables were tried at each split (mtry). The percent
increase in mean squared error (%IncMSE) was used to determine the importance of the
variables.

All statistical analyses were conducted using R version 4.3 (R Core Team 2024)
using the packages: ‘MASS’ (Venables and Ripley 2002), ‘randomForest’ (Breiman
2001) and ‘rpart’ (Therneau and Atkinson 2015). Geospatial processing was conducted

in QGIS version 3.28 (QGIS Development Team 2024).

Results

Game management

10
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Correlation analysis of the 21 variables from 679 questionnaires allowed the
characterization of the management data into five key measures: (1) water troughs for
small game, (2) food provision for small game, (3) forest management, (4) agricultural
management, and (5) pond management (Fig. 2). Where land interventions were
implemented, in the majority of grounds the agricultural (73%) and forest measures
(57%) were conducted in less than 50 ha. None of these measures were correlated with
the area of the hunting ground, indicating that these management measures were
implemented both on grounds of small (< 500 ha) and medium-large size (> 500 ha).
Most hunting grounds (67.6%) provided food or water for small game (with 53.3%
providing both), 42.4% implemented forest management, 46.1% agricultural
management (24.4% implemented both forest and agricultural), and 63.3% managed
ponds. All grounds provided water in summer, while food was provided also during the

other seasons.

The MCA extracted three latent factors that together explained 86.4% of the total
variance (Fig. 3). The first factor (Gest.1: mean = 0.0, range = -0.98 to 0.99), accounted
for 66.1% of the variance and was positively correlated with a large number of variables
related to the level of game management within hunting grounds. The second factor
(Gest.2: mean = 0.0, range = -0.75 to 1.03; 13.7% of the variance) differentiated
agricultural and forest management from water provision (water troughs and ponds),
thereby indicating whether management was based primarily on land interventions or
water provision. The third factor (Gest.3, mean = 0.0, range = -0.73 to 0.76; 6.5% of the
variance) distinguished agricultural from forest management, indicating the principal

focus of land interventions.

Habitat characteristics

11



264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

The predominant habitat types within buffers around the turtle dove records were
dehesa (41.9%), arable land (24.8%), forest (13.8%) and grassland (7.9%). In some
buffers, categories such as forest, dehesa, grassland or arable land occupied more than
90% of the area, while horticultural crops and built-up areas never exceed 50%. Each

habitat type accounted for at least 5% of the total area across all 2,252 buffers.

PCA of the 10 habitat types within these buffers extracted three principal
components that together explained 89.2% of the total variance (Fig. 4). The first
component (Hab.1: mean = -0.46, range = -0.93 to -0.01), explained 53.4% of the
variance and was positively correlated with the dehesa, used for extensive livestock
grazing, and negatively correlated with the arable land variable devoted to crop
production. In contrast, the other two principal components primarily represented
natural habitat; the second component (Hab.2: mean = -0.16, range = -0.92 to 0.34;
25.1% variance) was positively correlated with forest and arable land, whereas the third
(Hab.3: mean = 0.08, range = -0.17 to 0.97; 10.8% of the variance) contrasted grassland

with forest.

Turtle dove survey data

The lengths of the 45 valid transects ranged from 1.65 to 29.16 km, with a mean
distance of 8.44 km (median: 6.46 km) 75% of transects exceeding 4.75 km. When
considering all grounds, the mean estimated density was 6.78 turtle doves/km? (95% Cl:
0-46.5), with a Kilometric Abundance Index (KAI) of 1.71 turtle doves/km. Excluding
four hunting grounds in which no turtle doves were detected, estimated density values
in the remaining 41 grounds ranged from 0.37 to 46.5 turtle doves/km? (Fig. 5). The
mean density was 7.44 turtle doves/km? (95% CI: 3.67—11.22) and the mean abundance

was 1.88 turtle doves/km (95% CI: 1.14-2.63).
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Associations between turtle dove density, habitat and game management

The fitted GLM (Table 1), which included both management and habitat variables,
identified several significant interactions (Fig.6). Habitat and management variables
should therefore not be interpreted independently because their associations were
modified by these interactions. For example, Gest.3 had a negative coefficient,
indicating that increased agricultural measures compared to forest ones, were associated
with a reduction in the estimated turtle dove density, though there was a strong
interaction with Hab.2 (Forest habitat). Thus, an increase in Gest.3 at higher values of
Hab.2 was associated with an increase in turtle dove density, whereas at low values of

Hab.2, an increased in Gest.3 resulted in lower turtle dove densities (Fig.6d).

