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Abstract To inform population support measures for the
unsustainably hunted Asian houbara Chlamydotis macqueenii
(IUCN Vulnerable), we examined potential habitat and land-
use effects on nest productivity in the Kyzylkum Desert,
Uzbekistan. We monitored 177 nests across different semi-
arid shrub assemblages (clay-sand and salinity gradients)
and a range of livestock densities (0-80 km?). Nest success
(mean 51.4 %, 95 % CI 42.4-60.4 %) was similar across
4 years; predation caused 85 % of those failures for which
the cause was known, and only three nests were trampled by
livestock. Nesting begins within a few weeks of arrival when
food appears scarce, but later nests were more likely to fail
owing to the emergence of a key predator, suggesting that
foraging conditions on wintering and passage sites may be
important for nest productivity. Nest success was similar
across three shrub assemblages and was unrelated to land-
scape rugosity, shrub frequency or livestock density but was
greater with taller mean shrub height (range 13—67 cm) within
50 m. Clutch size (mean=3.2 eggs) and per-egg hatchability
in successful nests (87.5 %) did not differ with laying date,
shrub assemblage or livestock density. We therefore found no
evidence that livestock density reduced nest productivity
across the range examined, while differing shrub assemblages
appeared to offer similar habitat quality. Asian houbara appear
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well-adapted to a range of semi-desert habitats and tolerate
moderate disturbance by pastoralism. No obvious in situ mit-
igation measures arise from these findings, leaving regulation
and control as the key requirement to render hunting
sustainable.
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Introduction

The Asian houbara Chlamydotis macqueenii (IUCN status
Vulnerable: BirdLife International 2015), a bustard of desert
and semi-arid landscapes, is the chief quarry of Arab fal-
coners. Asian houbara have suffered near extirpation of resi-
dent populations in the Arabian Peninsula and major declines
across Central Asia, primarily as a consequence of unregulat-
ed hunting and trapping during migration and winter (BirdLife
International 2014; Riou etal. 2011; Tourenq et al. 2005), with
degradation of breeding habitat considered a further factor
(Lavee 1988). To date, the primary conservation response to
this circumstance has been to release increasingly large num-
bers of captive-bred individuals of both Asian and African
houbara Chlamydotis undulata to re-establish or reinforce
exploited populations (Chargé et al. 2014; Hardouin et al.
2015; Islam et al. 2012). Population supplementation by re-
leases of captive-bred stock may play an important role in
houbara conservation (Combreau et al. 2005), but captive
breeding also incurs certain genetic, disease, temperament
and domestication risks (Dolman et al. 2015; Frankham
2008; Snyder et al. 1996; Williams and Hoffman 2009). For
houbara, selection in captivity has been reported on a range of
physiological, reproductive and behavioural traits (Chargé
et al. 2014), but the consequences for reinforced populations
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are unknown. As repeated industrial-scale reinforcement has
the potential to compromise the integrity of populations, sup-
plementation should seek to minimise impacts, both by main-
taining the highest possible integrity of releases (Combreau
et al. 2005) and through management to minimise the relative
numbers required to be released (Burnside et al. 2016). To
assist in this, opportunities for alternative in situ conservation
measures clearly need to be explored. Here, we examine
whether there may be conservation interventions to improve
the breeding productivity of free-living populations, to reduce
the scale of supplementation.

