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Abstract

Context Species distribution models (SDMs) may
provide accurate predictions of species occurrence
across space and time, being critical for effective con-
servation planning.

Objectives Focusing on the little bustard (7etrax
tetrax), an endangered grassland bird, we aimed to:
(1) characterise the drivers of the species distribution
along its key phenological phases (winter, breeding,
and post-breeding); and (ii) quantify spatio-temporal
variation in habitat suitability across phenological
phases and over the years 2005-2021.

Methods Combining remotely sensed metrics at
high temporal resolution (MODIS) with long-term
(>12 years) GPS telemetry data collected for 91
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individuals at one of the species’ main strongholds
within the Iberian Peninsula, we built SDMs (250 m
resolution) for the species key phenological phases.
Results The use of both dynamic and static pre-
dictors unveiled previously unknown ecological
responses by little bustards, revealing a marked
change in the spatial distribution of suitable habitat
among phenological phases. Long-term habitat suita-
bility trends showed considerable fluctuations, mainly
in the breeding and post-breeding phases. Overall,
SDM projections into the past revealed that while
the species’ winter and post-breeding habitats appar-
ently increased since 2005, suitable habitat during the
species’ most critical phenological phase, breeding,
apparently reduced in area over time.

Conclusions Our findings show that matching
remotely sensed data with GPS tracking data results
in accurate habitat suitability predictions throughout
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the yearly cycle. Additionally, our findings stress the
importance of quantifying habitat loss and its poten-
tial impact on little bustard decline over nearly 20
years. Spatio-temporal variations in habitat suitability
are also identified in this work, which can help pri-
oritize conservation areas, particularly the breeding
areas that have remained stable over time, as this is a
key requirement for little bustard lek breeding system.

Keywords GPS telemetry - Little bustard -
Movement ecology - Random forests - Remote
sensing - Tetrax tetrax

Introduction

Understanding the patterns and processes that govern
species distribution is critical for mitigating the
widespread decline of biodiversity. This knowledge
is essential for accurate and successful conservation
planning (Guisan et al. 2013). In this context, Species
Distribution Models (SDMs, similar to Ecological
Niche Models; Elith and Leathwick 2009; Guisan
et al. 2013) have gained considerable attention in
recent decades, particularly given their utility for
supporting biodiversity policy and decision processes
(Aratjo and Guisan 2006; Guisan et al. 2013). SDMs
are based on the concept of the ecological niche
(Ponti and Sannolo 2022), which describes the range
of suitable biotic and abiotic conditions wherein a
species is able to survive and reproduce (Colwell
and Rangel 2009) as determined from species
occurrence data. By identifying the most important
environmental predictors of species occurrence,
SDMs allow for the prediction of the species’
potential distribution across space and time (Elith
and Leathwick 2009), thereby serving as key tools to
support conservation and management initiatives.
Despite the many developments in the field, SDMs
may be subject to some caveats related, for instance,
to phenological variation in species’ ecological
requirements, which may be blurred when using
traditional approaches based on static correlative
predictors, thus affecting the inferences that can be
drawn from the data. Therefore, realistic and useful
SDMs should reflect the seasonality related to species’
life-history events that drive their responses to spatial
and temporal environmental change (Smeraldo
et al. 2018). Although phenology is one of the most
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important factors in determining an organism’s
ecological requirements, it has received little attention
when modelling the potential distribution ranges of
many species that exhibit spatial variation in habitat
suitability across phenological phases (Smeraldo
et al. 2018; Milanesi et al. 2020; Ponti and Sannolo
2022). The ecological requirements of migratory
species, for instance, can change throughout the year,
and their key environmental predictors at one phase
may not be applicable at another (Chuine 2010).
Additionally, to better understand the distribution
patterns of such species over the long-term, the
reconstruction of a species’ historic distribution range
can be used to understand the influence of interannual
environmental and climatic fluctuations (Ponti and
Sannolo 2022). Yet, quantifying species distribution
along phenological phases requires careful spatial and
temporal matching of occurrence data with relevant
environmental and climatic predictors (Elith and
Leathwick 2009; Milanesi et al. 2020).

Matching high-resolution GPS animal tracking
technology and satellite remote sensing products
presents promising opportunities for the development
of accurate SDMs over large spatial and temporal
scales. Currently, GPS tracking technologies can
provide a large number of an animal’s movement
steps with a high spatial and temporal resolution
for species of various sizes and ecologies (Nathan
et al. 2008; Kays et al. 2015). Similarly, recent
developments in satellite remote sensing provide
the opportunity to affordably monitor environmental
changes at fine spatial and temporal scales (Neumann
et al. 2015). Remote sensing techniques currently
provide access to topographic data, landscape
biophysical and structural parameters, and climatic
conditions (e.g., through general circulation models)
with a resolution ranging from coarse to fine spatio-
temporal scales (Kays et al. 2015). This makes
remote-sensing products particularly good candidates
for describing phenology-specific responses of
species to environmental change (Cord et al. 2013).

For Steppe birds, which are among the most
endangered terrestrial vertebrate species worldwide
(BirdLife International 2022), we lack a thorough
understanding the drivers of their distribution across
key phenological phases. Such information is now
urgently required to correctly infer their long-term
declining trends and identify critically important
conservation areas throughout the phenological



Landsc Ecol (2024) 39:49

Page 30f20 49

cycle. In a European context, the Iberian Peninsula
is known to support large populations of several
threatened steppe and farmland bird species (Traba
et al. 2013). However, due to habitat loss caused
mostly by agriculture intensification, farmland birds
have markedly declined in recent decades (Traba and
Morales 2019; Silva et al. 2022). Among these, the
little bustard (Zetrax tetrax) has shown particularly
alarming declining trends, being globally classified
as Near-Threatened (BirdLife International 2018)
and as Vulnerable in Europe (BirdLife International
2021), including Spain (Ldpez-Jiménez et al. 2021).
The Iberian Peninsula is a stronghold for the species,
with the Extremadura region ranking among its most
crucial conservation areas (Morales and Bretagnolle
2022). Conservation planning and effective
management of little bustard populations throughout
the annual cycle could greatly benefit from a precise,
temporally and spatially explicit SDM.

