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Summary

Species’ declines are caused by a combination of factors that affect survival and/or breeding
success. We studied the effects of a set of environmental and anthropogenic variables on the
disappearance of Canarian Houbara Bustards Chlamydotis undulata fuertaventurae on Fuerte-
ventura (Canary Islands), once the main stronghold of this endangered bird. Of 83 male display
sites detected in 1997–1998, only 29 remained occupied in 2020–2021 (a 65% decrease in only
23 years). We compared habitat quality, density of conspecifics, other steppe birds and crows,
presence of human infrastructure, and degree of environmental protection between these
29 extant sites and the 54 extinct sites using univariate analyses and generalised linear models
(GLMs). The most influential variable in the abandonment of display sites was the Normalised
Difference Vegetation Index (NDVI), an indicator of green vegetation productivity, which
suggests a strong effect of habitat aridification due to climate change on the population’s
extinction process. Powerline density was the second most important factor. This suggests that
houbaras have survived where a greater abundance of food resources has enabled a higher
breeding success, and where powerline fatalities have caused lower mortality over the years.
Higher densities of houbaras, and other steppe birds and crows at extant display sites confirmed
the better habitat quality in these areas. Extant display sites, located generally in protected areas,
also had lower densities of human infrastructure (e.g. buildings, roads). We discuss the
conservation implications of these results and provide management recommendations for this
endangered subspecies.

Introduction

Climate change and other anthropogenic factors responsible for global change are leading to
habitat degradation and accelerating biodiversity loss (Dirzo et al. 2014; Habibullah et al.
2022; Sage 2020; Urban 2015). This decline in wildlife populations through habitat deterior-
ation is a complex phenomenon with multiple and interrelated causes, resulting in numerous
impacts that affect the functioning of the entire ecosystem including the ability of species to
survive and reproduce successfully (Pautasso 2012). Over the past decades, significant
decreases in bird populations have been observed worldwide (Gaston and Fuller 2008;
Hallmann et al. 2014; Inger et al. 2015; Şekercioğlu et al. 2004), many of which have been
closely linked to ecosystem alterations and to effects of climate change, such as rising
temperatures or reduced precipitation (Figarski and Kajtoch 2015; Martínez-Ruiz et al.
2023). These changes can affect food availability and the timing of key events in the annual
cycle of birds, such as migration and reproduction (Jones and Cresswell 2010; Pearce-Higgins
et al. 2017). Habitat loss and degradation is also a major cause of bird decline. Urban sprawl,
deforestation, intensive agriculture, and other human activities have reduced and fragmented
natural bird habitats (Marzluff and Ewing 2008; McKee et al. 2013; Stanton et al. 2018;
Virkkala 2016).

The effects of global change and biodiversity loss on islands are much greater than on
the mainland and have been widely studied and documented (Cardillo et al. 2006; Frank-
ham 1998; Nogué et al. 2021; Ricketts et al. 2005; Russell and Kueffer 2019). Islands usually
show a high degree of endemicity and are often biodiversity hotspots, contributing signifi-
cantly to global biodiversity. Of 221 endemic bird areas in the world, 50% are found on
islands (Whittaker and Knight 1998). However, the virtual absence of the rescue effect
(i.e. the arrival of individuals of the same species from elsewhere) in these regions causes a
notable impoverishment of the fauna and high rates of extinction (Brown and Kodric-Brown
1977).
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This study focuses on the analysis of factors that have brought an
endemic island bird, the Canarian Houbara Bustard Chlamydotis
undulata fuertaventurae, hereafter Canarian houbara, to the brink
of extinction on the island that was once its main stronghold. The
houbara is classified globally as “Vulnerable” according to Inter-
national Union for Conservation of Nature (IUCN) criteria
(BirdLife International 2021), and as “Endangered” in the Spanish
Red List of Birds (Ucero et al. 2021). Based on chronicles of the
fifteenth century, we know that houbaras were abundant in the
eastern islands of the archipelago (P. Bontier and J. Le Verrier
1402–1404, cited in Collar 1983). At that time and in the following
centuries the species was probably hunted for food, as can be
inferred from the ornithological literature of the nineteenth and
early twentieth centuries, which report on regular hunting, capture
of females at the nest, and egg collection (Bannerman 1914; Collar
1983; Meade-Waldo 1889, 1890; Polatzek 1909; von Thanner et al.
1905; Webb et al. 1842). This caused population declines to the
point of near extinction (15–20 individuals in Lanzarote, 80–100 in
Fuerteventura the late 1970s; Lack 1979), producing genetic bottle-
necks and affecting the genetic structure of the species in these
islands (Horreo et al. 2023). Human persecution diminished after-
wards, and finally the hunting ban allowed the population to
recover. However, while this demographic recovery has lasted until
today in Lanzarote (440–452 individuals in 2018; Alonso et al.
2020), available data suggest that in Fuerteventura the population
could have reached amaximum of c.460 houbaras in 2004 (Lorenzo
et al. 2007). Subsequently, it again started a significant decline,
which has brought it to the brink of extinction in that island (85–
109 houbaras in 2021; Ucero et al. 2021), threatening to represent a
first step towards total extinction in the Canary Islands. This last
decline has usually been attributed to habitat destruction caused by
human activities and to mortality due to collision with powerlines
and roadkills (Lorenzo 2004; Schuster and Iglesias-Lebrija 2012;
Ucero et al. 2021). For example, habitat loss has been estimated at
around 13% for the period 1996–2011, and an additional loss of 20–
28% is predicted until 2025 (Banos-González et al. 2016). As for
powerline casualties, various studies have confirmed that the
Canarian houbara is one of the species with the highest recorded
deaths due to collisions (Gómez-Catasús et al. 2020; GREFA 2016;
Lorenzo 1995; Lorenzo and Ginovés 2007; Lorenzo et al. 1997).

In the present study, we quantify the recent decline of the
Canarian houbara population in Fuerteventura and investigate
the main causes and their relative importance including all poten-
tially influential variables identified in the island. As in other species
of the bustard family, themating system ofHoubara Bustards seems
to meet the definition of an exploded lek, where males display in
their territories maintaining inter-individual distances of several
hundred metres, and females visit them tomate (Alonso et al. 2020,
2022a; Collins 1984; Hellmich 2003; Hingrat and Saint Jalme 2005;
Hingrat et al. 2004, 2008; Ucero et al. 2023). Display sites are places
that male houbaras select for courting females. These sites have
certain microhabitat and landscape scale characteristics and are
used year after year by the same male (Ucero et al. 2023). This
means that their occupation or abandonment is a key indicator of
the state of the houbara population on Fuerteventura. We com-
pared the number and distribution of males on the island in 1997–
1998 (Hellmich 1998) with those obtained in a census carried out
in 2020–2021 (present study), and associate the permanence or
disappearance of each display site over that time interval with the
presence of each of the influencing variables at that particular site.
Counts of displaying males have been used in similar species to
estimate population trends because they are highly visible and

faithful to their display sites during the mating season, whereas
females aremuchmore cryptic, mobile, and elusive (e.g. Bretagnolle
et al. 2022; Mahood et al. 2020). Although it is true that numerous
estimates of the Fuerteventura houbara population have been
published in recent decades (Supplementary material Table S1),
only Hellmich (1998) conducted a proper census. All other pub-
lished data are density values based on multiple line transects,
which require complex extrapolations to reach a reliable population
estimate, and do not allow the identification of sexes or the exact
location of houbara territories (see discussion on advantages and
disadvantages of the different houbara census methods in Alonso
et al. 2020). Our main hypothesis was that the decrease in the
number of male Canarian houbaras during the last two decades
on Fuerteventura would have been mainly due to causes derived
from human activities. Specifically, the following predictions have
been tested. (1) The construction of new infrastructures
(powerlines, roads, buildings etc.) and disturbances derived from
human activities may have caused the abandonment of some of the
display sites occupied by males in 1998. (2) The amount of food
resources, estimated through the Normalised Difference Vegeta-
tion Index (NDVI) derived from times series of Landsat imagery,
and the presence of other steppe birds, are good indicators of
habitat quality, so lower values for these variables are expected at
those display sites that have been abandoned. (3) Since Canarian
Ravens Corvus corax canariensis predate on Canarian houbara eggs
and chicks, we would expect a higher presence of ravens in areas
where display sites are still occupied. (4) Finally, environmental
protection, such as Natural Parks and Special Protection Areas
(SPAs), should have potentially contributed to the permanence of
males at their display sites.

Methods

Study species

The Canarian subspecies of African Houbara Bustard Chlamydotis
undulata is endemic to the three easternmost islands of the Canary
archipelago (i.e. Fuerteventura, Lanzarote, and La Graciosa), with
an occasional occurrence in Lobos (Martín and Lorenzo 2001). It
was also present in the past in Gran Canaria (Martín and Lorenzo
2001; Meade-Waldo 1893; Medina 1999) and possibly inhabited
Tenerife (Collar 1983; Rando 1995). Following paleontological
data, the Canary archipelago was colonised by African Houbara
Bustards from Morocco 130,000–170,000 years ago (Ancochea
et al. 1990; Rando 1995), although according to mitochondrial
DNA analysis, both subspecies, African and Canarian, diverged
genetically around 20,000–25,000 years ago (Idaghdour et al. 2004).
The nominate subspecies is distributed in northern Africa from
Mauritania to the Nile Valley (BirdLife International 2021; del
Hoyo et al. 2018). Males defend their display sites against intruding
neighbours and remain loyal to their territories throughout the
breeding season and year after year (Alonso et al. 2022a; Hingrat
et al. 2004, 2008; Ucero et al. 2023).

Study area

The Canary Islands are located in the Atlantic Ocean, 140 km off
the north-west African coast (Figure 1). Our work focused on the
island of Fuerteventura (28°24’, 14°00’W, 1,660 km2), the only
island for which a reliable census of display sites is available that
is sufficiently separated in time from our current census
(respectively, Hellmich 1998; Ucero et al. 2021), enabling us to
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establish a population trend and evaluate its causes. Fuerteventura
is a volcanic island with a low altitudinal relief, in which the valleys
and plains dominant relief explains an annual rainfall regime of
only about 98 mm because of low cloud retention. Due to these
characteristics, the predominant biotopes in Fuerteventura are
sandy formations ( jable), more or less shrubby, basaltic soils from
volcanic eruptions, and stony soils with sparse vegetation. These
areas are characterised by the presence of different herbaceous
species (i.e. grasses, therophytes, and herbaceous perennials) and
shrubs (i.e. Salsola vermiculata, Launaea arborescens, Lycium intri-
catum, Suaeda spp., and Euphorbia spp.), which constitute the
main habitat of the species. In addition, Canarian houbaras use
marginal environments, such as the edges of lava fields (malpaíses)
or cultivated areas (Martín and Lorenzo 2001), showing a prefer-
ence for a mosaic of Launaea shrubland, cultivated lands, pastures,
and fallows where they spend the hottest and driest months of the
year (Abril-Colón et al. 2022b; Ucero et al. 2021), as well as the
gavias (traditional agricultural fields in Fuerteventura that are

designed to retain rain and runoff water) (Medina 1999; Ucero
et al. 2021). The basis of the current island economy is tourism,
which has replaced the agricultural and livestock economy of past
centuries. These islands now represent important tourist destin-
ations and their natural areas, including numerous protected sites
with endemic species of flora and fauna, are threatened by a
potentially unsustainable development.