For species breeding across heterogeneous environments,
an understanding of the potential demographic effects of land-
use and landscape composition can help identify areas that
determine regional-scale demography (Dolman 2012; Waber
et al. 2013). Asian houbara (hereafter ‘houbara’) breed across
a wide range of landscapes and vegetation types, varying with
drainage, landform and substrate, from consolidated sands to
clay saltpans (Gubin 2004), and differing in shrub height and
composition (Koshkin et al. 2014, 2016). Nest success of wild
houbara has been quantified (Combreau and Launay 1999;
Combreau et al. 2002; Lavee 1988) and nest micro-site selec-
tion investigated (Aghanajafizadeh et al. 2012; Yang et al.
2003), but whether productivity varies with habitat differences
or livestock levels remains unknown. Rangelands occupy
most houbara breeding habitat in Central Asia (Robinson
et al. 2007), with obvious potential to impact populations
through habitat modification, livestock trampling and distur-
bance of nests. However, as livestock is vital to local liveli-
hoods and regional economies (Gintzburger et al. 2003;
Kerven et al. 2006), robust evidence of its effects on houbara
is needed before any management intervention is decided. In
Israel, expert opinion has suggested that livestock grazing
negatively impacts nest success through disturbance (Lavee
1988), and in Morocco, livestock concentrations may restrict
African houbara access to suitable areas (Le Cuziat et al.
2005b). In Morocco and Fuerteventura, breeding African
houbaras avoid major roads, human settlements and sheep
camps (Carrascal et al. 2008; Hingrat et al. 2008; Le Cuziat
et al. 2005a), but whether productivity is influenced by these
anthropogenic factors has not been examined. Although the
numbers and distribution of male houbara showed no re-
sponse to low and moderate sheep densities in the southern
Kyzylkum, Uzbekistan (Koshkin et al. 2014, 2016), livestock
impacts on nesting are unknown.

Using data from 177 Asian houbara nests monitored in the
Kyzylkum over 4 years (2012-2015), we (i) quantify clutch
size, nest success and hatchability (which together determine
nest productivity), and their variation within the breeding sea-
son and across years; (ii) test for the effects of land use and
habitat on these components of nest productivity, particularly
the influences of shrub species composition and of sheep den-
sity; and (iii) assess the causes of nest failure. We undertook
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this work to explore whether our findings could have signifi-
cant implications for appropriate long-term houbara conserva-
tion, extending management options beyond the current strat-
egy of high-volume captive-bred releases.

Methods
Study area and population

The study area (39.34-40.56° N 62.21-65.20° E) covers
14,300 km? of predominantly flat houbara habitat, com-
prising drought-resistant and halophytic shrub vegeta-
tion, in the southern Kyzylkum Desert, Bukhara
Province, Uzbekistan. Grazing by mixed flocks of sheep
and goats (hereafter ‘sheep’, as these dominate) is lim-
ited by the distribution of functioning wells, major
roads and trackways used for water transportation
(Koshkin et al. 2014). Large areas of desert, particularly
with limited accessibility to water, are grazed only in
spring during lambing, when sheep exploit ephemeral
graminoids (Carex physodes and Bromus spp.). From
mid-May, after the main houbara nesting period is com-
plete, sheep are withdrawn to villages, agricultural areas
or permanent water sources. Owing to the short duration
of pastoralism and absence of winter browsing, sheep
have limited impact on shrub vegetation (Koshkin
et al. 2014), but extensive grazing of mobile flocks
may potentially disrupt nesting houbara. Although areas
closer to settlements and permanent water sources, with
higher densities of wells and camps, support larger
numbers of sheep, much of the surrounding desert is
under-utilised (Koshkin et al. 2014). This spatial varia-
tion in sheep density allowed livestock effects to be
examined.

Since 2011, under licence from the Uzbekistan govern-
ment, the Emirates Bird Breeding Center for Conservation
(EBBCC) has released modest numbers of captive-bred
houbara (all carrying metal rings) in the Bukhara Province
of the Kyzylkum Desert. Moreover, over the period of our
study, some releases have occurred in the neighbouring
Navoiy Province of Uzbekistan (BirdLife International
2014), while others have taken place in southern
Kazakhstan, culminating in large-scale releases in 2014
(WAM 2014). Consequently, captive-bred released birds
may be present and nest in the study area, with the potential
to confound the interpretation of habitat effects on nesting
success if their captive experience were to result in differential
breeding performance. We therefore excluded nests of known
captive-bred released birds (including those monitored by sat-
ellite telemetry) from the current study, but not all incubating
females in our study were checked for metal rings (which, to
the best of our knowledge, all captive-bred birds released in
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Central Asia carry). From the 177 nests monitored, 97 were
confirmed (by catching, nest cameras or were of PTT-tagged
wild birds) to be from wild females. Although the origin of 80
nests was not confirmed, we judge the proportion of captive-
bred birds among these to be negligible for four reasons.