Here we used a 12-year GPS telemetry dataset
from 91 tagged little bustards in southern Iberia
and high resolution remotely sensed environmental
metrics to generate seasonal SDMs (250 m
resolution) regarding the key phenological phases
of the species (e.g., Smeraldo et al. 2018). Our
main aims were to: (i) identify the drivers of little
bustard distribution and characterise the species’
response (in terms of probability of occurrence) to
these, across its key phenological phases (winter,
breeding, and post-breeding); and (ii) quantify the
spatio-temporal variation (i.e., degree of stability)
in habitat suitability across phenological phases and
over the years (2005-2021). Overall, by considering
phenology-related variations in the little bustard’s
responses to environmental change across space and
time, we expect our approach will provide novel
insights on key ecological traits that are affecting
long-term population trends.

Material and methods
Study area and study species

The Extremadura region, located in the southwest
of Spain, is characterised by a meso-Mediterranean
climate with warm, dry summers and cold, humid
winters (Rivas-Martinez et al. 2002). Globally, the
landscape of Extremadura is heterogeneous and

fragmented, dominated by grazing and agriculture,
with cereals and permanent crops grown on produc-
tive and irrigated plains. The region is subdivided
into two provinces: Badajoz in the south and Céceres
in the north (Fig. 1). While Caceres is characterised
by pastures and semi-natural meadows with native
oak forests and permanent pastures, Badajoz presents
vast open areas that are predominantly made up of
arable land.

Several Special Protection Areas (SPAs) have been
identified as priority sites for the preservation of the
little bustard in Extremadura (Fig. 1). These areas
represent the breeding grounds for roughly 65% of
the population in the region (Garcia De La Morena
et al. 2018; Traba et al. 2022). Still, the little bustard
has experienced a continued population decline
over the last decades (Lopez Avila and Hidalgo de
Trucios 1998; de Juana 2009), with a decrease in the
Extremadura region of 33.2% in the winter population
and 53.3% in the breeding population between the
2005 and 2016 national surveys (Garcia De La
Morena et al. 2018).

The annual cycle of the little bustard is subdivided
into three distinct phenological phases: breeding,
post-breeding, and winter (Silva et al. 2014, 2015).
The species exhibits gregarious behaviour for the
majority of the annual cycle, except for the breeding
phase, when males establish territories (Jiguet et al.
2000). The Iberian population can be classified
as partially migratory, with a small portion of
individuals exhibiting strictly sedentary behaviour
and the remainder displaying a range of migratory
patterns. Food availability and environmental factors,
such as ambient temperature, soil productivity, and
vegetation height, are thought to have an impact
on seasonal movements (Silva et al. 2007, 2015;
Garcia de La Morena et al. 2015). These patterns are
typically synchronised to the phenological phases of
the species, including regular movements that vary in
timing and spatial range (Garcia de La Morena et al.
2015).

Little bustard data

Little bustard presences and pseudo-absences were
used to inform the SDMs. Presences were obtained
from a 12-year GPS telemetry data set of 91 little
bustards (all males, due to the challenges and
difficulties of capturing females). Individuals were

@ Springer



49 Page 4 of 20

Landsc Ecol (2024) 39:49

Fig. 1 Location of the
study area in the Iberian
Peninsula. The provinces
of Caceres and Badajoz are
located north and south,
respectively. The areas in
grey show the potential
geographical range for the
little bustard, based on land
cover classes taken from the
European CORINE Land
Cover. Special Protection
Areas (SPAs) are shown

by the polygons with

black outlines (LC Llanos
de Caceres y Sierra de
Fuentes; LT Llanos de Tru-
jillo; LZ Llanos de Zorita y
Embalse de Sierra Brava;
LAB Llanos de Alcantara

y Brozas; Ma Magasca; CS
Campifia sur - Embalse de
Arroyo Conejos; LS La Ser-
ena y Sierras Periféricas)

captured in Extremadura and Alentejo (Portugal)
between 2009 and 2020 and fitted with highly precise
GPS solar ARGOS Platform Transmitter Terminals
(https://www.microwavetelemetry.com/) and solar
GPS/GSM tags from Movetech Telemetry (https:/
movetech-telemetry.com/), E-Obs  (https://e-obs.
de/) and Ornitela OT (https://www.ornitela.com/)
(e.g., Gudka et al. 2019). Data from Alentejo region
were included in order to better inform SDMs (see
Appendix S2). The data set was temporally filtered
in order to obtain locations for the core periods of
the three distinct phases of the little bustard yearly
cycle: breeding (April 1-May 15), post-breeding
(July 15-September 15), and winter (December
15-February 15). Then, we standardised the
contribution of all the available individuals to avoid
overrepresentation of some locations, as little bustard
is highly site faithful during the different stages of the
year (Alonso et al. 2019). For each bird, we selected
a single biological phase per year and, within this
phase, only a single location per day. Overall, 2214
locations of 41 individuals were used for the winter
phase, 2225 locations of 82 individuals were used
for the breeding phase, and 2877 locations of 59
individuals were used for the post-breeding phase,
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with 45.9% of these locations being in southern
Portugal.

Pseudo-absences were generated in the same
number of presences for each phenological phase
(as recommended by Barbet-Massin et al. (2012) for
Random Forests), following the distribution of land
cover, at a minimum distance of 250 m to soften
false absence error rates (Iturbide et al. 2015), and a
maximum distance of 50 km for the breeding phase
or 80 km for the post-breeding and winter phases
(average distance of movements by phenological
phase; Silva et al. 2014), to deal with possible inflated
results (e.g., over-predictions) (see Appendix S2 for
further details).

Predictor variables

As predictor variables of habitat suitability for little
bustard during the different phenological phases,
we included remote sensing products from optical
(i.e., MODIS; or Moderate Resolution Imaging
Spectroradiometer) and synthetic aperture radar
(SAR) sensors (PALSARI1/2; or Phased Array
Type L-Band Synthetic Aperture Radar) to infer
key biophysical characteristics and habitat metrics
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from the spectral information, jointly with textural
and structural variables to describe the “horizontal”
and “vertical” complexity of the landscape.
More conventional variables were also used in
describing soil and topography, as well as human
pressure (Table 1). Given the plethora of predictors
considered, these were divided into biophysical,
anthropogenic, and topographic predictors, each with
a different spatial resolution, therefore subdivided
into “static” (landscape ‘“snapshots”) and “dynamic”
(time-series) (Table 1). The calculation of variables
was originally derived from multispectral remote
sensing time series, that in turn allowed high-quality
data agreement with telemetry observations (Milanesi
et al. 2020), utilizing the Google Earth Engine (GEE)
cloud platform (Gorelick et al. 2017).