Table 1. Results of the GLM assessing the effects of management components (Gest.1, Gest.2, and
Gest.3), habitat factors (Hab.1l, Hab.2 and Hab.3), and interactions included in the fitted model.
Coefficient estimates, standard errors (SE) and corresponding p-values are shown for the main effects and

interaction terms.

Estimate Std. Error P-value
intercept 2.124 0.376 <0.001
Gest.1 1.945 0.540 <0.001
Gest.2 1.454 0.525 0.005
Gest.3 -3.828 1.351 0.004
Hab.1 -0.863 1.083 0.423
Hab.2 -0.923 0.689 0.180
Hab.3 5.325 1.782 0.003
Gest.1 x Hab.1 8.056 2.525 0.001
Gest.1 x Hab.3 -5.877 2.783 0.035
Gest.2 x Hab.3 8.750 3.933 0.026
Gest.3 x Hab.2 9.540 2.947 0.001
Gest.3 x Hab.3 -14.980 3.554 <0.001

13
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The RF analysis revealed that the most important variables for predicting turtle dove
density were Gest.2 (%IncMSE = 17.52) and Hab.3 (%IncMSE = 16.87). However, the
best regression tree (Fig. 7a) used Hab.2 to separate hunting grounds with high turtle
dove densities, while Gest.2 to separate grounds with low densities from those with
medium densities. An example of the associations between turtle dove density and
management measures, using the two most important variables, is shown in Fig. 7b;
hunting grounds dominated by Hab.3 had low densities (mean = 2.9), though when
Gest.2 was implemented in these environments (values >-0.35), the estimated mean

density increased from 2.9 to 12.9 turtle doves/km?.

Discussion

Our study demonstrates that local turtle dove density was associated with both
habitat composition and game management practices, although these relationships were
strongly dependent on habitat context. Rather than identifying universally effective
management measures, our results indicate that similar interventions were associated
with different turtle dove densities according to the dominant habitat types within
hunting grounds. The significant interactions detected by the GLM, together with the
Random Forest and regression tree analyses, consistently show that habitat composition
and management should be interpreted jointly rather than independently. Consequently,
our findings provide new evidence that the ecological context in which management is
implemented is a key factor shaping the spatial associations between game management

practices and local turtle dove density.

The analyses indicated that heterogeneous landscapes with dehesa, arable land and
forest were key to explain turtle density, whereas grasslands habitats supported lower

densities. These results agree with previous research conducted across the turtle dove

14
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distribution range, which have shown that the species benefits from heterogeneity in
forest and farmland through the provision of nesting and foraging habitats (Carboneras
et al., 2022; Sauser et al., 2022; Korejs et al., 2024). By contrast, a study conducted in
Spain from 1996 to 2018 showed that abundance turtle dove trends were more negative
than expected in preconceived optimal habitats for the species, including forest, dehesa,
transitional woodland shrubs or sclerophyllous vegetation, while trends were more
positive in localities dominated by complex cultivation (Moreno-Zarate et al. 2020).
Thus, the turtle density would not only be influenced by the type of habitat, but also by
the management conducted which may provide (or not) better nesting and foraging
conditions. The analysis of breeding success is beyond the scope of this study because
transects were conducted before juvenile recruitment occurred, and the one-year study
did not allow assessment of management effects on population growth. Further studies
should address whether habitat management increases populations or conversely,

creates ecological traps (Sanchez-Garcia, in prep.).