+ First, in a random sample of 62 nests (with identity con-
firmed by catching, n =29, or nest cameras, n =33, exclud-
ing nests found by PTT tracking), only one captive-bred
ringed bird (of EBBCC origin) was found. From this, we
estimate the proportion of released captive-bred birds
among the remaining females of undetermined origin to
be very low (mean 1.6 %, 95 % CI 0.2-10.5 %, thus
between 0 and 8 captive-bred females are expected among
the 80 undetermined nests).

» Second, independent evidence indicates that the relative
density of captive-bred individuals in the Bukhara breed-
ing population is likely to be low. To date, <280 birds a
year have been released by EBBCC in our study area,
annually representing some 7.5 % of the extant population
(1886 males and presumably a similar number of females:
Koshkin et al. 2016). These birds were either 1-year-olds
released in spring or 4-month-olds released in August; few
1-year-old females and none of the males would have bred
in the year of release, and both they and the August re-
leases then experienced high over-winter mortality such
that only 10.8 % returned to the breeding grounds the
following year (Burnside et al. 2016). Thus, adult female
recruits may have numbered fewer than 15-20 per year.

* Third, released birds exhibit strong site fidelity: maximum
natal dispersal distance of 9 satellite-tracked captive-bred
birds that survived to complete their first return migration
(see Burnside et al. 2016) was 51.1 km, median 27.4 km,
upper quartile 36.3 km (RJB, unpublished data). Thus,
while birds of EBBCC origin may recruit into our study
population if they survive, locally sourced stock released
in Navoiy (breeding centre approximately 150 km from
the centre of our study area) or Kazakhstan (country bor-
der at least 250 km away) are very unlikely to do so.

e Fourth, as the number of released birds recruited into the
free living population should be cumulative with time,
reinforcement of the breeding population would have been
low at the start of our study as releases had occurred for
1 year in Bukhara and possibly 2 years in Navoiy and
Kazakhstan (L. Hardouin, in litt.), and by 2015, the female
identity was checked for virtually all (56/61) nests.

Therefore, while we readily acknowledge that our study
population has been supplemented by captive-bred birds, we
have no evidence to indicate that a significant reinforcement
of the wild breeding population has occurred, and we are
entirely confident that these supplementary birds have exerted
negligible confounding influence on our results.

Nest searching and monitoring

Houbara nests were located between 20 March (all years) and
30 April (2012) or 10 May (2013, 2014 and 2015) by
searching for female tracks; searches between 11:00 and
15:00 were excluded to avoid risk to eggs through exposure
to high temperatures. Searches traversed a variety of sub-
strates (consolidated and weakly consolidated sand, clay)
across five shrub assemblages (see below); cultivated areas
and drifting dunes were excluded, as they hold very low den-
sities of houbara during the breeding season (Koshkin et al.
2014). Although search effort was widely distributed, the
probability of finding nests through tracking was greater
in sandy areas; searches on clay were possible only when
they held scattered drifts of sand. Thus, the distribution of
nests monitored did not represent relative nesting density
across habitats, and therefore we do not infer habitat
preferences. Nevertheless, environmental determinants of
productivity per nesting attempt could be examined, as
sufficient nests were located in each habitat. An additional
46 nests were located by tracking 25 wild females carry-
ing satellite transmitters (30 g PTT-100 Argos/GPS solar-
powered; Microwave Telemetry Inc.) caught using lines
of leg snares, set around initial nests found during stan-
dard fieldwork. As catching of females was considered
likely to cause nest desertion, or at least prolonged expo-
sure of the eggs, these females were caught early in the
season to maximise their chances of re-nesting, and their
clutches were removed for artificial incubation at
EBBCC’s breeding centre; this terminated monitoring of
the initial nesting attempt. Subsequent nests of these fe-
males (in the same and successive years) were visited
under standard protocols.