In detail, satellite imageries were aggregated,
corrected, and analysed, and the spatio-temporal
concordance was addressed between calculated
predictors and telemetry observations. These
operations were carried out following the GEE_
xtract framework presented in (Valerio et al. 2024),
aiming to extract high-quality data, while providing
an overview of the biophysical characteristics of
agricultural and steppe habitats in the Mediterranean
region. This involved landscape characteristics
such as spectral data (red band—RED; near-
infrared spectral band—NIR), vegetation conditions
(Normalized Difference Vegetation Index—NDVI;
Modified Soil Adjusted Vegetation Index 2—
MSAVI2), biomass (Gross Primary Production—
GPP), drought assessment (Palmer Drought Severity
Index—PDSI) and land surface temperatures (LST)
(Fernandez et al. 2010; Cerasoli et al. 2018; von
Keyserlingk et al. 2021; Valerio et al. 2023) (Table S1
from Appendix S1). To infer vegetation’s horizontal
structure, Gray-level co-occurrence matrix (GLCM)
indices (Haralick et al. 1973) were calculated through
the NDVI, providing summary statistics of texture
patterns, such as mean (GLCM_M) and variance
(GLCM_V), as well as contrast metrics, including
homogeneity (GLCM_H) and contrast (GLCM_C)
(Fernandez et al. 2010; Wood et al. 2012).
Additionally, yearly mosaics of L-band SAR data
with combined polarizations (horizontal transmitting/
horizontal receiving—HH polarization; horizontal
transmitting/vertical receiving—HYV  polarization)
from ALOS PALSAR satellites were used to infer the
vertical structure of vegetation (Lucas et al. 2010). To

incorporate information regarding the spatial density
distribution of artificially sealed areas, an indicator
of human imperviousness (IMD) was obtained
from the Copernicus programme (Copernicus
Land Monitoring Service, 2021), in addition to the
Corine land cover classes (CLC) which were used
as categorical predictors. Moreover, the modelling
process incorporated a collection of static predictors
as well, which relate to relatively stable landscape
characteristics. These predictors encompassed: (i)
soil properties (pH; sand content—SC; organic
carbon density—OCD; bulk density—BD; Poggio
et al. 2021); (ii) bioclimatic conditions (annual
mean temperature—BIO1; mean diurnal range—
BIO2; annual precipitation—BIO12; precipitation
of driest month—BIO14; Fick and Hijmans 2017);
(iii) as well as topographic attributes (altitude,
slope, terrain ruggedness index—TRI, and wetness
index—TWI; Conrad et al. 2015; Crippen et al.
2016); and (iv) anthropogenic information (distance
from major roads—Dist_MR; distance from power
lines—Dist_PL; GeoFabrik 2021). All topographic
variables were calculated using the equation provided
in Table S1 (Appendix S1) through the software
SAGA GIS (v.2.1.4; Conrad et al. 2015). Further
descriptions of predictors’ environmental meaning
and biological rationale can be found in Tables 1 and
S1, respectively.

Habitat suitability modelling

SDMs were employed to determine the variation
in habitat suitability for the little bustard both spa-
tially across phenological phases (seasonal SDMs)
and temporally over the years. We used presences
and pseudo-absences as response variables and both
dynamic and static predictors as explanatory vari-
ables. Following the parametrisation in Valerio et al.
(2020), models were run as probabilistic classifica-
tions by selecting Random Forests (Breiman 2001),
for which the variant algorithm "Boruta" (R pack-
age v.6.0.0; Kursa and Rudnicki 2010) was used for
a prior screening procedure to identify and filter out
irrelevant predictors. The selection process relied on
analyses that determined “confirmed” and “rejected”
predictors by comparing the importance of predictors
with that of their randomised copies, in which values
were shuffled (Kursa and Rudnicki 2010).

@ Springer
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Table 1 Predictors included in the seasonal SDMs of the little bustard in Extremadura, Spain

Type Predictor name Description Spatial resolution Temporal resolution
Topographic  Slope Measure the terrain inclination in degrees 30 m Static
TRI Terrain Ruggedness Index, calculate the amount
of elevation difference between adjacent cells
TWI Terrain Water Index, measure the areas of
drainage, or where water can accumulate
Altitude Altitude
Anthropogenic Dist. MR Measure the distance to roadways/anthropogenic
areas, tied to a maximum of 3 km
Dist_PL Measure the distance to power lines < 60 kV, tied
to a maximum of 3 km
Biophysical OCD Organic Carbon density 250 m
pH pH of the soil
SC Sand content
BD Bulk density
Biol Bioclimatic variable—Annual Mean Temperature 1000 m
Bio2 Bioclimatic variable—Mean Diurnal Range
(Mean of monthly (max temp—min temp))
Biol2 Bioclimatic variable—Annual Precipitation
Biol4 Bioclimatic variable—Precipitation of Driest
Month
RED Red spectral band 250 m Dynamic—daily
NIR Near-infrared spectral band
NDVI Normalized Difference Vegetation Index,
measures the vegetation productivity
MSAVI2 Modified Soil Adjusted Vegetation Index 2,

measures vegetation productivity with greater
sensitivity in bare areas

GLCM_M Measures the mean of the NDVI values of the
pixel with adjacent pixels

GLCM_V Measures the variation of the NDVI values of the
pixel with the adjacent pixels
GLCM_H Measures the homogeneity of the NDVI values of
the pixel with the adjacent pixels
GLCM_C Measures the contrast of the NDVI values of the
pixel with the adjacent pixels
GPP Gross Primary Production, measures the biomass 500 m Dynamic—38-day composite
PDSI Palmer Drought Severity Index, measure the level
of aridity
LST Land surface temperature, measures the 1000 m
temperature at ground level
HH PALSAR—Horizontal transmitting, horizontal 25m Dynamic—annual
receiving signal
HV PALSAR—Horizontal transmitting, vertical
receiving signal
CLC Corine Land Cover classes 100 m
IMD Imperviousness, measure the level of 250 m
urbanization