Census of male Canarian houbaras and location of display sites

The methods used in Hellmich’s study and in the present study to
census Canarian houbaras were the same. In both studies, car
surveys were performed during the display season in all areas of
the island with suitable habitats for the species, with frequent and
prolonged stops at vantage points to search for houbaras with
telescopes (Hellmich 1998). These surveys were carried out during
the first and last hours of daylight with a stop in the middle of the
day, when houbaras are usually lying down and difficult to see. All

Figure 1. Abandoned and occupied display sites of Canarian Houbara Bustard Chlamydotis undulata fuertaventurae. Map showing the distribution of display sites that were
abandoned between 1998 and 2021 (red dots) and those that are still occupied (green dots). The areas coloured in light yellow represent the protected areas declared before the
Hellmich census in 1998, while the orange areas represent the protected areas established after 1998. Many of the display sites that have been abandoned are located in areas that
do not have any legal protection, as well as in the Llanos y cuchillos de Antigua Special Protected Area (SPA) declared in 2001, in the centre-east of the island.
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censuses were carried out during the peak courtship season
(January and February). The census carried out in 2020–2021
was conducted by two teams with two observers each. More details
on census techniques can be found inAlonso et al. (2020). Themain
objective was to locate all males on the island by recording both
displaying and non-displaying males in all areas suitable for the
species. Once amale was located, the observer waited someminutes
to give time for the male to perform display. Although some males
did not display, through the monitoring of GPS-tagged individuals,
we know that males occupy their display territory even in years
when they are not displaying (e.g. in years with low rainfall; Abril-
Colón et al. 2022a; Alonso et al. 2022a;Ucero et al. 2023). Therefore,
we can be reasonably sure that with our census method we detected
practically all males, both those that were displaying and those that
were not. We used the accelerometer sequences of a sample of
display runs identified and verified in the field through field obser-
vations of some focal males during the 2020 breeding season to
train the AcceleRater software (Resheff et al. 2014), and later
obtained display runs automatically for the 2021 breeding season
(Abril-Colón et al. 2023). Once all display runs were quantified and
located on a map, we checked that their modal values for each male
matched the 2020 and 2021 locations.

In both studies, the census was repeated in two consecutive years
(1997 and 1998; Hellmich 1998: 2020 and 2021; present study) to
confirm the locations and numbers of males sighted in the first year
(Figure 1, Supplementary material Figure S1). Hellmich (1998) saw
64 displaying males in 1997 and 83 displaying plus four subadult
males in 1998. In order to quantify the current number ofmales and
the permanence or abandonment of display sites identified
in 1997–1998 (Hellmich 1998), two surveys were carried out, 7–
13 January 2020 and 18–28 January 2021, covering the entire range
of the species on Fuerteventura, and including the display sites of
the 83 males seen by Hellmich in 1997–1998 (Figure 1). After
locating and observing each male, we noted the males which
performed circular display runs. The exact display site was deter-
mined by two observers, one of whom fixed the display site with a
telescope, while the other walked to the site where the male had just
been observed displaying, both communicating bymobile phone to
ensure that the correct co-ordinate of the display site was collected.
On arrival at the site, the trail was often quite visible on the ground
and traces of droppings and feathers were found, confirming a
regular use of the site by the male. As a rule, a display site was
considered to be still occupied if, during the 2020 and 2021 surveys,
a male was seen in the area, whether displaying or not, and a display
site was considered to have disappeared if no male was seen
within 500 m of one of the display sites sighted in 1997–1998. In
the event that a male was observed at a distance of more than 500m
from the nearest display site sighted in 1997–1998, we considered
that male to have been displaced. When display locations were
available for the same male in both surveys (1997 and 1998), we
used the 1998 data because in 1997 courtship ceased earlier due to
unfavourable weather conditions (Hellmich 1998). Likewise, when
repeated locations were available from both current censuses (2020
and 2021), we used data from 2021, when more males were seen
displaying.

Variables used

To characterise the sites we used (1) variables related to habitat
quality (amount of food resources using NDVI as a proxy, see
below, densities of houbaras, other steppe birds and ravens, degree
of protection of the area, e.g. Natural Park, SPA or non-protected

area, and (2) variables measuring the nearest distance to different
types of infrastructure and their density (e.g. roads, buildings,
urban nuclei, powerlines, and mines) (Table 1 and Figure 2).

Variables related to habitat quality
(a) Estimation of food resources available to the species As an
indicator of the quality of the vegetation at a display site we used the
NDVI, measured at the beginning and at the end of the study
period. The NDVI represents a measure of total photosynthesis
and aboveground net primary production (Pettorelli et al. 2005),
providing meaningful ecological information about vegetation
greenness in the landscape matrix of base soil, arid environment
of the island. This indicator is a widely accepted proxy of the habitat
quality and food availability in breeding and post-breeding areas,
useful to link animal distribution and available resources (Álvarez-
Martínez et al. 2015; Bro-Jørgensen et al. 2008; Pettorelli et al. 2011;
Wiegand et al. 2008). This non-invasive and efficientmethod allows
researchers to assess habitat quality, aiding in understanding ani-
mal behaviour, population dynamics, and the impact of environ-
mental changes on food availability (Boult et al. 2018; Zlinszky et al.
2015). In the case of the Canarian houbara, its diet is mainly
composed of annual plants, flowers and fruits of shrubs, and insects
(Collins 1993; Martín and Lorenzo 2001; Medina 1999), so this
species depends on herbaceous vegetation for its diet, and therefore
the NDVI can be used as a good indicator of habitat quality. NDVI
can also capture the inter-annual variation in the development of
herbaceous vegetation, which is quite pronounced in the eastern
Canary Islands, because rainfall on these islands is much lower and
unpredictable than on the western islands of the archipelago
(García et al. 2001). This means that the productivity of the Canar-
ian houbara varies greatly between years, depending on rainfall
(Alonso et al. 2022c), as is the case with other species in arid
ecosystems (Bolger et al. 2005; Currier and Sala 2022; Marcelino
et al. 2020).

Single NDVI products obtained from each scene and year were
combined in order to produce a single spatially continuous cloud-
free product following a maximum-value composite (MVC)
method (Holben 1986). This approach generates MVC products
that transform a series of multi-temporal, geo-referenced satellite
data into single NDVI images for a particular period of time and
defined space. In this work, we selectedMVC for the four years with
best NDVI values at the beginning and at the end of the study
period (respectively, 1998, 2001, 2002, and 2004, which we called
“initial NDVI”, and 2018–2021, which we called “final NDVI”).

To get this data set, we downloaded all available Landsat 5 TM,
Landsat 7 ETM+, Landsat 8, and Landsat 9 OLI images from 1998
to 2022matching the nominal frames path 205 – row 40, path 205 –
row 41, path 206 – row 40, and path 206 – row 41, covering the
island of Fuerteventura. Data were obtained from the Earth
Explorer catalogue of the US Geological Survey as standard pro-
cessed Level 1 Product Generation System (L1T) and Level 2 global
surface reflectance products (L2A). Yearly images corresponded
preferably to January and February to collect information after the
main annual rainfall period in the island (Peñate et al. 2013),
although in some years we included December and March because
of data quality and availability (i.e. cloud coverage in rainfall
months or sea haze from the coast). In total, we selected 148 images
from 1998 to 2022 that allowed reducing missing data for the entire
area of interest, as explained above. A complementary Digital
Elevation Model (DEM) was obtained from Light Detection and
Ranging (LiDAR) data at 2 m pixel size, resampled to 30 m using a
bilinear interpolation to match the Landsat imagery pixel size. Raw
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digital values of satellite imagery cannot be used directly in quan-
titative applications because of interferences related to sensor cali-
bration, solar zenith angle, atmosphere, and topography, making it
necessary to apply pre-processing steps prior to image assessments.
We used the correction procedures described in Álvarez-Martínez
et al. (2010, 2018) to obtain suitable surface-reflectance values
through time, converting L1T and L2A data into atmospherically
and topographically earth surface reflectance values belonging to
range [0–1]. Even if surface reflectance values obtained after cor-
rection could not be validated on the ground, we applied a detailed
qualitative inspection of the post-processed images and their his-
tograms across topographical constraints represented by the slope,
derived from the DEM. The inclusion of such constraints was
intended for enhancing differences among land cover types with
similar spectral responses but located in different topographical
sites (Álvarez-Martínez et al. 2018). All atmospherically and topo-
graphically corrected images were processed afterwards to generate
the yearly time series of NDVI. NDVI values are produced from
visible and near-infrared reflectance measurements of vegetation
(Rouse et al. 1973) as follows:

NDVI = Bnir ‐ Bredð Þ= Bnir + Bredð Þ (Eq.1)

where Bnir and Bred are the reflectance values of the Landsat near
infrared and red bands, respectively.

(b) Other variables related to habitat quality In addition to
NDVI, the following variables were also considered good indicators
of habitat quality.

(1) Density of male Canarian houbaras: number of male hou-
baras in a 5,000-m buffer zone around each display site. The

density of males may be interpreted as an indicator of habitat
quality in lekking species, since a higher aggregation of males
is associated with a higher density of females (i.e. a hotspot;
Hingrat et al. 2008). A distance of 5,000 m was chosen to
allow sufficient variability in male numbers, given that in
Fuerteventura males are separated from each other by a
distance of c.650–700 m on average (Hellmich 2003, 2012).

(2) Density of all houbara individuals including all sexes and
ages: number of houbaras in a 5,000-m buffer around each
display site (2020–2021 census) (same reasoning as for 1).

(3) MeanKilometre Abundance Index (KAI) of Canarian Ravens
Corvus corax canariensis: the raven is a generalist predator
that feeds on carrion as well as on live individuals of small
vertebrates and large invertebrates. Thus, it could be used as
an indicator of habitat quality, assuming that better habitats
attract higher densities of individuals of a variety of animal
species. Alternatively, ravens could indicate poor habitat
quality, as they often feed on waste and use human infra-
structure for nesting. Finally, since ravens predate on eggs,
chicks, and even occasionally adult houbaras (Ucero et al.
2021), they could exert a negative influence and represent a
factor inducing a lower breeding success of houbara,
i.e. contributing to the disappearance of houbara territories
in the long term. The raven density was taken from the
surveys carried out by Siverio et al. (2019) in a 5 × 5 km grid
containing the display site.

(4) Abundance of other steppe bird species in 1998:measured in
the vicinity of each display site, according to the zones
defined by Hellmich (1998) (see Table S2 and Figure S1).
We assumed that a higher density of other steppe bird

Table 1. Differences (Mann–Whitney test) in habitat quality and presence of human infrastructure between occupied and abandoned display sites of male Canarian
Houbara Bustards Chlamydotis undulata fuertaventurae over the period 1998–2021 in Fuerteventura island. Sample size = 83 sites (29 occupied, 54 abandoned). See
Methods for definition of variables. NDVI = Normalised Difference Vegetation Index

Variable (units) Occupied sites (n = 29) (mean ± SD) Abandoned sites (n = 54) (mean ± SD) U P-value

Habitat quality

Initial NDVI (1998, 2001, 2002, 2004)1,2 0.053 ± 0.013 0.047 ± 0.014 536 0.018

Final NDVI (2018–2021)1,2 0.087 ± 0.014 0.075 ± 0.014 424 0.001

Mean no. of ravens per km linear transect2 0.40 ± 0.42 0.36 ± 0.66 580 0.047

Abundance of other steppe birds in 19982 3.45 ± 1.92 2.65 ± 1.87 589 0.060

Abundance of other steppe birds in 20202 2.90 ± 1.15 2.09 ± 1.20 533 0.013

Density of houbara males (no. of males/km2) 0.07 ± 0.03 0.05 ± 0.03 512 0.009

Density of houbaras (no. of houbaras/km2) 0.13 ± 0.08 0.08 ± 0.07 499 0.006

Human infrastructure

Distance to nearest powerline (m) 2,476.40 ± 1,656.30 2,342.77 ± 2,291.96 589 0.063

Distance to nearest road or busy track (m) 1,598.69 ± 1,055.86 1,177.89 ± 1,069.07 552 0.027

Distance to nearest building (m) 952.54 ± 471.54 655.34 ± 333.25 495 0.006

Distance to nearest urban nucleus (m) 1,921.47 ± 736.73 1,752.80 ± 883.94 661 0.244

Distance to nearest mine (m) 4,081.29 ± 2,549.61 3,393.99 ± 2,436.98 653 0.214

Density of powerlines (km of powerlines/km2) 1.82 ± 5.38 6.63 ± 9.39 574 0.015

Density of roads and busy tracks (km of roads/km2) 0.15 ± 0.25 0.39 ± 0.41 540 0.012

Density of buildings (number of buildings/km2) 1.90 ± 2.19 5.40 ± 12.17 543 0.022

1NDVI is a dimensionless variable.
2See methods for details on the calculation of units in this variable.
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species was a good indicator of a higher habitat quality. To
quantify this variable we took into account numbers of
individuals of Eurasian Stone-curlew Burhinus oedicnemus
insularum, Black-bellied Sandgrouse Pterocles orientalis,
and Saharan Runner cream-coloured courser, creating six
categories: 0 (no steppe species); 1 (presence of one steppe
species at low density; we defined high and low density of a
species as that which, respectively, exceeds or does not reach
the mean density value for that species); 2 (presence of two
steppe species or presence of one steppe species with high
density); 3 (presence of three steppe species or presence of
two steppe species, one of them with high density); 4 (pres-
ence of three steppe species, one of them at high density, or
presence of two steppe species, both at high density); 5 (pres-
ence of three steppe species, two of them at high density);
6 (presence of three steppe species, all at high density). Data
on number of species and densities by zones were obtained
from Hellmich (1998). We defined “high” density as the
density that exceeded the average density of each species in
the range of 83 display sites, assigning a value of 2 to the
presence of a steppe species with high density and a value of
1 to the presence of a steppe species with low density. The
sum of this value (1 or 2) for each of the three steppe species
present in the different census areas defined by Hellmich
(1998) on Fuerteventura provided the final value used in our
analyses. A value of 0 was assigned to a display site when
none of the three steppe species was present in that area.