We found 177 nests (excluding one additional nest subse-
quently found to be of a captive-bred released female), of
which 20, 44, 52 and 61 were found in 2012, 2013, 2014
and 2015, respectively (Fig. 1). The 25 wild females tracked
by satellite telemetry each contributed more than one nest to
the data (total 71). Ten nests were found outside the area
sampled for vegetation and sheep density (with outcome
and/or clutch size unknown for six of these) and were there-
fore excluded from analyses of environmental effects. Three
nests where females were flushed by car were also excluded
from analyses of nest success, as these were considered to
have been compromised (all were predated within 1 day). Of
the remaining sample of 164, 64 were found in Astragalus, 19
in Salsola rigida, 78 in Salsola arbuscula and only three in
Artemisia shrub vegetation. Nests found in Artemisia were
excluded from models that included ‘shrub assemblage’ ow-
ing to low sample size. This provided 161 nests for modelling
of environmental effects, or 164 where analyses included
MDS2 instead of ‘shrub assemblage’ (see below), with
sample sizes for differing life history stages of clutch size
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Fig. 1 Distribution of Asian
houbara nests across a gradient of
sheep density monitored during

4 years of study within nest extent
area (2231 km?) in the southern
Kyzylkum Desert, Uzbekistan
(excluding nests outside the
sampled territory and three nests
found in Artemisia shrub
assemblage)

nests
O successful
& failed
sheep density
inds per km2
[ Jo-10
B 11-30
B 3 -s0

(n=159 or 162, respectively), nest success (n=151 or 154) and
hatchability (n=68 or 71).

In 2012, eggs were not measured, and laying date was
estimated from hatching date and duration of incubation
(23 days: Combreau et al. 2002) with a range of uncertainty
for nests that failed, following Mallord et al. (2007). In 2013—
2015, hatching and thus laying dates were predicted from egg
dimensions and weight (measured at the time the nest was
found) following the weight loss equation from Hoyt (1979),
using species-specific weight coefficient Ky, =0.00055 and
assuming linear weight loss of 17.4 % across incubation, fol-
lowing Combreau et al. (2002). After finding, subsequent
monitoring visits were made at intervals of 5 or 6 days, and
then 2 days before and 1 day after the predicted hatching date.
As it is important to minimise cues that may influence the
ability of predators to detect nests, at the first visit (when eggs
were measured and weighed), fieldworkers did not kneel at
the nest and left using the same route, which was swept (using
local vegetation) to remove all footprints. On all subsequent
visits prior to completion or failure, observations were made
remotely through binoculars and at no time did fieldworkers
approach closer than 10 m. For further details of nest moni-
toring, see Online resources (Section 2).

Nest outcome was inferred through signs within and
around the nest scrape. A nest was considered failed if it
was found empty prior to the predicted hatching date or with
signs of predation or trampling, and successful if at least one
egg hatched, based on signs of a successful outcome (Online
resources, Section 3). In 2014 and 2015, nest cameras and
temperature loggers were used in a total of 36 nests to confirm
outcomes inferred from field signs and to refine estimated
completion date (Online resources, Section 3). Nest cameras,
equipped with infra-red (940 nm) emitting diodes for night
surveillance, were set to record video continuously; to reduce
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disturbance, cameras were deployed during the second visit to
a nest at a distance of >1 m from the scrape, with installation
taking <20 min. Battery units were buried approximately 10 m
from the nest to reduce disturbance during maintenance visits
(every 5 days). Temperature loggers (I-buttons, DS1921G-F5
thermochrons) capable of recording temperature every 15 s
over the incubation period were placed in nests at first finding
and left until after completion of the nesting attempt, with one
in substrate 1 cm beneath the eggs and a second at the same
depth some 30 cm from the scrape to record ambient temper-
ature, so that times of incubation could be determined. When a
nest had no logger or camera and exact day of finishing was
unknown, the mid-point between the final and penultimate
visit was taken as the end date (Mayfield 1975).