The variables are catalogued as topographic, anthropogenic, and biophysical, while being subdivided based on their spatial and
temporal resolution

@ Springer
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Each multivariate SDM with retained predictors
was developed using tenfold cross-validations,
and evaluated using a set of five accuracy metrics
derived from the confusion matrix. These metrics
included sensitivity, which measures the proportion
of correctly classified occurrences, and specificity,
which assesses the proportion of correctly classified
absences (Fielding and Bell 1997). Both metrics
varies from 0 to 1, with values > 0.9 being indicative
of good to excellent discriminant accuracy (Plante
and Vance 1994). Additionally, we included the
area under the receiver operating characteristic
(ROC) curve, often referred to as AUC (Swets
1979). Here, values near 1 indicate a high level
of predictability by the model (e.g., Aragjo et al.
2005). To further enhance the evaluation process,
the Boyce Index (Boyce et al. 2002) was integrated,
with calculations carried out using the "modEvA"
R package (v.3.9; Barbosa et al. 2013). This index
varies from — 1 to 1, with values close to 1 indicating
that the model’s predictions are consistent with the
presences’ distribution (Jiménez and Soberén 2020).
To complement the evaluation, we also included the
Matthews’ correlation coefficient (MCC; Matthews
1975; Baldi et al. 2000). The inclusion of MCC
is particularly valuable due to its robustness, as it
considers all categories of the confusion matrix,
encompassing true positives, true negatives, false
positives, and false negatives. This metric also varies
from —1 to 1, with values of 1 indicating perfect
classification (Chicco and Jurman 2020).

Finally, to distinguish between suitable and
unsuitable areas, the continuous probability maps
were converted to binary using a cutoff. This cutoff
was calculated independently for each phenological
phase as the average of four different threshold
selection methods. The methods we used include:
(i) minimizing the absolute difference between
sensitivity and specificity (SeSpeql); (ii)) maximizing
the sum of sensitivity and specificity (SeSpmax);
(iii) maintaining the original prevalence (PredPrev
= Obs); and (iv) taking the mean of the probabilities
of occurrence of occupied locations for presence/
absence data as the threshold (AvgProb) (see Liu
et al. 2005, 2013; Nenzén and Aradjo 2011, for
detailed explanation). The models were subsequently
projected for the Extremadura region between 2005
and 2021, covering the period between the first
Spanish national census and the present. For detailed

information on the modelling process, see Appendix
S2.

Spatio-temporal variation in habitat suitability

Spatial variation in habitat suitability
across phenological phases

The median habitat suitability (HS), which reflects
the species’ expected probability of occurrence, was
calculated for the last 3 years (2019-2021) in order
to evaluate the current habitat suitability for the little
bustard at each phenological phase. To visualise
the spatial variation in habitat suitability between
consecutive phenological phases, we calculated
the difference between the HS values of a given
phase minus those of the next phase. This allowed
us to determine the variations in suitability at each
location. Then, the percentage of suitable habitat
(HS > cutoff; specific for each phenological phase)
overlap between phases was calculated, as well as the
pairwise niche overlap using Schoener’s D (Schoener
1968) with the function “raster.overlap” from the R
package “ENMTools” (Warren et al. 2010). This
metric, which compares the corresponding values
for each cell in two grids to determine how similar
potential distributions are, ranges between 0 (no
similarity) and 1 (identical potential distribution)
(Broennimann et al. 2012).

Temporal variation in habitat suitability

To assess the stability in habitat suitability over
time, we estimated, for each phenological phase,
the coefficient of variation of the HS between 2005
and 2021, calculated for each pixel and expressed
as a percentage, using the “CV” function from the
R package “raster” (Hijmans 2023). This enabled
the most stable zones to be distinguished from
those with greater variation in suitability over the
period under consideration. Then, to visualise the
temporal progression of sites with suitable habitat
(HS > cutoff, specific for each phenological phase)
between 2005 and 2021, we compared the baseline
situation (HS median between 2005 and 2007) with
the current situation (HS median between 2019 and
2021). The areas where suitable habitat decreased or
increased, as well as the areas that remained stable
above the suitability threshold, were then identified
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and measured for each phenological phase. Finally, to
estimate the fluctuations in the availability of suitable
habitat (HS > cutoff) in each phenological phase over
the period 2005-2021, we calculated the area covered
by all pixels classified as suitable for the species in
each phase of each year.

Results
Seasonal little bustard SDMs

Explanatory predictors grouped as “dynamic” were
among the most relevant variables in our seasonal
SDM approach, in particular those referred to as
landscape horizontal structure (textural) predictors
(GLCM_C and GLCM_YV, respectively NDVI-based
texture contrast and variance metrics) jointly with
those describing vertical structure (HV polarization)
(Fig. 2). Conversely, the most influential static predic-
tors were those describing soil properties (sand con-
tent—SC), bioclimate (annual precipitation—Biol2;
annual mean temperature—Biol; and precipitation
of driest month—Biol4), and topography (terrain
ruggedness index—TRI; and terrain water index—
TWI). Both the importance scores of the predictors
in explaining the distribution of little bustards (Fig. 2)
and their ecological response curves (see Fig. S3 in
Appendix S1) vary between phenological phases.
The NDVI-based texture contrast (GLCM_C) was
the most important predictor during the winter phase
and displayed a positive relationship with little bus-
tard locations, where contrast in vegetation charac-
teristics contributed to increase the probability of
occurrence of the species, similar to the NDVI-based
texture variance (GLCM_V). This effect was less
significant during the post-breeding phase (Fig. 2),
and relationships become negative during the breed-
ing phase (see Fig. S3 in Appendix S1). The HV
polarization (HV) was also an important predictor
during the winter and breeding phases, where the
lower the values of HV (relating to herbaceous veg-
etation), the higher the probability of little bustard
occurrence. In relation to the soil sand content (SC)
predictor, there was evidence for a relatively higher
probability of species occurrence within areas of low
sand content values, which is likely related to more
productive soils. Conversely, when SC exceeds 35%
(weight%), the little bustard appears to avoid these
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soils. The topographic predictors, namely terrain rug-
gedness index (TRI) and terrain water index (TWI),
held higher importance scores during both the post-
breeding and winter phases, maintaining a stable
negative (low topographic heterogeneity) and positive
(higher water potential accumulation) relationship
with little bustard occurrence, respectively. The bio-
climatic predictors were more significant during the
post-breeding phase (Biol and Biol2) and breeding
(Biol and Biol4), with Biol2 (Annual Precipitation)
and Biol4 (Precipitation of Driest Month) exerting a
positive effect, while Biol (Annual Mean Tempera-
ture) exerting a positive and a negative effect during
the post-breeding and breeding phases, respectively
(Figs. 2 and S3).