Turtle dove density was positively associated with agricultural measures, such as
game crops, fallow land and stubbles in forest-dominated hunting grounds, whereas the
same conclusion was observed when forest measures (thinning and clearing) were
implemented in grounds dominated by farmed and grassland habitats. Similarly, the
interaction between other management and habitat variables showed consistent patterns.
These findings suggest that a combination of optimal habitats and land interventions
adapted to each context (agricultural and forest) may help to support higher turtle dove
densities. Although in this study the effects of habitat and game management on turtle
dove densities were not tested, our results could be related to the findings for other
small game species occurring in similar habitats, such as the red-legged partridge

(Alectoris rufa) and the European rabbit (Oryctolagus cuniculus), in which the effects of

15
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game management measures on densities can be context-dependent (Diaz-Fernandez et

al. 2013, Ferreira et al. 2014).

The RF analysis indicated that land interventions (agricultural and forest measures),
as opposed to artificial interventions (mainly water provision), were important
predictors for turtle dove densities. Moreover, a positive association was identified
between land interventions and turtle dove abundance in areas that would otherwise
represent suboptimal habitat for the species, particularly those dominated by forest or
grassland. The best regression tree identified consistent patterns, indicating that hunting
grounds dominated by forest or grassland habitats supported higher turtle dove densities
under active land management. Accordingly, the implementation of agricultural and
forestry measures was associated with better turtle dove densities compared to
unmanaged areas. Thus, the availability of favorable habitats would be the main factor
to consider when aiming supporting turtle dove populations, though game management
plays an important role in hunting grounds where habitat conditions for turtle doves are
not optimal, particularly through the provision of foraging and nesting resources. In
these areas with suboptimal habitats, targeted management strategies, especially those
focusing on agricultural and forest measures, rather than relying solely on the provision
of food and water, could significantly help turtle dove populations.

By contrast, neither food nor water provision showed a positive association with
turtle dove density. Food provision was negatively associated with density, an
apparently counterintuitive result given its widespread use to support small game
species (Sanchez-Garcia et al. 2024). However, food provision was generally
concentrated in hunting grounds with comparatively limited habitat management,
suggesting that it may reflect poor natural food availability rather than directly reduce

turtle dove density. This interpretation is reinforced by the absence of significant
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interactions indicating that food provision compensated for suboptimal habitat
conditions. Water provision showed no clear association with density, probably because
water points were widely available across most hunting grounds, limiting variation
among study sites during the breeding season. Nevertheless, water remains essential for
European turtle doves under Mediterranean conditions (Gutiérrez Galan 2016), and its
influence may become detectable where availability differs substantially among sites or

during severe drought.

Questionnaires analysis distinguished grounds where management relied primarily
on water and food provision from those implementing land interventions, showing a
dichotomy previously found in studies on small game in Europe: many hunting grounds
deploy feeders, water troughs and ponds, whereas only few implement agricultural and
forest management. This is likely explained by the difficulties of implementing
agricultural and forest management, especially when hunters and game managers are
not the owners of the land, or do not have the responsibility on farming and forestry
decisions (Sanchez-Garcia et al. 2024). Nevertheless, despite the apparent simplicity of
providing water and food, food provision during the breeding season has been
previously associated with a higher proportion of bagged juvenile turtle doves,
suggesting improved breeding performance where food resources remain continuously
available (Rocha and Quillfeldt 2015). Inadequate implementation of this measure may
result, however, in detrimental outcomes, including the increased risk of disease

transmission (Hofle et al. 2004, MacDonald et al. 2025).

It is important to note that the game management measures were uncorrelated with
the size of the hunting ground, which could be attributed to the fact that in the majority
of the grounds from this study (and from other Iberian areas), the area covered by the

agricultural and forest interventions was lower than 50 ha (Sanchez-Garcia et al. 2024).
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Although the turtle dove has large territories (>20km?) and birds have the capacity to
travel long distances (>10km) in search of food and water compared to resident small
game (Joly, 2021; JCCM, 2023), habitat measures implemented at scales lower than 100
ha could have positive impacts on turtle dove populations, as shown in study conducted
in a different landscape of France with GPS-tagged birds (Ren et al. 2025). In a related
columbid, the mouring dove (Zenaida macroura), which is one of the most important
small game species in North America (Baskett 1993), the habitat management targeting
this species is mainly based on manipulating crops to increase seed availability and
ultimately shooting opportunities (ElImore and Arnall 2016), and the size of the fields is

normally below 20 ha (Bonnot et al. 2011).