(5) Abundance of other steppe bird species present in the sur-
roundings of each display site: we used the censuses from
Carrascal and Colsa (2020), and the categories and calcula-
tion procedures mentioned in (4) (Table S3).

(6) Environmental protection figures: this variable could be
interpreted either as a factor promoting habitat quality, or
as a consequence of habitat quality (see Discussion). Two
categories were defined: 1 (unprotected area), and 2 (pro-
tected area; either only qualified as an SPA, or as an SPA and
Natural Park). The location of the 83 display sites in relation
to protected areas is shown in Figure 1 and also which of them
were protected before and after Hellmich’s 1998 census.

Variables related to presence of infrastructure
The following variables were considered as factors potentially
contributing to the reduction of habitat quality, some of which also
to an increase in mortality.

(1) Distance to nearest powerline (for all distances we measured
the straight-line distance): from a display site to the nearest
powerline (includes the main transmission line and distribu-
tion lines).

(2) Distance to the nearest road or busy track: from a display site
to the nearest road (highway, main or secondary asphalt
road) or busy track (unpaved road, main track – unpaved
roads with traffic volume similar to local, secondary asphalt
roads).

Figure 2. Examples of extant and extinct Canarian Houbara Bustard Chlamydotis undulata fuertaventurae male display sites in Fuerteventura. The maps show two sectors of the
study area to illustrate the effect of habitat quality and existence of human infrastructure on the permanence or abandonment of display sites. Map A shows three display sites that
were still occupied in 2020 and 2021 (green dots) with their respective 1,000-m buffers. Within each buffer, lighter grey tones reflect higher Normalised Difference Vegetation Index
(NDVI) values; there are also some females or groups of females (white dots) and no human infrastructures. Furthermore, this is a protected area, i.e. Jandía Natural Park and
Special Protected Area (SPA). Map B shows six display sites abandoned between 1998 and 2021 (red dots), located in a non-protected area. The grey colour in the buffers is darker in
many sectors, reflecting lower averaged NDVI values. In addition, several types of infrastructure can be seen within these buffers: buildings (white aligned patterns at the top of the
buffers), powerlines (yellow lines), busy roads and paths (black lines), and part of the FV-1 highway built in 2005 (red line), probably the infrastructure that had the greatest impact
on the abandonment of these display sites. The base of the figures corresponds to the terrain illumination model derived from the Digital Elevation Model (DEM).
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(3) Distance to nearest building: from a display site to the nearest
building (country house, farmhouse, tack room etc.).

(4) Distance to nearest urban nucleus: from a display site to the
nearest city, town, or urbanised area.

(5) Distance to nearest mine: from a display site to the
nearest mine.

(6) Density of powerlines: average density of powerlines in a
buffer zone of 1,000 m around the display location.

(7) Density of roads and busy tracks: average density of roads and
busy tracks in a buffer of 1,000m around the display location.

(8) Density of buildings: average density of houses in a buffer of
1,000 m around the display location. Knowing the home
ranges of the males marked with GPS data loggers, we calcu-
lated that the average radius of a male territory was
371 m. Thus, with a buffer of 1,000 m we could consider
the disturbances generated by the presence of infrastructures
both in the territory of the male and in its immediate sur-
roundings. A 1,000-m radius was also used in previous stud-
ies (Ucero et al. 2023).

The GIS database of human infrastructures (BTN25) was obtained
at a scale of 1:200,000 from the Centro Nacional de Información
Geográfica (CNIG) (2021) http://centrodedescargas.cnig.es/Centro
Descargas/index.jsp. This database was updated, including or
excluding elements, with the aim of representing as faithfully as
possible the current state of the island’s infrastructure. ArcGIS Pro
version 2.9 (ESRI 2021) was used to calculate the densities and
distances to all defined infrastructures.

Statistical analyses

In a first step, for all predictor variables defined abovewe performed
a univariate comparison between the display sites occupied in 1998
(Hellmich 1998) and in 2021. We used Mann–Whitney U tests
because data were in general not normally distributed
(Kolmogorov–Smirnov and Shapiro–Wilk, P <0.01). A chi-squared
test was used to analyse how protected areas affect the occupation
or abandonment of the display site. With these data we also
calculated the percentage of display site abandonment and the
percentage decrease in male numbers between 1998 and 2021
(Figure S1 and Table S2). In a second step, we built generalised
linear models (GLMs) with binomial distribution and logit link
function (McCullagh andNelder 1989) to identify themost import-
ant predictor variables. The response variable was the permanence/
disappearance of the display site between 1998 and 2021. Untrans-
formed variables were used for GLM analyses, as normality is not
required (Guisan and Zimmermann 2000). To reduce collinearity,
we first obtained a correlation matrix including all predictors and
excluded the one with the lowest biological significance from all
pairs of correlated variables (rS >0.7, Spearman’s correlation)
(Randin et al. 2006). All possible subsets of predictor variables were
analysed and corrected Akaike information criterion (AICc) was
used to select the best subset. The values of ΔAICc and corrected
Akaike’s weight (ωAICc) were also calculated. Models with ΔAICc
<2 are considered to be substantially supported by the data and
similar to the best model in their empirical support (Burnham and
Anderson 2002; Heinze et al. 2018). With all candidate models, we
performed a model averaging, in which the parameter estimates of
all models were combined by taking into account their correspond-
ing ωAICc (Burnham and Anderson 2002). Finally, to estimate the
relative importance of each variable, we calculated, for each pre-
dictor, the sum of the Akaike weights of the models in which the

predictor was present (∑), the mean and standard deviations of the
regression coefficient (b), the Z-value (Z), the P-value (P), and the
mean values of the 95% confidence interval (CI) for b. GLMs were
carried out using the “glmer” of package “lme4” (Bates et al. 2015).
There were no collinearity problems with the variables. Statistical
analyses were performed using IBM SPSS Statistics 19 (IBM Com-
pany 2010) and R software version 3.6.3 (https://www.r-project.
org), packages “rhr” (Signer and Balkenhol 2015), “MuMIn”
(Barton 2016), and “lme4” (Bates et al. 2015).

Results

We found 26 males in 2020 and 30 in 2021, of which, respectively,
11 and 16 were on display at the time of observation. Combining
both censuses, 37 different males were identified. Compared with
the 87 males seen in 1998 (83 adult plus four subadult males;
Hellmich 1998) these data represent a 57.5% reduction in the total
number of males on Fuerteventura over the last two decades
(Table S2). As for display sites, of the 83 locations identified
in 1998, only 29 (34.9%) were still occupied in 2021 (Table S2).
Four new display sites were detected in 2021 within a relatively
short distance (534–2,011 m) of four sites that were occupied
in 1998. The rates of abandonment of display sites in the different
areas of the island are detailed in Table S2.

The univariate analysis of the differences found in variables
describing habitat quality showed significantly higher NDVI values
in sites that remained occupied in 2021 than in abandoned sites,
both at the start and end of the study period (respectively, initial and
final NDVI; Table 1). Display sites that were still occupied in 2021
had a higher density of Canarian houbaras (both males and total
individuals) than those that had been abandoned (Table 1). The
abundance of ravens was significantly higher in areas where display
sites were still occupied (Table 1). As for the abundance of other
steppe bird species, in 1998 there was a marginally significant trend
towards a higher density on sites that would later remain occupied.
These differences were more pronounced and became significant
in 2021, at the end of the study period (Table 1).

In relation to human infrastructure, display sites that are still
occupied today are farther away from buildings, roads, busy tracks,
and powerlines than abandoned display sites, the latter difference
being only marginally significant (Table 1). Occupied and aban-
doned display sites did not differ in distance to urban nuclei and
mines (Table 1). The density of powerlines, buildings, roads, and
busy tracks was significantly higher on abandoned display sites
than on those still occupied (Table 1). Finally, significantly more
display sites disappeared over the study period in areas that were
not protected compared with protected areas (Fisher’s exact prob-
ability test, P = 0.0498).

The results of the GLM analyses showed four plausible candi-
date models (Table 2 and Table S4). The most plausible model had
an AICc weight of 0.35 (Table 2). This model retained final NDVI
and density of powerlines as predictor variables. These two vari-
ables appear in the four most plausible models (all of them with
ΔAICc ≤2). After model averaging, final NDVI was the only
significant variable, with density of powerlines remaining as mar-
ginally significant (P = 0.056) (Table 3). Density of buildings
appears in the second-best model, which is almost as plausible as
the first (ΔAICc = 0.60), having a similar weight (ωAICc in the first
model = 0.35, ωAICc in the second model = 0.29). Density of
houbaras and density of roads and busy tracks were retained in
the third and fourth models, respectively (Table 2).
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Discussion

This study represents the first detailed analysis of the recent popu-
lation decline of the Canarian houbara in Fuerteventura, the island
that once represented the main stronghold of this endangered
subspecies. Our study is relevant because it identifies the main
factors that have contributed to the decline of this subspecies in
Fuerteventura, and this information could be useful to avoid similar
declines, both on this island and on other islands where the species
is currently found. To quantify the decline, we compared the
number of males counted on the island in 1998 with those counted
in 2021. We found that male numbers had decreased by 58% over
the last 23 years in Fuerteventura, and that 65% of the display sites
identified in 1998 have been abandoned. We also investigated the
relative importance of possible causes of population decline by
comparing their incidence at all display sites occupied at the
beginning of the study period and analysing which of these sites
have disappeared and which remain occupied. Among all predictor
variables analysed, two appeared to be of particular relevance for
the observed population reduction, namely NDVI and density of
powerlines.