All SDMs demonstrated high predictive power
(Fig. 3). In detail, the set of observations representing
the most predictive phenological phase was breeding
for all accuracy metrics, except for the Boyce index,
where the most predictive phase was post-breeding.
Excellent performances were observed, given the
high AUC scores (> 0.95), with no apparent differ-
ences between phases. High abilities were also found
in predicting true presences (sensitivity > 0.9) and
false absences (specificity > 0.9), though slightly
better performances were detected in predicting true
presences during breeding than in other phases. The
MCC metric results indicated that most models per-
formed with high accuracy scores (> 0.85), as well as
the Boyce index (> 0.9) (Fig. 3).

Spatio-temporal variation in habitat suitability

Spatial variation in habitat suitability
across phenological phases

Habitat suitability maps of the current situation
(2019-2021; Fig. 4a) suggest a clear change in the
spatial distribution of suitable habitat among the three
phenological phases. The distribution of the most
suitable locations generally coincides with the inte-
rior of SPAs and their interface with the surrounding
areas, during both the breeding and winter phases.
Nonetheless, during the breeding phase, suitable areas
are mostly concentrated in the eastern part of the
province of Badajoz’s, while during the winter phase,
additional favourable habitats also can be found in the
province of Caceres’ southern and central parts. The
northwest of Caceres and the southwest of Badajoz
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Fig. 2 Importance scores, in explaining the little bustard dis-
tribution from random forests analysis for each phenological
phase. The green dot indicates that the predictor was signifi-
cant in the previous screening procedure (Boruta). The sym-

stand out as areas of lower suitability during both the
breeding and winter phases. On the other hand, the
post-breeding phase shows a more pronounced vari-
ation in the distribution of suitable areas. The areas
of higher suitability during this phase are primarily

(€3]
o

10

HV
GLCM_V I
sC
Bio14
Bio1
TWI
Bio12
TRI
OCD
PDSI
pH
Bio2
Dist_ MR
NIR
RED
GPP
LST
Dist_PL
CLC_212
CLC 231
CLC_321
IMD
CLC_213

°0 44

[

Breeding
bt By

5 10 15
Importance (%)

@ Significant predictor

Mean importance

+ Positive response

- Negative response
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or negative. Response curves from partial dependence plots
may be found for all predictors in Appendix S1 (Fig. S3)

located outside SPAs and are dispersed more widely
across the study region (Fig. 4a). The main suitable
area during the post-breeding phase is located along
the banks of the Guadiana River in the Extremadura
region’s central zone. The central and northwest
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Fig. 3 Differences in
SDMs’ performances across
datasets representing dis-
tinct phenological phases.
Model performance results
are shown according to
selected accuracy metrics:
area under the receiver
operating characteristic
curve (AUC), sensitivity,
specificity, and Matthews’
correlation coefficient
(MCC). Boxplots and grey
dot points show the perfor-
mance of cross-validation
repetitions of random
forests analyses, while black
dots represent the mean 0.90
performance

1.00

Accuracy

0.95

0.85

AUC

zones of the province of Caceres as well as the south-
east region of the province of Badajoz also stand out
for their high levels of suitability. In contrast, one of
the least suitable areas during this phase is the Bada-
joz province’s east central region.

Despite the minor seasonal variation of suitable
habitat between the winter and breeding phases,
differences were more noticeable inside SPAs, which
have slightly decreased suitability indices, and in the
north and south-central zones of the region, which
have slight gains in habitat suitability (Fig. 4b).
Transitions involving the post-breeding phase are
associated with stronger variation in suitability. As
for the breeding phase transitions to the post-breeding
phase, there is an increase in suitability in the areas
surrounding the Guadiana River, in the central and
northern areas of the province of Caceres, as well
as in the southeast area of the province of Badajoz.
On the other hand, the central west and east zones of
the provinces of Céceres and Badajoz, respectively,
exhibit a downward variation in suitability indices. As
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expected, given the similarity between the breeding
and winter phases, the spatial variation of suitability
in the breeding—post-breeding transition is opposite
to that in the post-breeding—winter transition
(Fig. 4b).

The averaged suitability cutoff, used to identify
suitable areas (HS value > cutoff), differs for each
phenological phase (winter: 0.524; breeding: 0.500;
post-breeding: 0.492; see Table S3 from Appendix
S1). In the current situation (2019-2021), this
translates to 1616.93 km? of available suitable
habitat during the winter, 2100.51 km? during
breeding, and 4500.98 km? during post-breeding.
The seasonal overlap of suitable habitat is ultimately
impacted by these differences in the availability
of suitable areas. Despite the winter and breeding
phases sharing only 681.99 km? of suitable areas,
they show the highest similarity in the distribution
of their HS values (D = 0.95), indicating a high
spatial concordance in the suitability of habitats
during the winter and breeding phases. Conversely,
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Fig. 4 a Current habitat Winter
suitability situation; b spa-
tial variation in habitat suit-
ability between consecutive
phenological phases; ¢
stability in habitat suitabil-
ity over time (coefficient of
variation of the HS between
2005 and 2021; truncated
to 30 for visualisation pur-
poses); d temporal progres-
sion of sites with suitable
habitat (long-term changes
from the baseline to the
current period). The black-
outlined polygons delineate
the boundaries of the two
provinces, while the white-
outlined polygons delineate
the Special Protection Areas
(SPAs)

although the shared suitable area between breeding
and post-breeding phases is substantially larger
(1177.12 km?), the distribution of their HS values
is less similar (D = 0.85), indicating spatial
discrepancy in the suitability of habitats between
the breeding and post-breeding phases (Table 2).
The post-breeding and winter phases, with an
overlap of 885.3 km? of suitable areas, have the
least similar distribution of HS values (D = 0.82).