Habitat and land-use variables

Six candidate habitat and land-use variables were examined
for their potential influence on clutch size, hatchability and
nest success (Table 1). Structure and composition of shrub
vegetation in the vicinity of the nest were recorded along four
50 m cardinally directed line intercepts radiating from the
scrape, to represent habitat at the scale of nest-site placement
within the home range. Along each line intercept, the species
and height (to 1 cm) of each shrub touching the line was
recorded following Koshkin et al. (2014), pooling data for
each nest (hereafter ‘composite samples’). Mean shrub height
(measure of vegetation structure) and square-root transformed
shrub frequency (an index of vegetation cover per composite
200-m sample) were calculated across 19 shrub species (ex-
cluding the dwarf species Salsola gemmascens and
Nanophyton erinaceum with mean height <12 cm). To avoid
disturbance, vegetation measurements were taken after nest
outcomes were known.
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Table 1  Candidate habitat and land-use variables for models of nest success, clutch size and hatchability
Variable name Description Type of data
A priori covariates
Date Day of the season (date =1 is the earliest monitoring day of across all years), Continuous
automatically incorporated into the required fields of the encounter history.
Each day is 1 encounter occasion
Incubation day Incubation day (1-23) of a nest on any given day of monitoring Continuous
Year Year of the study (2012-2015) Categorical
Laydate First egg laying date, coded as Julian date, enumerated from 1 January for each year Continuous
Land-use variables
Sheep density Mean density (inds. km ™) extracted for 1-km radius buffers around nests from Continuous
interpolated surface based on 4-year data (low = 0—10 individuals km 2,
medium = 11-30 km 2, high = 31-80 km ?)
Habitat variables
Shrub height Mean shrub height (cm) (7= 19 species) within 50 m Continuous
Shrub frequency Total number of shrubs per composite sample (17 =19 species) Continuous
Vegetation MDS1 Nest-specific sample score from MDS analysis Continuous
Vegetation MDS2 Nest-specific sample score from MDS analysis Continuous
Shrub assemblage Three shrub assemblages Categorical

Topo. rugosity

Standard deviation of elevation (m) per 30-m pixel within 100-m radius

Potential effects of shrub composition were considered,
separately examining continual measures and categorical ‘as-
semblages’. Local shrub species composition was
summarised by two orthogonal ordination variables (vegeta-
tion MDS1 and vegetation MDS2), provided by multidimen-
sional scaling analysis (MDS) of the covariance matrix of
composite shrub frequency data per sampling location
(n=871). Landscape-scale distribution of shrub assemblages
(shrub assemblage) across the study area was classified and
mapped, considering the eight most abundant shrub species
(63.2 % of all shrubs measured) using composite samples
obtained from nests (n=167) and an additional 704 sampling
locations during May—June 2012, 2013 and 2014, with over
69,000 shrubs identified and recorded. Cluster analysis was
performed on the Bray-Curtis similarity matrix of shrub fre-
quencies (square-rooted), using average-linkage clustering
and a 50 % similarity level to select the most widespread
assemblages (which classified 87 % of all samples): (a)
‘Artemisia’ on gypseous/clay soils, dominated by Artemisia
diffusa (2873 km?); (b) “S. rigida’ on halophytic soils, domi-
nated by Salsola rigida and S. gemmascens (2180 km?); (c)
‘S. arbuscula’ on gypseous and halophytic soils, dominated
by S. arbuscula, with high density of A. diffusa and S. rigida
(3904 km?); (d) ‘Astragalus’ on semi-consolidated sands,
dominated by Astragalus villosissimus and Convolvulus
hamadae, also containing Salsola spp. (3778 km?). A fifth,
(e) ‘Calligonum’, on drifting or weakly consolidated sands
and typified by Calligonum and Salsola spp. (1603 km?),
was excluded from further consideration as no nests were
found in this assemblage despite searches. Ordination and

cluster analyses were performed in PRIMER 6.1.10 (Clarke
1993; Peet and Roberts 2013).