We found significantly higher NDVI values at display sites that
remained occupied until 2021 than at sites that were abandoned.
Since NDVI is a measure of net primary production and thus a
widely accepted proxy of habitat quality for birds that depend on
herbaceous vegetation to feed and survive (Álvarez-Martínez et al.
2015; Pettorelli et al. 2005; Weber et al. 2018; Wiegand 2008), this
result indicates that males have remained in areas with a higher

availability of food resources. Around display sites that remained
occupied we also found higher densities of houbaras. Male hou-
baras aggregate on exploded leks, where females are attracted by
food resources that are critical for breeding (Collins 1984; Hellmich
2003; Hingrat and Saint Jalme 2005; Hingrat et al. 2004, 2008;
Ucero et al. 2023). This would explain why display sites that have
remained occupied show both a higher NDVI and a higher density
of houbaras than sites that have been abandoned. Such a process has
been described for Great Bustards Otis tarda at the scale of their
whole distribution in the Iberian Peninsula (Álvarez-Martínez et al.
2015). We discarded that this permanence in places with better
habitat quality was the result of an aggregation of houbaras coming
from other places on the island over the study period for two
reasons. First, male and female houbaras are very faithful to their
territories, and only a few females occasionally change their nesting
site (Alonso et al. 2022a,b; Ucero et al. 2023; own unpublished
data). Second, none of the male density values were higher in 2020–
2021 than in 1997–1998. All values decreased, except one (Parque
Natural de Jandia, in the south of the island), where the number of
males remained the same (Table S2).

The significant differences shown between initial and final
NDVI of occupied and abandoned display sites indicate that those
display sites that remain occupied after the 23-year study period
already had higher NDVI values at the beginning of that period.
These results suggest that, two decades ago, currently occupied
areas already had better habitat conditions and thus a higher
carrying capacity than currently abandoned areas, which could
have been crucial for the permanence of houbaras at these sites.
This can also help to explain the variation in the abundance of other
steppe bird species and the density of ravens at display sites occu-
pied across the study period. In 1998, there was already amarginally
significant trend towards a higher density of steppe birds around
houbara display sites that two decades later remain occupied.
In 2021, these differences between occupied and abandoned sites
were more pronounced, suggesting that the extinction process is
related to the local conditions of each site. In only two decades,
differences in habitat quality related to food resource availability
have increased steppe bird abundance at display sites occupied
today, and this higher density of birds would have attracted ravens.
All these results support our interpretation that differences in
habitat quality between areas have been a major factor determining
the permanence or abandonment of houbara territories in Fuerte-
ventura.

The process that has led to the abandonment of breeding sites in
areas with poor habitat may have been aggravated by the aridifica-
tion of the landscape in Fuerteventura in recent years (Martin et al.
2013, Martín Esquivel et al. 2015; Máyer and Marzol 2016).
Throughout the Macaronesian region, including the Canarian
archipelago, there has been an increase in temperature over the
last decades (Cropper and Hanna 2014; Dorta et al 2018). This
increase is most evident in the eastern Canary Islands (Cropper,
2013; Dorta et al 2018), and, specifically, Fuerteventura is the island
in the entire Canarian archipelago where the greatest increase in
temperature has been observed between 1970 and 2020, with values
of 4.5ºC/100 years in mean temperature and 5.1ºC/100 years in
minimum temperature (Machín and González 2020). Fuerteven-
tura is also the island with the steepest decrease in winter precipi-
tation during that period, with a negative trend of
-74.7 mm/100 years (Machín and González 2020). The short-term
outlook is by no means optimistic, since a further increase in the
duration and severity of droughts in the Canary Islands is expected
in the coming decades (Carrillo 2023; Cropper 2013; De Castro

Table 2. Candidate generalised linear models (GLMs) analysing the effect of
human infrastructure and habitat quality on the permanence or abandonment
of display sites of male Canarian Houbara Bustards Chlamydotis undulata
fuertaventurae on Fuerteventura island

Model AICc df ΔAICc ωAICc

NDVIfinal + DensPowLin 96.3 2 0.00 0.35

NDVIfinal + DensPowLin + DensBuild 96.9 3 0.60 0.29

NDVIfinal + DensPowLin + DensHoub 97.5 3 1.20 0.21

NDVIfinal + DensPowLin + DensRoad 98.2 3 1.90 0.15

Sample of 83 display sites (29 occupied, 54 abandoned). We show the four best models
ordered from best to worst according to ΔAICc (AICc ≤2). The corrected Akaike’s information
criterion values (AICc), degrees of freedom (df), differences in AICc (ΔAICc), and corrected
Akaike’s weights (ωAICc) are indicated. The following predictors were included in these GLMs:
Normalised Difference Vegetation Index (NDVI) at the end of the study period (2018–2021)
(NDVIfinal), density of powerlines (DensPowLin), density of buildings (DensBuild), density of
houbaras (DensHoub), density of roads and busy tracks (DensRoad) (see Methods for details).

Table 3. Model-averaged estimates of the display site predictor variables
selected in the four most plausible models listed in Table 2

Predictor ∑ b SE Z P-value Lower CI Upper CI

NDVIfinal 1 53.339 19.551 2.684 0.007 12.152 91.692

DensPowLin 1 –0.081 0.041 1.909 0.056 –0.163 0.006

DensBuild 0.29 –0.031 0.073 0.422 0.673 –0.326 0.093

DensHoub 0.21 0.734 2.147 0.339 0.734 –3.634 11.310

DensRoad 0.15 –0.069 0.385 0.390 0.179 –2.546 1.333

Values given indicate the relative importance of each predictor (∑, sum of the Akaike weights
of the models in which the predictor was present), regression coefficients (b), standard errors
(SE), P-values, Z-values (Z). and 95% confidence intervals for b (CI). See definitions of variables
in Table 2.
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2005; IPCC 2023), Fuerteventura being the island of the Canarian
archipelago for which the highest increase in temperature and
steepest decrease in precipitation are expected in the near future
(Machín and González 2020). This could accelerate the current
extinction process of houbaras, since this is not a typical desert
species, but rather one of arid and semi-arid environments, and
therefore particularly sensitive to changes in precipitation regimes.
Studies on the island of Lanzarote show that one third of houbaras
migrate in summer to irrigated farmland, where they can find food
resources absent in many breeding areas at that time of year, which
appears to be critical for survival (Abril-Colón et al. 2022a,b).
Rising temperatures and decreasing rainfall in recent years only
exacerbate this lack of food resources in summer. In Fuerteventura,
many houbaras select the gavias as feeding sites, which may be
considered equivalent tomodern irrigation systems (Medina 1999).
However, agriculture on this island has suffered progressive aban-
donment since themiddle of the last century (90% of the 7,456 ha of
cultivated fields have been abandoned between 1960 and 1982;
González-Morales 1989). Many abandoned gavias still retain rain-
water and show relatively abundant herbaceous and shrub cover
(Launaea arborescens), which has probably helped to maintain a
few houbara groups during some decades (Emmerson et al. 1989,
1990, 1992; Hellmich 1998; Martín et al. 1997; Medina 1999).
Today, however, with the continued lack of maintenance, gavias
have started to break down and have lost their capacity to retain
water, which could have reduced their vegetation cover; in other
cases, natural herbaceous or shrub vegetation has been removed by
local farmers. This could have decreased substantially the available
food for houbaras, ultimately affecting their annual productivity of
juveniles, as suggested by the poor NDVI values recorded in aban-
doned display sites. These ideas require additional confirmation by
a more detailed analysis relating NDVI with both habitat type and
agricultural management, as well as with the annual productivity of
juveniles in the population. Unfortunately, the annual series of
productivity values available is too short to be related to changes
in NDVI, but sufficient to state that juvenile productivity in Fuer-
teventura is significantly lower than in Lanzarote (Alonso et al.
2022c, 2024).

As for human infrastructure, overhead powerlines appear to be
the main cause of abandonment detected in the analyses. Certain
large-sized birds, such as cranes and bustards, are particularly
vulnerable to collision with powerlines (Barrientos et al. 2012;
Bernardino et al. 2018; Janss and Ferrer 2000; Jenkins et al. 2011;
Marcelino et al. 2018; Raab et al. 2014; Silva et al. 2023; Uddin et al.
2021; Vadász and Lóránt 2014), as they have lowermanoeuvrability
in flight and reduced frontal visibility compared with other birds
(Martin 2011; Martin and Shaw 2010). In species of the family
Otididae, collision with powerlines represents the main cause of
anthropogenic mortality (Alonso et al. 1994; Collar et al. 2017;
Jenkins et al. 2011; Marcelino et al. 2018; Marques et al. 2021;
Palacín et al. 2017; Shaw 2018; Silva et al. 2010, 2023; Uddin et al.
2021). Powerlines have been cited as a major cause of mortality also
in the Canarian houbara (García del Rey and Rodríguez-Lorenzo
2011; GREFA 2016; Gómez-Catasús et al. 2020; Lorenzo 1995;
Lorenzo and Ginovés 2007; Lorenzo et al. 1997), and a recent study
with marked birds has confirmed the importance of powerline
casualties in this species (Alonso et al. 2022b, 2024), suggesting
that this factor is affecting the demography of the Canarian hou-
baras, especially in Fuerteventura, where juvenile productivity is
very low (Alonso et al. 2022c, 2024). There are studies showing how
the presence of powerlines can lead to the extinction of local
populations of other bustard species. A Great Bustard lek with

15 males disappeared in a few years in central Spain due to the
high mortality caused by a single powerline that crossed the main
display area (Alonso et al. 2003), and in Portugal, Little Bustard
Tetrax tetrax populations may be displaced by the construction of
powerlines, which acting in synergy with other habitat degradation
factors, can ultimately cause local extinctions (Silva et al. 2010).

In addition to powerlines, roads were also retained as a signifi-
cant factor determining display site abandonment in some of the
plausible models developed. A study with tagged houbaras showed
that roadkills are the second leading cause of anthropogenic mor-
tality of the species (Alonso et al. 2024), confirming the importance
of this mortality source (Tejera et al. 2018). Roadkills added to
powerline casualties might have well contributed to the disappear-
ance of many display sites over the last 23 years in Fuerteventura,
particularly where the habitat has already been deteriorated. With
regard to buildings and urban nuclei, our study detected the dis-
placement of four display sites from their initial locations in 1998
following the construction of new, or expansion of nearby urban
areas. Previous habitat selection studies found that human settle-
ments affect houbara distribution in northern Africa and the Can-
ary archipelago (Carrascal et al. 2006, 2008; Chammem et al. 2012;
Hingrat et al. 2008; Le Cuziat et al. 2005; Schuster and Iglesias-
Lebrija 2012) and that males select display sites far from this
infrastructure (Ucero et al. 2023).

Finally, although there has been a notable decrease in the
number of houbara birds over the study period in practically all
areas of the island, the three areas showing the lowest declines were
the Tindaya plains, Corralejo Natural Park, and Jandia Natural
Park. These three areas already had a protected status at the
beginning of the study period (SPA and/or Natural Park;
Table S2 and Figure 1). Although the conservation authorities
probably decided to protect those areas of the island that already
had a higher number of Canarian houbaras and other steppe birds
more than two decades ago (see Table S2), our results show that
over the study period houbara numbers still benefitted from that
protection status.

Conclusions and Recommendations

In sum, our study shows that the main causes of the Canarian
houbara decline in Fuerteventura have been poor habitat quality in
many areas on the one hand, and the construction of various
human infrastructures on the other. In many areas, habitat quality
could have deteriorated in recent years by the extreme aridification
of the terrain in the eastern Canary Islands because of recent
climatic events linked to global change, which have especially
affected Fuerteventura, the most arid island of the whole archipel-
ago. This has undoubtedly contributed to a drastic reduction in the
breeding productivity of houbaras in this island. As for the effect of
infrastructures, the negative effects of powerlines stand out,
increasing adult mortality in an already decimated Canarian hou-
bara population.