Breeding

Post-Breeding

HS

1.00

0.75
0.50
0.25
0.00

HS Var.
0.50

0.25
0.00
-0.25

-0.50

Post-Breeding

Changing

With regard to the location of suitable habitat in
relation to SPAs, the winter phase has the highest
percentage of suitable habitat within these areas
(52.38%), followed by the breeding phase (38.36%),
with the post-breeding phase presenting the lowest
percentage (20.36%) (Table 3).
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Table 2 Seasonal overlap of suitable habitat (HS > cutoff;
winter cutoff: 0.524; breeding cutoff: 0.500; post-breeding cut-
off: 0.492)

Phenological phases Seasonal overlap of suitable habitat

(2019-2021)

Percentage (%) Area (km?) D

Winter—breeding 42.18 681.99 0.95
Breeding—winter 32.47
Breeding—post-breeding 56.04 1177.12 0.85
Post-breeding—breeding  26.15
Post-breeding—winter 19.67 885.3 0.82
Winter—post-breeding 54.75

Overlap percentage over the total available per phase,
overlapping area, and Schoener’s “D” metric.

Temporal variation in habitat suitability

Over the study period (2005-2021), zones near water
reservoirs and water lines, which are typically unsuit-
able for little bustards, were those showing the great-
est instability (i.e., greatest coefficient of variation)
in the indices of habitat suitability (Fig. 4c). Low to
moderate instability was observed during the winter
and breeding phases across the study area, with these
zones mainly being connected to SPAs and their sur-
roundings, which are typically suitable for the spe-
cies. In both phases, the areas closest to the Guadiana
River and in the northwest of the province of Caceres
are the most stable over time, despite not being suit-
able for the species during these phases. In contrast,
the post-breeding phase displayed lesser stability
overall, with the zones of greatest instability typi-
cally being those that were unsuitable for the species.
However, similarly to other phases, low to moderate

instability was observed in areas suitable for little
bustards during the post-breeding phase (Fig. 4c).
Comparing the baseline situation (2005-2007)
with the current winter phase situation (2019-2021)
in terms of the availability of suitable habitat (HS
> cutoff), a net gain of 828.91 km? (correspond-
ing to 105.19% of the suitable area in the baseline
situation) was recorded (Table 3). However, about
36.65% of the area that was suitable in the baseline
situation is no longer suitable. These losses in suit-
ability occurred mainly in the vicinity of the Guadi-
ana River, whereas suitability gains were mainly reg-
istered in the interior and interface areas of the SPAs,
primarily in the province of Badajoz (Fig. 4d). It is
also worth noting that suitable habitat is more sta-
ble inside SPAs (77.33%) than it is outside (63.35%)
(Table 3). In the breeding phase, there was a 23.31%
decrease in the available suitable area (a net loss of
638.42 km?), with only 56.44% of the suitable area
in the baseline situation remaining suitable (Table 3).
Still, inside SPAs, the decrease in the available suit-
able area was smaller (12.02%) and that stability was
higher (64.06%). The areas that remained stable were
found mainly in the south and east of the province
of Badajoz. The losses occurred in the vicinity of
the Guadiana River and the central south zone of the
province of Céceres, as well as in the interface areas
of the SPAs of Badajoz (Fig. 4d). In the post-breeding
phase, there was a slight overall increase in the availa-
bility of suitable habitat between the baseline and cur-
rent situations (9.65%; a net gain of 396.2 km?), with
59.49% of the suitable habitat at the baseline remain-
ing stable (Table 3). However, within SPAs the situa-
tion is quite different, registering a 23.50% decrease
in the availability of suitable areas (a net loss of 281.5
km?) and a stability of only 52.03% of the suitable

Table 3 Temporal progression of sites with suitable habitat (HS > cutoff) as an overall for each season and only within SPAs.

Phenological phase Baseline Current (2019- Stable Gain Loss Net Gain/Loss

(2005-2007)  2021) (km?) 3 3 3 3

(km?) kmy) (%)  (km) (%)  (km) (%) (km?) (%)
Winter 788 1616.9 499.2 634 11177 141.8 2888  36.65 8289 1052
Winter (SPAs) 405.7 846.9 3137 773 53317 1314 9196 22.7 4412 108.8
Breeding 2738.9 2100.5 15458 56.4 5547 20.25 1193.11 436 —-6384 -233
Breeding (SPAs) 916 805.9 586.7 64.1 219.1 239 3292 359 -110.1 -—12
Post-breeding 4104.8 4501 2442 59.5 2059 502 1662.8  40.5 3962 9.7
Post-breeding (SPAs)  1197.8 916.3 6232 52 293.1 245 5746 48 —-281.5 -235

@ Springer



Landsc Ecol (2024) 39:49

Page 13 0of 20 49

areas. While gains were primarily recorded in the
central zone of the study area and the northern zone
of the province of Caceres, the majority of suitability
losses occurred in the south and east of the province
of Badajoz and the southwest zone of the province of
Céceres (Fig. 4d). The Guadiana River area and the
southeast of Badajoz province are the main locations
where the habitat remained suitable.

Over time, the winter phase typically displayed the
most spatially constrained area of suitable habitat,
while the post-breeding phase consistently displayed
the broader area of suitable habitat most of the time,
according to the analysis of the predicted area of
suitable habitat over the period 2005-2021 (Figs. 5;
S5b, S7). Large fluctuations in the availability of suit-
able habitats were observed over the period consid-
ered, mostly during the breeding and post-breeding
phases. These fluctuations were not always synchro-
nous between phenological phases, as was the case,
for instance, between 2010 and 2013, when there was
a tendency for habitat availability to decrease during
the breeding phase and increase during the winter
and post-breeding phases (Fig. 5). Overall, a positive
trend in the availability of suitable habitat is observed
during the winter phase, whereas an apparent nega-
tive trend is observed during the breeding phase.
The post-breeding phase does not show any apparent
trend, despite the large fluctuations over time.

4000 1

Area

2000 1

Discussion

Based on a detailed analysis of the spatial and
temporal variation in habitat suitability of the little
bustard, our study demonstrated clear seasonal
variations in the spatial distribution of suitable
habitat for the species along key phenological phases.
Additionally, results also showed marked fluctuations
in suitability over the past 17 years. When comparing
the current situation to the baseline, we found an
increase in suitability during the winter phase, a
slight increase during the post-breeding phase, and
a reduction in suitability during the breeding phase.
Furthermore, our study also allowed the identification
of locations where the habitat remains suitable over
time, contributing to the definition of areas of high
conservation value in future conservation planning
(Silva et al. 2017).