The main objective of this study was to determine whether habitat characteristics or
game management practices play a greater role in explaining the variation in turtle dove
abundance among hunting grounds. Due to the design of this research, it was not
possible to evaluate the effects of a particular habitat and management measures on
turtle dove densities. Therefore, future studies should address this question using a
before and after approach (BACI), as conducted by Dunn et al. (2021). However, the
associations found in this study suggest that a combination of habitat and game

management could support higher turtle dove densities.

From a management perspective, recent experience with adaptive harvest
management in south-western Spain has shown that linking future hunting opportunities
to conservation requirements can successfully promote monitoring programmes while
encouraging hunting estates to adopt habitat management measures (Sanchez-Garcia et
al. 2026). Together with our findings, these results suggest that adaptive management
frameworks may not only improve harvest regulation but also facilitate the

implementation of habitat interventions tailored to local ecological conditions.
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Unsustainable levels of hunting were identified as one of the main factors
contributing to the decline of the turtle dove in the western-flyway (Lormée et al. 2020).
Owing to the landscape changes experienced during the last decades in the turtle dove
western-flyway which have resulted on the loss of optimal habitats for the species
(Estrada et al. 2024), the significant proportion of land declared as hunting ground in
countries such as Spain (around 85%, Sanchez-Garcia et al. 2021), and the management
measures conducted in hunting grounds which could favor turtle doves, habitat
management conducted by hunters has been recognized as key factor to improve
habitats at a large scale (Sanchez-Garcia et al. 2024). As the hunting moratorium was
lifted in Spain, France and Portugal in 2025, the reinforcement of targeted habitat
management in grounds where sustainable hunting is conducted could be a turning-

point to increase turtle dove populations across all its range.

Conclusion

Successful turtle dove management demands a context-specific approach, as no single
intervention is universally effective. The dominant habitats and their heterogeneity play
a decisive role in shaping turtle dove density among hunting grounds, underscoring the
need to align management measures with local habitat conditions. Agricultural actions
should be prioritized in forest-dominated grounds, whereas forest-oriented interventions
are more suitable where farmland or grassland predominate. Importantly, habitat
management must be supported by ongoing research assessing population-level
responses under varying contexts. Such integrative, evidence-based strategies are
essential to enhance the ecological effectiveness and long-term sustainability of current

game management practices for the European turtle dove.
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FIGURE LEGENDS

Figure 1. Habitat measures conducted in the hunting grounds targeting turtle dove and
other small game: A) water trough, B) ponds, C) cereal crop, D) and E) selective

feeder to reduce the use by ungulates and livestock, and F) forest management.

Figure 2. Correlation matrix of the 21 habitat management variables, highlighting five

key groups characterized by higher positive correlations within each group.

Figure 3. Multiple Correspondence Analysis (MCA) showing the distribution of
management variables along the first and second latent factor (left panel) and the second
and third factor (right panel). The first (Gest.1), second (Gest.2), and third (Gest.3),

latent factors explained 66.1%, 13.7% and 6.5% of the total variance, respectively.

Figure 4. Principal Component Analysis (PCA) plots showing the distribution of
habitat categories along the first and second principal components (left panel) and the
second and third components (right panel). The first (Hab.1), second (Hab.2) and third
(Hab.3) principal components explained 53.4%, 25.1% and 10.8% of the total variance,

respectively.

Figure 5. Distribution of the observed turtle dove densities across the 45 hunting
grounds. The fitted log-series distribution (p = 0.954) is shown as a dashed line (R? =

0.787, p <0.001).

Figure 6. GLM interaction plots showing how the effect of Gest variables on predicted

turtle dove density (turtle doves/km2), varies with different levels of the Hab variables:
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673 (a) Gest.1 vs. Hab.1, (b) Gest.1 vs. Hab.3, (c) Gest.2 vs. Hab.3, (d) Gest. 3 vs. Hab.2,

674 and (e) Gest.3 vs. Hab.3.

675  Figure 7. Regression trees: (a) optimal regression tree using Hab.2 and Gest.2, (b)
676  Regression tree using the two most important variables, Hab.3 and Gest.2, identified

677  from 500 trees in a random forest analysis.

678
679
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