The Canarian houbara is currently on the brink of extinction in
Fuerteventura. Any further decline is extremely dangerous, as the
current population is close to the minimum viability size (Alonso
et al. 2024). In the neighbouring island of Lanzarote, where
houbara densities are higher (Alonso et al. 2020), display sites
abandoned due to the death of amale are immediately occupied by
another male (Alonso et al. 2022a), however this is not the case in
Fuerteventura where numbers are already too low. To ensure
houbara survival, the following conservation measures aimed at
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improving habitat quality and reducing anthropogenic mortality
should be urgently implemented. First, an appropriate cover of
Launaea arborescens shrubland needs to be restored inmany areas
of the island where the breeding habitat has been degraded over
many decades. Concurrently, many other areas, at serious risk of
degradation, need to be maintained in order to ensure a sufficient
habitat quality for houbaras to breed successfully. Second, the
damaged gavias should be restored, and fields of alfalfa or other
leguminous plants should be cultivated in several areas to increase
food availability especially in summer, the most critical season for
the survival of Canarian houbaras. A mosaic of scrubland, irri-
gated cultivated fields, and fallow fields has been found to be the
best habitat for the Canarian houbara in summer (Abril-Colón
et al. 2023), and such habitat should also be provided to houbaras
in Fuerteventura. Third, in particular in the main houbara core
areas, all telephone lines and at least the most dangerous sectors of
powerlines should be buried, and the construction of new power-
lines should be avoided. If undergrounding of powerlines is
delayed at some of these dangerous sectors for cost reasons, these
sectors should be marked with anti-collision devices that are
effective at night, because houbaras are nocturnal migrants. For
this purpose, research on nocturnal specific fight diverters should
be carried out to find the best cost-effective option to mitigate
nocturnal collisions of Canarian houbaras. Another measure that
could reduce collisions would be the replacement of multiple-wire
lines by a single braided wire. However, we caution that neither
the marking of lines nor the replacement of multi-wire lines with a
single stranded wire can be taken as definitive measures, as they
are not as effective as required, given the extremely critical situ-
ation of houbaras in Fuerteventura, and we strongly recommend
the undergrounding of dangerous sections as the only safe meas-
ure. Fourth, planning of new energy infrastructure should take
into account the home range and flight movements of Canarian
houbaras, both inside and outside SPAs, as recommended in other
bustard species (Palacín et al. 2023). Fifth, traffic speed limitations
should be implemented at some sectors of roads crossing the most
important breeding aggregations of the species in the island. All
other road sectors where houbaras are likely to be run over should
be identified and mapped, and appropriate traffic signs to inform
drivers and advise them to reduce speed should be located. Fur-
thermore, the creation of new roads and tracks should be limited
and restrictions on vehicle traffic on certain tracks during the
breeding season should be considered. Finally, the proliferation of
scattered buildings in areas with houbaras should be prohibited
and urban sprawl should be controlled. This would prevent fur-
ther habitat loss and degradation through the construction of
infrastructure and minimise disturbance to the birds during the
breeding period. As an additional tool to control the effectiveness
of these measures, surveillance should be increased in all houbara
regions of the island, especially in protected areas, and surveys of
the breeding population and juvenile productivity should be
carried out each year to monitor the demographic trends of this
endangered population.

Once all these in situ conservation measures have been imple-
mented to eliminate the causes of population decline discussed in
this and previous studies, the question of whether to reinforce the
Fuerteventura houbara population through measures such as cap-
tive breeding, or translocation of individuals from Lanzarote, could
be addressed. Captive breeding should not be addressed before the
effectiveness of the above in situmeasures has been demonstrated.
As for translocation, it cannot be considered at present, as demo-
graphic models for Lanzarote also predict a decline in the houbara

population on that island, where the productivity of young is higher
than on Fuerteventura, but not enough to allow individuals to be
removed to reinforce the Fuerteventura population (Alonso et al.
2024).

Supplementary material. The supplementary material for this article can be
found at http://doi.org/10.1017/S0959270924000212.

Acknowledgements. We thank Joachim Hellmich, who passed away on
September 2021, for his pioneering work and dedication to the study of the
Canarian Houbara Bustard for many years.We would like to dedicate this paper
to him.We also thankM.A. Cabrera andA.Delgado for the capture permits, and
S. Menéndez, N. Guerra, and the rangers of the Cabildo of Fuerteventura for
their collaboration. We thank the authorities of the Cabildo de Fuerteventura
and the Consejería de Transición Ecológica, Lucha Contra el Cambio Climático
y Planificación Territorial of the Canarian regional government for the permits
to work with Canarian Houbara Bustards. Author contributions: AU: concep-
tualisation (equal), methodology (equal), formal analysis (lead), investigation
(lead), data curation (lead), writing – original draft, writing – review and editing
(equal); JCA: conceptualisation (lead), methodology (equal), research (equal),
resources, writing – review and editing (equallead), supervision, project man-
agement, funding acquisition. CP: conceptualisation (supporting), methodology
(supporting), investigation (equal), writing – review and editing (supporting).
IA-C: investigation (equal), writing – review and editing (supporting); JM. Á-M:
formal analysis (supporting), investigation (supporting), data curation
(supporting), writing – review and editing (supporting). This work was sup-
ported by Red Eléctrica de España (REE) through contract 20164379 with
Agencia Estatal Consejo Superior de Investigaciones Científicas (CSIC), and
by CSIC project 202030E303, both awarded to JCA. AUwas supported by a FPU
predoctoral contract from the Ministerio de Ciencia, Innovación y Universi-
dades (FPU18/06389). Data availability: data will be made available on request.

References

Abril-Colón I., Alonso J.C., Palacín C., Álvarez-Martínez J.M. and Ucero A.
(2022a). Short‐distance nocturnal migration in an island endemic bustard.
Ibis 164, 1145–1159. https://doi.org/10.1111/ibi.13061

Abril-Colón I., Alonso J.C., Palacín C., Ucero A. and Álvarez-Martínez J.M.
(2022b). Factors modulating home range and resource use: a case study with
Canarian houbara bustards. Movement Ecology 10, 49. https://doi.
org/10.1186/s40462-022-00346-1

Abril-Colón I., Alonso J.C., Ucero A. and Palacín C. (2023). Aplicación de
tecnologías GSM/GPRS y acelerometría a la ecología espacial de la avutarda
hubara. Ecosistemas 32, 2420.

Alonso J.C., Abril-Colón I., Palacín C., Ucero A. and Álvarez-Martínez J.M.
(2022a). Maximizing sexual signal transmission: use of multiple display sites
by male houbara bustards. Behavioural Ecology and Sociobiology 76, 123.
https://doi.org/10.1007/s00265-022-03234-1

Alonso J.C., Abril-Colón I., Ucero A. and Palacín C. (2022b). Áreas de Campeo y
Movimientos de la Hubara Canaria (Chlamydotis undulata fuertaventurae).
Consejería de Transición Ecológica, Lucha Contra el Cambio Climático y
Planificación Territorial, Gobierno de Canarias. Unpublished report.

Alonso J.C., Abril-Colón I., Ucero A. and Palacín C. (2024). Anthropogenic
mortality threatens the survival of Canarian houbara bustards. Scientific
Reports 14, 2056.

Alonso J.C., Alonso J.A. and Muñoz-Pulido R. (1994). Mitigation of bird
collisions with transmission lines through groundwire marking. Biological
Conservation 67, 129–134. https://doi.org/10.1016/0006-3207(94)90358-1

Alonso J.C., Martín C.A., Palacín C., Magaña M. and Martín B. (2003). Distri-
bution, size and recent trends of the Great Bustard Otis tarda population in
Madrid region, Spain. Ardeola 50, 21–29.

Alonso J.C., Palacín C. and Abril-Colón I. (2020). The Lanzarote population of
the African Houbara Chlamydotis undulata fuertaventurae: census, sex ratio,
productivity, and a proposed new survey method. Ardeola 67, 69–83. https://
doi.org/10.13157/arla.67.1.2020.sc2

Alonso J.C., Ucero A., Abril-Colón I. and Palacín C. (2022c). Productividad
Juvenil en la Avutarda Hubara Canaria (Chlamydotis undulata

10 A. Ucero et al.

https://doi.org/10.1017/S0959270924000212 Published online by Cambridge University Press

http://doi.org/10.1017/S0959270924000212
https://doi.org/10.1111/ibi.13061
https://doi.org/10.1186/s40462-022-00346-1
https://doi.org/10.1186/s40462-022-00346-1
https://doi.org/10.1007/s00265-022-03234-1
https://doi.org/10.1016/0006-3207(94)90358-1
https://doi.org/10.13157/arla.67.1.2020.sc2
https://doi.org/10.13157/arla.67.1.2020.sc2
https://doi.org/10.1017/S0959270924000212


fuertaventurae). Consejería de Transición Ecológica, Lucha contra el Cambio
Climático y Planificación Territorial, Gobierno de Canarias. Santa Cruz de
Tenerife, Canary Islands. Unpublished report.

Álvarez-Martínez J.M., Silió-Calzada A. and Barquín J. (2018). Can training
data counteract topographic effects in supervised image classification? A
sensitivity analysis in the Cantabrian Mountains (Spain). International
Journal of Remote Sensing 39, 8646–8669. https://doi.org/10.1080/0143
1161.2018.1489163

Álvarez-Martínez J.M., Stoorvogel J.J., Suárez-Seoane S. and Calabuig EdL.
(2010). Uncertainty analysis as a tool for refining land dynamics modelling
on changing landscapes: a case study in a Spanish Natural Park. Landscape
Ecology 25, 1385–1404. https://doi.org/10.1007/s10980-010-9492-z

Álvarez-Martínez J.M., Suárez-Seoane S., Palacín C., Sanz J. and Alonso J.C.
(2015). Can Eltonian processes explain species distributions at large scale? A
case study with Great Bustard (Otis tarda). Diversity and Distributions 21,
123–138. https://doi.org/10.1111/ddi.12256

Ancochea E., Fuster J., Ibarrola E., Cendrero A., Coello J., Hernan F. et al. (1990).
Volcanic evolution of the island of Tenerife (Canary Islands) in the light of
newK-Ar data. Journal of Volcanology andGeothermal Research 44, 231–249.
https://doi.org/10.1016/0377-0273(90)90019-c

Bannerman D.A. (1914). An ornithological expedition to the Eastern canary
islands.-Part II. Ibis 56, 228–293. https://doi.org/10.1111/j.1474-919x.1914.
tb06633.x

Banos-González I., Terrer C., Martínez-Fernández J., Esteve-Selma M.A. and
Carrascal L.M. (2016). Dynamic modelling of the potential habitat loss of
endangered species: the case of the Canarian houbara bustard (Chlamydotis
undulata fuerteventurae). European Journal ofWildlife Research 62, 263–275.
https://doi.org/10.1007/s10344-016-0997-x

Barrientos R., Ponce C., Palacín C., Martin C.A., Martin B. and Alonso J.C.
(2012). Wire marking results in a small but significant reduction in avian
mortality at power lines: A BACI designed study. PLOS ONE 7, e32569.
https://doi.org/10.1371/journal.pone.0032569

Barton K. (2016). MuMIn: Multi-Model Inference. R Package Version 1.15.6.
Bates D., Mächler M., Bolker B. and Walker S. (2014). Fitting Linear Mixed-

EffectsModels using lme4. J Stat Softw. 67(1), 1–48. https://doi.org/10.18637/
jss.v067.i01

Bates D,MaechlerM, Bolker B andWalker S. (2015). Fitting linearmixed-effects
models using lme4. J Stat Softw. 67(1),1–48. https://doi.org/10.18637/jss.
v067.i01.

Bernardino J., Bevanger K., Barrientos R., Dwyer J.F., Marques A.T. Martins R.C.
et al. (2018). Bird collisions with power lines: State of the art and priority areas
for research. Biological Conservation 222, 1–13. https://doi.org/10.1016/j.bio-
con.2018.02.029

BirdLife International (2021). Chlamydotis undulata. The IUCN Red List of
Threatened Species. 2016: e.T22728245A90341807. Available at: https://doi.
org/10.2305/IUCN.UK.2016-3.RLTS.T22728245A90341807.en.

Bolger D. T., Patten M. A. and Bostock D. C. (2005). Avian reproductive failure
in response to an extreme climatic event. Oecologia 142 398–406.