Our study showed that the use of data with
high temporal and spatial resolution from GPS
telemetry and remote sensing, together with machine
learning modelling procedures, allowed for a robust
assessment of variation in species-specific habitat
suitability along distinct phenological phases, as well
as the prediction of the present and past potential
distribution of migratory species. This methodology
thus contributes to a thorough understanding of the
dynamics in species potential distribution ranges

i

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Phenological Phase

Winter . Breeding . Post-Breeding

Fig. 5 Area extent (km?) of predicted suitable habitat for each phenological phase over the period 2005-2021. Calculated as the area

covered by all pixels with HS values > cutoff
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over multiple phenological phases, as well as the
identification of the most important habitat variables
that predict species occurrence and on which
conservation efforts should focus.

Potential distribution of the little bustard with
seasonal SDMs

The accurate SDMs produced for each phenological
phase showed that high-quality data used as input to
Random Forest algorithms may present opportunities
for providing information on the geographic
distribution of species. Both static and dynamic
predictors were found among the most explanatory
variables in  describing species occurrence,
highlighting the relevance of including both types
of predictors together with the modelling of each
phenological phase separately (Frans et al. 2018). It
should be noted that all of the CORINE Land Cover
products fell below the mean importance threshold
(Fig. 2), highlighting the benefits of less conventional
products with both SAR and optical information to
highlight scarcely represented habitats (Valerio et al.
2020).

The winter model indicated that there is a
greater probability for little bustards to occur within
agricultural mosaics where herbaceous vegetation
predominates, the soils are more productive, the
topography is less rugged, and there is a tendency
for very low or moderately high levels of water
to accumulate. The representation of landscape
mosaic in our analyses is supported by our textural
predictors (i.e., NDVI-based texture contrast—
GLCM_C)  describing  horizontal  landscape
complexity, since a positive response was found
for contrasting NDVI values, given also the scale
of the sensor grain (250 m) and the window for the
considered adjacent neighbour pixel. Concomitantly,
the negative response for high backscattering values
(i.e., HV polarization) supports the presence of a
moderate vertical complexity of vegetation, since
high backscatter values are associated with taller and
more structured vegetation such as shrubs and trees
(e.g., Valerio et al. 2023). These preferences are
consistent with other studies showing that, during
this phenological phase, little bustards select recent
fallows and grassy vegetation, as well as hilltops,
possibly as a predator avoidance strategy (Silva et al.
2004).

@ Springer

During breeding, little bustards showed a
preference for areas dominated by herbaceous
vegetation within more homogeneous landscapes,
productive soils, intermediate levels of rainfall
in the driest month, and moderate annual mean
temperatures. These preferences are consistent
with previous works showing a preference for vast
expanses of grassland pastures or fallow lands with
low land cover diversity, and a dominant grassland
ecosystem (Morales et al. 2008; Silva et al. 2010;
Moreira et al. 2012). Such choices are probably
related to the species’ lek mating system, in which
breeding males seek conspicuousness for the sexual
displays that take place in loose aggregations,
whereas females seek a balance between visibility
for anti-predator surveillance and cover provided by
dense vegetation (Jiguet et al. 2000).

The most suitable areas for post-breeding,
according to our model, coincide with depressions,
where it is more likely to accumulate water and
green vegetation that they feed on. Their occurrence
also coincides with regions with higher average
temperatures and higher annual precipitation, as well
as some degree of heterogeneity in the landscape.
Again, these preferences are in line with previous
works that show a preference towards areas near
water sources, on lower slopes, with more humidity,
and with more green plants (Silva et al. 2007). Food
availability is suggested to play a significant role in
habitat selection and species distribution during post-
breeding (Silva et al. 2007), with adults and chicks
feeding mostly on green plants, in the period defined
for post-breeding in our models (July 15-September
15) (Jiguet et al. 2002).

Spatial variation in habitat suitability across
phenological phases

According to our models, the extent and distribution
of suitable habitat vary between phenological phases.
During the winter phase, the area with suitable habitat
is narrower and spatially more clustered, whereas
it expands and spreads more widely during the
breeding phase until it reaches its maximum extent
in the post-breeding phase (Figs. 4a, S5b). These
seasonal variations appear to reflect the behaviour of
the little bustard, which exhibits territorial behaviour
during breeding (Silva et al. 2017) and gregarious
behaviour in the remaining phases (Silva et al. 2004,
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2007). Outside the breeding season, little bustards
congregate in flocks of varied sizes, but it is during
the winter that they are more concentrated, creating
the largest flocks.

The species’ behavioural strategy appears to be
influenced by food availability. During the winter,
when there is plenty of food, the species shows
greater habitat selectivity, which is possibly related
to an anti-predatory strategy, increasing the level of
aggregation in the most suitable habitats as the season
progresses, providing food and protection (Silva et al.
2004; Morales et al. 2022). In the breeding phase,
breeding males form dispersed leks at sites that were
used in previous years (Silva et al. 2017), disperse
over larger areas compared to the winter phase. Major
shifts in the little bustard’s distribution occur during
post-breeding. This is probably because at the end of
the breeding season, in late spring, vegetation dries
out, restricting the little bustard’s food resources and
forcing individuals to migrate towards areas with
more productive soils, which frequently coincide
with irrigated fields with greater availability of
green plants (Silva et al. 2007, 2022; Garcia de La
Morena et al. 2015). At this phase, flocks are usually
small, ranging from a few birds to several tens,
while occupying a wider range of habitats (Silva
et al. 2007). There is a greater similarity in potential
distribution of suitable habitat between the winter and
breeding phases when compared to the post-breeding
phase, suggesting that the scarcity of food during
the summer leads to a change in occurrence patterns
(Fig. 4b, Table 2).

The distribution of suitable habitats during the
winter and breeding phases greatly overlaps with
the SPAs. Conversely, the most suitable areas for
post-breeding are found outside SPAs, principally
in the irrigation fields next to the Guadiana River,
with only about 20% of these areas occurring within
protected areas. On the other end of the spectrum is
the winter phase, which has 52% of its total suitable
area inside SPAs. In turn, the breeding phase
presents about 38% of its suitable area inside SPAs,
highlighting the importance of these areas for the
conservation of the species, as demonstrated by the
surveys done in Extremadura, which revealed that
65% of the breeding males are present inside SPAs
(Garcia De La Morena et al. 2018). When comparing
the provinces of Badajoz and Céceres in terms of
the spatial distribution of suitable habitat, Badajoz

has higher overall suitability, demonstrating greater
availability of suitable habitat at all phenological
phases. This results from the differences in landscape
characteristics between the two provinces, with
Badajoz having a higher availability of open habitats
compared to Caceres.