Boult V.L., Quaife T., Fishlock V., Moss C.J., Lee P.C. and Sibly R.M. (2018).
Individual-based modelling of elephant population dynamics using remote
sensing to estimate food availability. Ecological Modelling 387, 187–195.
https://doi.org/10.1016/j.ecolmodel.2018.09.010

Bretagnolle V., Traba J and Morales M.B. (2022). Little Bustard Ecology and
Conservation. Berlin: Springer.

Bro-Jørgensen J., Brown M.E. and Pettorelli N. (2008). Using the satellite-
derived normalized difference vegetation index (NDVI) to explain ranging
patterns in a lek-breeding antelope: the importance of scale. Oecologia 158,
177–182. https://doi.org/10.1007/s00442-008-1121-z

Brown J.H. and Kodric-Brown A. (1977). Turnover rates in insular biogeog-
raphy: effect of immigration on extinction. Ecology 58, 445–449.

Burnham K.P. and Anderson D.R. (2002). Model Selection and Multi-model
Inference. A Practical Information-Theoretic Approach. New York:
Springer.

Cardillo M., Mace G.M., Gittleman J.L. and Purvis A. (2006). Latent extinction
risk and the future battlegrounds ofmammal conservation. Proceedings of the
National Academy of Sciences of the United States of America – PNAS 103,
4157–4161. https://doi.org/10.1073/pnas.0510541103

Carrascal L.M. and Colsa J.M. (2020). Actualización de los Datos de Censo de las
Poblaciones de Hubara (Chlamydotis undulata fuertaventurae) en Lanzarote
y Fuerteventura. GREFA-CSIC-GESPLAN. Unpublished report.

Carrascal L.M., Palomino D., Seoane J. and Alonso C.L. (2008). Habitat use and
population density of the houbara bustard Chlamydotis undulata in Fuerte-
ventura (Canary Islands). African Journal of Ecology 46, 291–302.

Carrascal L.M., Seoane J., Palomino D. and Alonso C.L. (2006). Preferencias de
hábitat, estima y tendencias poblacionales de la Avutarda Hubara
(Chlamydotis undulata) en Lanzarote y La Graciosa (Islas Canarias). Ardeola
53, 251–269.

Carrillo J., Hernández-Barrera S., Expósito F.J., Díaz J.P., González A. and Pérez
J.C. (2023). The uneven impact of climate change on drought with elevation
in the Canary Islands. npj Climate and Atmospheric Science 6, 31.

Chammem M., Selmi S., Khorchani T. and Nouira S. (2012). Using a capture-
recapture approach for modelling the detectability and distribution of Hou-
bara Bustard in southern Tunisia. Bird Conservation International 22,
288–298. https://doi.org/10.1017/s0959270911000487

CollarN.J. (1983).Ahistory of theHoubara in theCanaries.Bustard Studies1, 9–30.
Collar N.J., Baral H.S., Batbayar N., Bhardwaj G.S., Brama N., Burnside R.J. et al.

(2017). Averting the extinction of bustards in Asia. Forktail 33, 1–26.
Collins D.R. (1984). A Study of the Canarian Houbara Bustard (Chlamydotis

undulata fuertaventurae) with Special Reference to its Behaviour and Ecology.
MSc thesis, University of London.

Collins D.R. (1993). The diet of the houbara bustard Chlamydotis undulata
fuertaventurae in theCanary Islands.BoletimdoMuseuMunicipal doFunchal
2, 57–67.

Cropper T. (2013). The weather and climate of Macaronesia: past, present and
future, Weather 68, 300–307.

Cropper T. and Hanna E. (2014). An analysis of climate of Macaronesia, 1865–
2012. International Journal of Climatology 34, 604–622.

Currier C. M., and Sala O. E. (2022). Precipitation versus temperature as
phenology controls in drylands. Ecology 103(11), e3793.

De Castro M., Martin Vide J. and Alonso S. (2005). El clima de España: pasado,
presente y escenarios de clima para el siglo XXI. In Moreno J.M. (ed.),
Evaluación Preliminar de los Impactos en España por Efecto del Cambio
Climático. Ministerio de Medio Ambiente, pp. 1–64.

del Hoyo J., Elliott A., Sargatel J. and Christie D.A. (eds) (2018).Handbook of the
Birds of the World Alive. Barcelona: Lynx Edicions.

Dirzo R., Young H.S., Galetti M., Ceballos G., Isaac N.J.B. and Collen B. (2014).
Defaunation in the Anthropocene. Science 345, 401–406. https://doi.
org/10.1126/science.1251817

Dorta P., López A. and Díaz J.S. (2018). El calentamiento global en el Atlántico
Norte Suroriental. El caso de Canarias. Estado de la cuestión y perspectivas de
futuro. Cuadernos Geográficos 57, 27–52.

Emmerson K.W., Barone R., Carrillo J., Delgado G., Lorenzo J. A., Naranjo J. J.
et al. (1990). Censo de la población de Hubara Canaria (Chlamydotis undu-
lata fuerteventurae) en la isla de Fuerteventura (diciembre de 1989). Ornis-
tudio S.L. Gobierno deCanarias. Santa Cruz de Tenerife. Unpublished report.

EmmersonK.W., Barone R., García V., Lorenzo J. A., Romero P., Torrens F. et al.
(1992). Censo de la población de Hubara Canaria (Chlamydotis undulata
fuerteventurae) en la isla de Fuerteventura (enero de 1992). Ornistudio
S.L. Gobierno de Canarias. Santa Cruz de Tenerife. Unpublished report.

Emmerson K.W., Barone R., Lorenzo J.A., Martín A., Naranjo J.J., Nogales M.
et al. (1989). Censo de la población de Hubara Canaria (Chlamydotis undu-
lata fuerteventurae) en la isla de Fuerteventura (diciembre de 1988). Ornis-
tudio S.L. Gobierno deCanarias. Santa Cruz de Tenerife. Unpublished report.

Environmental Systems Research Institute (ESRI) (2021). ArcGIS Pro.
Redlands: ESRI.

Figarski T. and Kajtoch Ł. (2015). Alterations of riverine ecosystems adversely
affect bird assemblages. Hydrobiologia 744, 287–296. https://doi.
org/10.1007/s10750-014-2084-1

Frankham R. (1998). Inbreeding and extinction: Island populations. Conserva-
tion Biology 12, 665–675. https://doi.org/10.1111/j.1523-1739.1998.96456.x

Garcia-del-Rey E. and Rodriguez-Lorenzo J.A. (2011). Avian mortality due
to power lines in the Canary Islands with special reference to the steppe-
land birds. Journal of Natural History 45, 2159–2169. https://doi.
org/10.1080/00222933.2011.589916

Bird Conservation International 11

https://doi.org/10.1017/S0959270924000212 Published online by Cambridge University Press

https://doi.org/10.1080/01431161.2018.1489163
https://doi.org/10.1080/01431161.2018.1489163
https://doi.org/10.1007/s10980-010-9492-z
https://doi.org/10.1111/ddi.12256
https://doi.org/10.1016/0377-0273(90)90019-c
https://doi.org/10.1111/j.1474-919x.1914.tb06633.x
https://doi.org/10.1111/j.1474-919x.1914.tb06633.x
https://doi.org/10.1007/s10344-016-0997-x
https://doi.org/10.1371/journal.pone.0032569
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.biocon.2018.02.029
https://doi.org/10.1016/j.biocon.2018.02.029
https://doi.org/10.2305/IUCN.UK.2016-3.RLTS.T22728245A90341807.en
https://doi.org/10.2305/IUCN.UK.2016-3.RLTS.T22728245A90341807.en
https://doi.org/10.1016/j.ecolmodel.2018.09.010
https://doi.org/10.1007/s00442-008-1121-z
https://doi.org/10.1073/pnas.0510541103
https://doi.org/10.1017/s0959270911000487
https://doi.org/10.1126/science.1251817
https://doi.org/10.1126/science.1251817
https://doi.org/10.1007/s10750-014-2084-1
https://doi.org/10.1007/s10750-014-2084-1
https://doi.org/10.1111/j.1523-1739.1998.96456.x
https://doi.org/10.1080/00222933.2011.589916
https://doi.org/10.1080/00222933.2011.589916
https://doi.org/10.1017/S0959270924000212


Garcia-Herrera R., Gallego P. andHernandez E. (2001). Influence Of The North
Atlantic Oscillation On The Canary Islands Precipitation. Journal of Climate
14, 3889–3903.

Gaston K. and Fuller R. (2008). Commonness, population depletion and con-
servation biology. Trends in Ecology & Evolution 23, 14–19. https://doi.
org/10.1016/j.tree.2007.11.001

Gómez-Catasús J., Carrascal L.M.,Moraleda V., Colsa J., Garcés, F. and Schuster
C. (2020). Factors affecting differential underestimates of bird collision
fatalities at electric lines: A case study in the Canary Islands. Ardeola 68,
71–94. https://doi.org/10.13157/arla.68.1.2021.ra5

González-Morales A. (1989). Estructuras Agrarias Recientes en la Isla de Fuer-
teventura. Puerto del Rosario: Servicio de Publicaciones del Exmo. Cabildo
Insular de Fuerteventura.

GREFA (2016). Cuantificación del Impacto que los Tendidos Eléctricos Propie-
dad de Red Eléctrica de España (eje 66 kV) en las Islas orientales Canarias
Tienen sobre laMortandad de Aves. CSIC-GREFA-REE. Unpublished report.

GuisanA. and ZimmermannN.E. (2000). Predictive habitat distributionmodels
in ecology. Ecological Modelling 135, 147–186. https://doi.org/10.1016/
s0304-3800(00)00354-9

Habibullah M.S., Din B.H., Tan S.-H. and Zahid H. (2022). Impact of climate
change on biodiversity loss: global evidence. Environmental Science and Pol-
lution Research 29, 1073–1086. https://doi.org/10.1007/s11356-021-15702-8

Hallmann C.A., Foppen R.P.B., van Turnhout C.A.M., de Kroon H. and Jonge-
jans E. (2014). Declines in insectivorous birds are associated with high
neonicotinoid concentrations.Nature 511, 341–343. https://doi.org/10.1038/
nature13531

Heinze G.,Wallisch C. andDunkler D. (2018). Variable selection –A review and
recommendations for the practicing statistician. Biometrical Journal 60,
431–449. https://doi.org/10.1002/bimj.201700067

Hellmich J. (1998). Sobre la distribución de la Hubara (Chlamydotis undulata
fuertaventurae) en la isla de Fuerteventura. Viceconsejería de Medio
Ambiente, Gobierno de Canarias. Unpublished report.

Hellmich J. (2003). The display run of the Houbara Bustard Chlamydotis
undulata fuertaventurae. Ornithologische Beobachter 100, 127–142.

Hellmich J. (2012). Actuaciones para la Recuperación de la Avutarda Hubara
Chlamydotis undulata fuertaventurae en la Isla de Fuerteventura. Fundación
Biodiversidad. Unpublished report.

Hingrat Y. and Saint Jalme M. (2005). Mating system of the houbara bustard
Chlamydotis undulata undulata in eastern Morocco. Ardeola 52, 92–102.

Hingrat Y., Saint Jalme M., Chalah T., Orhant N. and Lacroix F. (2008).
Environmental and social constraints on breeding site selection. Does the
exploded-lek and hotspot model apply to the Houbara bustard Chlamydotis
undulata undulata? Journal of Avian Biology 39, 393–404. https://doi.
org/10.1111/j.0908-8857.2008.03994.x

Hingrat Y., Saint Jalme M., Ysnel F., Lacroix F., Seabury J. and Rautureau P.
(2004). Relationships between home-range size, sex and season with
reference to themating system of theHoubara BustardChlamydotis undulata
undulata. Ibis 146, 314–322. https://doi.org/10.1111/j.1474-919x.2004.
00263.x

Holben B.N. (1986). Characteristics of maximum-value composite images from
temporal AVHRR data. International Journal of Remote Sensing 7,
1417–1434. https://doi.org/10.1080/01431168608948945

Horreo J.L., Ucero A., Palacín C., López-Solano A., Abril-Colón I. and Alonso J.
C. (2023). Human decimation caused bottleneck effect, genetic drift, and
inbreeding in the Canarian houbara bustard. Journal ofWildlifeManagement
87, e22342. https://doi.org/10.1002/jwmg.22342

Idaghdour Y., Broderick D., Korrida A. and Chbel F. (2004). Mitochondrial
control region diversity of the houbara bustardChlamydotis undulata complex
and genetic structure along the Atlantic seaboard of North Africa. Molecular
Ecology 13, 43–54. https://doi.org/10.1046/j.1365-294x.2003.02039.x

Inger R., Gregory R., Duffy J.P., Stott I., Voříšek, P. and Gaston K.J. (2015).
Common European birds are declining rapidly while less abundant species’
numbers are rising. Ecology Letters 18, 28–36. https://doi.org/10.1111/
ele.12387

Intergovernmental Panel on Climate Change (IPCC) (2023). Sections. In Lee H.
and Romero J. (eds), Climate Change 2023. Synthesis Report of the IPCC Sixth
Assessment Report (AR6). Longer Report. Geneva: IPCC, pp. 35–115.

Available at https://www.ipcc.ch/report/ar6/syr/downloads/report/IPCC_
AR6_SYR_LongerReport.pdf (accessed July 2023).

Janss G.F.E. and Ferrer M. (2000). Common crane and great bustard collision
with power lines: Collision rate and risk exposure.Wildlife Society Bulletin 28,
675–680.

Jenkins A.R., Shaw J.M., Smallie J.J., Gibbons B., Visagie R. and Ryan P.G.
(2011). Estimating the impacts of power line collisions on Ludwig’s Bus-
tards Neotis ludwigii. Bird Conservation International 21, 303–310. https://
doi.org/10.1017/s0959270911000128

Jones T. and Cresswell W. (2010). The phenology mismatch hypothesis: are
declines of migrant birds linked to uneven global climate change? Journal of
Animal Ecology 79, 98–108. https://doi.org/10.1111/j.1365-2656.2009.01610.x

Lack P.C. (1979). The Canarian houbara: survey results, 1979. Bustard Studies 1,
45–50.

Le Cuziat J., Lacroix F., Roche P., Vidal E., Médail F., Orhant N. et al. (2005).
Landscape and human influences on the distribution of the endangered North
African houbara bustard (Chlamydotis undulata undulata) in EasternMorocco.
Animal Conservation 8, 143–152. https://doi.org/10.1017/s1367943005001903

Lorenzo J.A. (1995). Estudio preliminar sobre lamortalidad de aves por tendidos
eléctricos en la isla de Fuerteventura (Islas Canarias). Ecología 9, 403–407.

Lorenzo J.A. (2004). Avutarda Hubara (canaria), Chlamydotis undulata fuerta-
venturae. In Libro Rojo de las Aves de España. Madrid: SEO/BirdLife.

Lorenzo J. A. and Ginoves J. (2007). Mortalidad de Aves en los Tendidos
Electricos de los Ambientes Esteparios de Lanzarote y Fuerteventura, Con
Especial Referencia a la Avutarda Hubara. SEO/BirdLife.

Lorenzo J.A., González C. and Hernández M.Á. (2007). La Avutarda Hubara en
España. Población en 2004–2006 y Método de Censo. Madrid: SEO/BirdLife.

Lorenzo J.A., Linares J. and Abreu J.N. (1997). Mortalidad de aves por tendidos
eléctricos en la isla de Lanzarote, Islas Canarias. Islas Canarias Vieraea
26,1–10.

Machín J.F. and González A. (2020). Análisis de Series Temporales de Interés
Climático: Temperatura y Precipitación. Primeros Resultados. Proyecto
PLANCLIMAC. Universidad de Las Palmas de Gran Canaria. Available at
https://www.gobiernodecanarias.org/medioambiente/actuaciones-financia
cion-europea/interreg-mac/planclimac/.

Mahood S.P., Hong C., Virak S., Sum P. and Garnett S.T. (2020). Catastrophic
ongoing decline in Cambodia’s Bengal Florican Houbaropsis bengalen-
sis population. Bird Conservation International 30, 308–322. https://doi.
org/10.1017/s0959270919000157

Marcelino J., Moreira F., Mañosa S., Cuscó F., Morales M.B., García de la
Morena E.L. et al. (2018). Tracking data of the Little Bustard Tetrax tetrax in
Iberia shows high anthropogenic mortality. Bird Conservation International
28, 509–520. https://doi.org/10.1017/s095927091700051x

Marcelino J., Silva J. P., Gameiro J., Silva A., Rego F. C., Moreira, F. and Catry I.
(2020). Extreme events are more likely to affect Lesser Kestrel breeding
success than average climate change. Scientific Reports 10(1), 7207.

MarquesA.T.,Martins R.C., Silva J.P., Palmeirim J.M. andMoreira F. (2021). Power
line routing and configuration as major drivers of collision risk in two bustard
species. Oryx 55, 442–451. https://doi.org/10.1017/s0030605319000292

Martín A. and Lorenzo J.A. (2001). Aves del Archipiélago Canario. La Laguna:
Lemus.

Martín A., Lorenzo J.A., Hernández M.A., Nogales M., Medina F.M., Delgado J.
D. et al. (1997). Distribution, status and conservation of the Houbara bustard
Chlamydotis undulata fuertaventurae Rothschild and Hartert, 1894, in the
Canary Islands, November–December 1994. Ardeola 44, 61–69.

Martin G.R. (2011). Understanding bird collisions with man-made objects: a
sensory ecology approach. Ibis 153, 239–254. https://doi.org/10.1111/j.1474-
919x.2011.01117.x

MartinG.R. and Shaw J.M. (2010). Bird collisions with power lines: Failing to see
the way ahead? Biological Conservation 143, 2695–2702. https://doi.
org/10.1016/j.biocon.2010.07.014

Martín Esquivel J.L., Marrero GómezM.V., Del Arco Aguilar M, and Garzon V.
H.R. (2015). Aspectos clave para un plan de adaptación de la biodiversidad
terrestre de Canarias al cambio climático. In Herrera A. and Zavala M.A.
(eds), Los Bosques y la Biodiversidad frente al Cambio Climático: impactos,
Vulnerabilidad y Adaptación en España. Madrid: Ministerio de Agricultura,
Alimentación y Medio Ambiente, pp. 573–580.

12 A. Ucero et al.

https://doi.org/10.1017/S0959270924000212 Published online by Cambridge University Press

https://doi.org/10.1016/j.tree.2007.11.001
https://doi.org/10.1016/j.tree.2007.11.001
https://doi.org/10.13157/arla.68.1.2021.ra5
https://doi.org/10.1016/s0304-3800(00)00354-9
https://doi.org/10.1016/s0304-3800(00)00354-9
https://doi.org/10.1007/s11356-021-15702-8
https://doi.org/10.1038/nature13531
https://doi.org/10.1038/nature13531
https://doi.org/10.1002/bimj.201700067
https://doi.org/10.1111/j.0908-8857.2008.03994.x
https://doi.org/10.1111/j.0908-8857.2008.03994.x
https://doi.org/10.1111/j.1474-919x.2004.00263.x
https://doi.org/10.1111/j.1474-919x.2004.00263.x
https://doi.org/10.1080/01431168608948945
https://doi.org/10.1002/jwmg.22342
https://doi.org/10.1046/j.1365-294x.2003.02039.x
https://doi.org/10.1111/ele.12387
https://doi.org/10.1111/ele.12387
https://www.ipcc.ch/report/ar6/syr/downloads/report/IPCC_AR6_SYR_LongerReport.pdf
https://www.ipcc.ch/report/ar6/syr/downloads/report/IPCC_AR6_SYR_LongerReport.pdf
https://doi.org/10.1017/s0959270911000128
https://doi.org/10.1017/s0959270911000128
https://doi.org/10.1111/j.1365-2656.2009.01610.x
https://doi.org/10.1017/s1367943005001903
https://www.gobiernodecanarias.org/medioambiente/actuaciones-financiacion-europea/interreg-mac/planclimac/
https://www.gobiernodecanarias.org/medioambiente/actuaciones-financiacion-europea/interreg-mac/planclimac/
https://doi.org/10.1017/s0959270919000157
https://doi.org/10.1017/s0959270919000157
https://doi.org/10.1017/s095927091700051x
https://doi.org/10.1017/s0030605319000292
https://doi.org/10.1111/j.1474-919x.2011.01117.x
https://doi.org/10.1111/j.1474-919x.2011.01117.x
https://doi.org/10.1016/j.biocon.2010.07.014
https://doi.org/10.1016/j.biocon.2010.07.014
https://doi.org/10.1017/S0959270924000212


Martin J.L., Santana B., Nazco N. et al. (2013). Evaluación Preliminar de la
Vulnerabilidad ante el Cambio Climático en las Islas Canarias. Viceconsejería
de Medioambiente del Gobierno de Canarias. Unpublished report.

Martínez-Ruiz M., Dykstra C.R., Booms T.L. and Henderson M.T. (2023).
Conservation letter: Effects of global climate change on raptors. Journal of
Raptor Research 57, 92–105. https://doi.org/10.3356/jrr-22-75

Marzluff J.M. and EwingK. (2008). Restoration of fragmented landscapes for the
conservation of birds: a general framework and specific recommendations for
urbanizing landscapes. In Marzluff J.M., Shulenberger E., Endlicher W.,
Alberti M., Bradley G., Ryan C. et al. (eds), Urban Ecology. New York:
Springer, pp. 739–755.

Máyer P. andMarzolM.V. (2016). Análisis de las precipitaciones y temperaturas
en Fuerteventura y Lanzarote: peligros e incertidumbres ante un escenario de
cambio climático. In XV Jornadas de Estudios Sobre. Fuerteventura y Lan-
zarote, 19–23 September 2011, Puerto del Rosario, vol. 3, pp. 451–490.

McCullagh P. and Nelder J.A. (1989). Generalized Linear Models, 2nd Edn.
London: Chapman and Hall.

McKee J., Chambers E. and Guseman J. (2013). Human population density and
growth validated as extinction threats to mammal and bird species. Human
Ecology 41, 773–778. https://doi.org/10.1007/s10745-013-9586-8

Meade-Waldo E.G. (1889). Notes on some birds of the Canary Islands. Ibis 31,
1–13. https://doi.org/10.1111/j.1474-919x.1889.tb06370.x

Meade-Waldo E.G. (1890). Further notes on the birds of the Canary Islands. Ibis
32, 429–438. https://doi.org/10.1111/j.1474-919x.1890.tb06502.x

Meade-Waldo E. G. (1893). List of birds observed in the Canary Islands. Ibis 35,
185–207.