The fact that our study relied on GPS data provided
solely by males may be considered a limitation.
However, because females tend to occur in areas close
to males (except for the chick-rearing period that was
not included within the breeding phase considered in
our analysis) (Silva et al. 2014; Morales et al. 2022),
we did not expect that male and female preferences
would differ at the level at which we analysed the data
(Devoucoux et al. 2018).

Temporal variation in habitat suitability

Over the last two decades, the little bustard
population from Extremadura has experienced a
sharp decline, dropping as much as 53% between
2005 and 2016 (Garcia De La Morena et al. 2018),
a trend that is ongoing (SEO BirdLife, pers.
comm.). This trend coincides with a gradual loss
of suitability over time (Figs. 4d, 5, and Table 3),
particularly in the breeding phase, when the
amount of suitable habitat for the species dropped
by 23% over the period considered (2005-2021).
Noticeably, only 56% of the breeding habitat
remained stable during this period, which is a
known requirement for viable breeding areas due to
the species’ high breeding site fidelity (Silva et al.
2017), highlighting the possible negative effects
of the instability observed over time. However,
despite the high level of instability, the availability
of suitable habitat increased during the winter and,
to a lesser extent, in the post-breeding phases too.
These findings suggest that while the available
winter and post-breeding habitats do not appear to
pose a limitation for the species’ conservation in
Extremadura, the reduced availability of breeding
sites may be acting as a bottleneck during a critical
period in the population dynamics of this species.
Even though there is considerable uncertainty
with the demographic parameters of the breeding
population of Extremadura, there is evidence
suggesting that habitat loss and degradation,
along with climate change, particularly during the
breeding season, have adversely affected both the
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productivity and survival of females (Silva et al.
2022). Furthermore, there is a notable issue of
high adult mortality associated with power lines
(Marcelino et al. 2018).

While the long-term temporal variation in
habitat suitability can be related mainly to land-use
conversion (Silva et al. 2022), the large fluctuations in
the availability of suitable habitat recorded between
years (Fig. 5) and the variations in average suitability
(see Fig. S5 in Appendix S1) may be related to
the inter-annual variation in climatic and biotic
conditions (i.e., vegetation condition) (Garcia de La
Morena et al. 2015; Estrada et al. 2016). This spatial
variation in suitable areas may have serious impacts
on the species since little bustards have marked
philopatric habits, returning to the same places in
consecutive years (Silva et al. 2017; Alonso et al.
2019). In this sense, it is also noteworthy that new
potential habitats may not be immediately occupied,
as this implies an additional energy expenditure when
birds actively search for them (Holt 2003).

The analysis of the temporal variation of habitat
suitability highlighted the importance of SPAs for
the little bustard, particularly during the breeding
and winter phases. In addition to the higher average
HS values over time within the SPAs, the stability
of suitable habitat was also higher within these areas
during these two phenological phases when compared
to the non-SPA areas. Furthermore, in percentage
terms, less habitat was lost inside the SPAs during
these two phases, which may indicate that they are
buffering against habitat loss and degradation up to
a certain extent. However, although in post-breeding
there was an overall gain in suitable habitat, within
the SPAs the pattern was opposite, with important
losses being recorded. These results may be, at least
in part, explained by the fact that SPAs were designed
with a focus on preserving breeding areas and by
the land-use conversion restrictions existing in these
protected areas.

It is worth mentioning, however, that results on
how habitat suitability changes over space and time
are intrinsically linked to the cutoff value used to
generate the binary maps. This value changes with
each phenological phase and affects the area that is
considered to be suitable (> cutoff) or unsuitable
(< cutoff), influencing the areas of overlap between
phenological phases and the trends over time.
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Conservation implications

The research presented here demonstrates fluctuations
in the habitat suitability of the little bustard over time
considering all phenological phases, and an apparent
decline in the breeding phase. These results support
the hypothesis that, at the population level, habitat
instability and degradation are contributing towards
the species decline, given the species’ high fidelity
to the same locations between years. Our modelling
procedure identified most important dynamic
predictors defining the species’ phenological niches.
These predictors were found to be mainly related to
the structural characteristics of the habitat, rainfall
rates, and average air temperatures, making the
species vulnerable not only to habitat shifts but also
to climate change.

In terms of conservation, priority should
therefore be given to the promotion of high-quality
habitat through the encouragement of traditional
extensive agricultural practices, which primarily
provide important habitat during the breeding and
winter phases (Silva et al. 2004, 2010). Habitat
stability over time is critically important to ensure
high breeding densities and consequently breeding
success by favouring its lekking breeding system
(Silva et al. 2014, 2017). The results also highlight
the importance of SPAs in the conservation of little
bustards, especially during winter and breeding, given
the apparent buffer effect they exert against habitat
suitability loss and the greater proportion of habitat
suitability stability found within these phenological
phases. Taking into account the amount of suitable
habitat found at the interface between the SPAs
and the areas outside them, expanding these special
protection areas could be beneficial for the species.

Our modelling procedure and the predictions
regarding bird occurrence associated with the
calculated cut-off value indicate that the changes
in suitability vary across both time and space.
These changes, however, significantly align
with already identified breeding areas, including
those deemed critically important as Special
Protection Areas (SPAs), alongside post-breeding
and wintering locations. The models developed
here can therefore serve as a crucial decision-
support tool for conservation efforts, by providing
accurate, spatially explicit probability estimates of
little bustards’ current and historical occurrence
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as well as details on the key environmental factors
affecting the species at various phenological phases.
Highly suitable areas that show stability over time
should be considered of high conservation priority,
particularly during the breeding phase. Overall,
our approach offers relevant complementary
information to existing research on the ecology and
conservation of the little bustard. This information
is particularly important for contextualizing the
factors contributing to the species’ decline over time
in a spatially explicit manner, thereby facilitating
integrated decision-making.
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