Medina F.M. (1999). Foraging use of cultivated fields by the Houbara Bus-
tard Chlamydotis undulata fuertaventurae Rothschild and Hartert, 1894 on
Fuerteventura (Canary Islands). Bird Conservation International 9, 373–386.
https://doi.org/10.1017/s0959270900003531

Nogué S., Santos A.M.C., Birks H.J.B., Svante B., Castilla-Beltrán A., Connor S.
et al. (2021). The human dimension of biodiversity changes on islands.
Science 372, 488–491. https://doi.org/10.1126/science.abd6706

Palacín C., Alonso J.C., Martín C.A. and Alonso J.A. (2017). Changes in bird-
migration patterns associated with human-induced mortality. Conservation
Biology 31, 106–115. https://doi.org/10.1111/cobi.12758

Palacín C., Farias I. and Alonso J.C. (2023). Detailed mapping of protected
species distribution, an essential tool for renewable energy planning in
agroecosystems. Biological Conservation 277, 109857. https://doi.
org/10.1016/j.biocon.2022.109857

Pautasso M. (2012). Observed impacts of climate change on terrestrial birds in
Europe: an overview. Italian Journal of Zoology 79, 296–314. https://doi.
org/10.1080/11250003.2011.627381

Pearce-Higgins J.W., BrownD.J., Douglas D.J.T., Alves J.A., BellioM., Bocher P.
et al. (2017). A global threats overview for Numeniini populations: synthesis-
ing expert knowledge for a group of declining migratory birds. Bird Conser-
vation International 27, 6–34. https://doi.org/10.1017/s0959270916000678

Peñate I., Martín-González J.M., Rodríguez G. and Cianca A. (2013). Scaling
properties of rainfall and desert dust in the Canary Islands.Nonlinear Process
in Geophysics 20, 1079–1094. https://doi.org/10.5194/npg-20-1079-2013

Pettorelli N., Ryan S., Mueller T., Bunnefeld N., Je ̨drzejewska B., Lima M. et al.
(2011). The Normalized Difference Vegetation Index (NDVI): unforeseen
successes in animal ecology. Climate Research 46, 15–27. https://doi.
org/10.3354/cr00936

Pettorelli N., Vik J.O., Mysterud A., Gaillard J.-M., Tucker C.J. and Stenseth N.
C. (2005). Using the satellite-derived NDVI to assess ecological responses to
environmental change. Trends in Ecology & Evolution 20, 503–510. https://
doi.org/10.1016/j.tree.2005.05.011

Polatzek J. (1909). Die Vögel der Kanaren. Ornithologisches Jahrbuch 20, 1–24.
Raab R., Julius E., Greis L., Schütz C., Spakovsky P., Steindl J. et al. (2014).

Endangering factors and their effect on adult Great Bustards (Otis tarda) –
conservation efforts in theAustrian LIFE and LIFE+ projects.Aquila 121, 49–63.

Randin C.F., Dirnböck T., Dullinger S., Zimmermann N.E., Zappa M. and
Guisan A. (2006). Are niche-based species distribution models transferable
in space? Journal of Biogeography 33, 1689–1703. https://doi.org/10.1111/
j.1365-2699.2006.01466.x

Rando J.C. (1995). Restos de hubara, Chlamydotis undulata (Jacquin, 1784)
(Aves: Otididae), en la Cueva del Viento (Tenerife, Islas Canarias). Vieraea
24, 192.

Resheff Y.S., Rotics S., Harel R., Spiegel O. and Nathan R. (2014). AcceleRater: a
web application for supervised learning of behavioral modes from acceler-
ation measurements. Movement Ecology 2, 27. https://doi.org/10.1186/
s40462-014-0027-0

Ricketts T.H., Dinerstein E., Boucher T., Brooks T.M., Butchart S.H.M., Hoffmann
M. et al. (2005). Pinpointing and preventing imminent extinctions. Proceedings
of the National Academy of Sciences of the United States of America – PNAS 102,
18497–18501. https://doi.org/10.1073/pnas.0509060102

Rouse J.W., Haas R.H., Schell J.A. and Deering D.W. (1973). Monitoring
vegetation systems in the Great Plains with ERTS. In Third ERTS Symposium,
NASA SP-351, Washington DC, 10–14 December 1973, pp 309–317.

Russell J.C. and Kueffer C. (2019). Island biodiversity in the Anthropocene.
Annual Review of Environment and Resources 44, 31–60. https://doi.
org/10.1146/annurev-environ-101718-033245

Sage R.F. (2020). Global change biology: A primer. Global Change Biology 26,
3–30. https://doi.org/10.1111/gcb.14893

Schuster C. and Iglesias-Lebrija J.J. (2012). Recent population trends of the
houbara bustard in the Canary Islands. Methods and conservation status.
Animal Biodiversity and Conservation 35,125–139.

Şekercioğlu Ç.H., Daily G.C. and Ehrlich P.R. (2004). Ecosystem consequences
of bird declines. Proceedings of the National Academy of Sciences of the United
States of America – PNAS 101, 18042–18047. https://doi.org/10.1073/
pnas.040804910

Shaw J.M., Reid T.A., Schutgens M., Jenkins A.R. and Ryan P.G. (2018). High
power line collision mortality of threatened bustards at a regional scale in the
Karoo, South Africa. Ibis 160, 431–446. https://doi.org/10.1111/ibi.12553

Signer J. and Balkenhol N. (2015). Reproducible home ranges (rhr): A new, user-
friendly R package for analyses of wildlife telemetry data: Reproducible
Home-Range Analysis With R. Wildlife Society Bulletin 39, 358–363.
https://doi.org/10.1002/wsb.539

Silva J.P., Marques A.T., Bernardino J., Allinson T., Andryushenko Y., Dutta S.
et al. (2023). The effects of powerlines on bustards: how best to mitigate, how
best to monitor? Bird Conservation International 33, 1–14. https://doi.
org/10.1017/s0959270922000314

Silva J.P., Santos M., Queirós L., Leitäo D., Moreira F., Pinto M. et al. (2010).
Estimating the influence of overhead transmission power lines and landscape
context on the density of little bustard Tetrax tetrax breeding populations.
Ecological Modelling 221, 1954–1963. https://doi.org/10.1016/j.ecolmo-
del.2010.03.027

Siverio F., SiverioM., CabreraM. and Rodríguez B. (2019). Población de Cuervo
Grande Corvus corax canariensis en Fuerteventura, Islas Canarias (2016–
2019). Gesplan S.A.-Gobierno de Canarias-Unión Europea (Fondo Europeo
de Desarrollo Regional). Unpublished report.

Stanton R.L., Morrissey C.A. and Clark R.G. (2018). Analysis of trends and
agricultural drivers of farmland bird declines in North America: A review.
Agriculture, Ecosystems & Environment 254, 244–254. https://doi.
org/10.1016/j.agee.2017.11.028

Tejera G., Rodríguez B., Armas C. and Rodríguez A. (2018). Wildlife-vehicle
collisions in Lanzarote Biosphere Reserve, Canary Islands. PLOS ONE 13,
e0192731. https://doi.org/10.1371/journal.pone.0192731

Ucero A., Abril-Colón I., Palacín C. and Alonso J.C. (2021). Avutarda
hubara canaria Chlamydotis undulata fuertaventurae. In López-Jiménez
N. (ed.), Libro Rojo de las Aves de España. Madrid: SEO/BirdLife,
pp. 343–351.

Ucero A., Alonso J.C., Palacín C. and Álvarez-Martínez J.M. (2023). Display site
selection in a ground dwelling bird: the importance of viewshed. Behavioral
Ecology 34, 223–235. https://doi.org/10.1093/beheco/arac112

Uddin M., Dutta S., Kolipakam V., Sharma H., Usmani F., and Jhala Y. (2021).
High bird mortality due to power lines invokes urgent environmental miti-
gation in a tropical desert. Biological Conservation 261, 109262. https://doi.
org/10.1016/j.biocon.2021.109262

Urban M.C. (2015). Accelerating extinction risk from climate change. Science
348, 571–573. https://doi.org/10.1126/science.aaa4984

Vadász C. and LórántM. (2014). Keymortality causes of the Great Bustard (Otis
Tarda) in Central Hungary: An analysis of known fatalities. Ornis Hung 22,
32–41. https://doi.org/10.2478/orhu-2014-0016

Virkkala R. (2016). Long-term decline of southern boreal forest birds: conse-
quence of habitat alteration or climate change? Biodiversity and Conservation
25, 151–167. https://doi.org/10.1007/s10531-015-1043-0s

Bird Conservation International 13

https://doi.org/10.1017/S0959270924000212 Published online by Cambridge University Press

https://doi.org/10.3356/jrr-22-75
https://doi.org/10.1007/s10745-013-9586-8
https://doi.org/10.1111/j.1474-919x.1889.tb06370.x
https://doi.org/10.1111/j.1474-919x.1890.tb06502.x
https://doi.org/10.1017/s0959270900003531
https://doi.org/10.1126/science.abd6706
https://doi.org/10.1111/cobi.12758
https://doi.org/10.1016/j.biocon.2022.109857
https://doi.org/10.1016/j.biocon.2022.109857
https://doi.org/10.1080/11250003.2011.627381
https://doi.org/10.1080/11250003.2011.627381
https://doi.org/10.1017/s0959270916000678
https://doi.org/10.5194/npg-20-1079-2013
https://doi.org/10.3354/cr00936
https://doi.org/10.3354/cr00936
https://doi.org/10.1016/j.tree.2005.05.011
https://doi.org/10.1016/j.tree.2005.05.011
https://doi.org/10.1111/j.1365-2699.2006.01466.x
https://doi.org/10.1111/j.1365-2699.2006.01466.x
https://doi.org/10.1186/s40462-014-0027-0
https://doi.org/10.1186/s40462-014-0027-0
https://doi.org/10.1073/pnas.0509060102
https://doi.org/10.1146/annurev-environ-101718-033245
https://doi.org/10.1146/annurev-environ-101718-033245
https://doi.org/10.1111/gcb.14893
https://doi.org/10.1073/pnas.040804910
https://doi.org/10.1073/pnas.040804910
https://doi.org/10.1111/ibi.12553
https://doi.org/10.1002/wsb.539
https://doi.org/10.1017/s0959270922000314
https://doi.org/10.1017/s0959270922000314
https://doi.org/10.1016/j.ecolmodel.2010.03.027
https://doi.org/10.1016/j.ecolmodel.2010.03.027
https://doi.org/10.1016/j.agee.2017.11.028
https://doi.org/10.1016/j.agee.2017.11.028
https://doi.org/10.1371/journal.pone.0192731
https://doi.org/10.1093/beheco/arac112
https://doi.org/10.1016/j.biocon.2021.109262
https://doi.org/10.1016/j.biocon.2021.109262
https://doi.org/10.1126/science.aaa4984
https://doi.org/10.2478/orhu-2014-0016
https://doi.org/10.1007/s10531-015-1043-0
https://doi.org/10.1017/S0959270924000212


von Thanner R. (1905). Ein Sammelausflug nach Fuerte ventura. Ornithol.
Jahrbuch 16, 50–66.

Webb P. B., Berthelot S. and Moquin-Tandon A. (1842). Ornithologie canari-
enne. In P. B. Webb, editor. Histoire naturelle des iles Canaries. Vol. 2.
Bethune, Paris, France.

Weber D., Schaepman-Strub G. and Ecker K. (2018). Predicting habitat quality
of protected dry grasslands using Landsat NDVI phenology. Ecological
Indicators 91, 447–460. https://doi.org/10.1016/j.ecolind.2018.03.081

Whittaker D. and Knight R.L. (1998). Understanding wildlife responses to
humans. Wildlife Society Bulletin 26, 312–317.

Wiegand T., Naves J., Garbulsky M.F. and Fernández N. (2008). Animal habitat
quality and ecosystem functioning: Exploring seasonal patterns using NDVI.
Ecological Monographs 78, 87–103. https://doi.org/10.1890/06-1870.1

Zlinszky A., Heilmeier H., Balzter H., Czúcz B. and Pfeifer N. (2015). Remote
sensing and GIS for habitat quality monitoring: New approaches and future
research. Remote Sensing 7, 7987–7994. https://doi.org/10.3390/rs70607987

14 A. Ucero et al.

https://doi.org/10.1017/S0959270924000212 Published online by Cambridge University Press

https://doi.org/10.1016/j.ecolind.2018.03.081
https://doi.org/10.1890/06-1870.1
https://doi.org/10.3390/rs70607987
https://doi.org/10.1017/S0959270924000212

	Power line density and habitat quality: key factors in Canarian houbara bustard decline
	Introduction
	Methods
	Study species
	Study area
	Census of male Canarian houbaras and location of display sites
	Variables used
	Variables related to habitat quality
	(a) Estimation of food resources available to the species
	(b) Other variables related to habitat quality

	Variables related to presence of infrastructure

	Statistical analyses

	Results
	Discussion
	Conclusions and Recommendations
	Supplementary material
	Acknowledgements
	References