Topographic rugosity (topo. rugosity) was measured as the
standard deviation of elevation within 100-m radius around
nests (extracted from ASTER GDEM V2, 30-m horizontal
resolution, 1-m vertical resolution).

Sheep were counted along 11,470 km of distance transects
during 2012-2015, comprising 141 ten-kilometre off-road
transects (with some repeated 2-3 times; total distance
3500 km) driven in March-May 2012, and 1594 five-
kilometre transects each driven once along trackways or infre-
quently used roads in March—May 2013, 2014 and 2015.
Average sampling intensity was 0.8 km transect per km?
but relatively greater in higher sheep density areas, in order
to capture local variability in distribution and density of sheep
camps, and lower in remote areas with homogeneous low
livestock density (Online resources, Fig. ESMS5). For each
sheep flock observed (total » =938), the number of individuals
(mean group size 159.9, SD+134.7, range 2—750) and dis-
tance to flock centre (measured by laser range finder) were
recorded. Preliminary year-specific distance analysis, with
transect-specific sheep densities (allocated to transect cen-
troids) interpolated to a density surface, showed that spatial
distribution of livestock was strongly correlated and thus sta-
ble between years (Online resources, Section 4; Table ESM2),
as expected from the stable pattern of camp occupancy. We
therefore created a composite sheep density surface (Fig. 1) by
inverse distance-weighted averaging across all 4 years of
transect-specific density estimates (n=1735). In high to me-
dium sheep density areas (within 20 km of the irrigation and

@ Springer



452

Eur J Wildl Res (2016) 62:447-459

settlement boundary), mean distance between camps proved
to be 2.3 km (SD=1.2); the close packing of sheep camps
relative to greater sheep flock home ranges (=5 km around
camps and wells; MK, personal observations) suggests that
grazing territories overlapped with all intervening desert sub-
jected to grazing. We are therefore confident that interpolation
of local sheep density measures is not obscuring or ‘over-
smoothing’ local variation between grazed and undisturbed
territories.

Modelling effects of habitat and land-use on clutch size,
nest success and hatchability

Clutch size and hatchability (number of eggs hatching within
successful nests of known clutch size, with clutch size as an
offset scaled with parameter 1.0) were examined using gener-
alised linear models (GLMs) with Poisson error. Nest survival
models were constructed in MARK (v 6.2), using the RMark
package (Laake 2013) in R 3.1.1 (R Core Team 2013). Unlike
the Mayfield method (Mayfield 1961) or its extension to lo-
gistic multivariate models (Aebischer 1999), modelling in
RMark allows daily nest survival rate (dsr) to vary both with
season and across incubation (Dinsmore et al. 2002). Mean
probability of nest success per attempt, from the start of incu-
bation to hatching (23 days), was estimated in RMark as the
product of daily nest survival rates. Nests were considered as
independent observations, since failure was considered to be
largely stochastic (rather than related to female quality) and
most were from different individuals. Laying dates are repre-
sented by Julian dates, enumerated from 1 January.

Nest success, clutch size and hatchability were a priori
expected to vary among years, depending on conditions both
in the wintering areas (carry-over effect) and on the breeding
grounds (e.g. variations in food availability, temperature and
predator abundance). Additionally, the likelihood of nest fail-
ure may change during the season (owing to increasing tem-
perature and predator emergence) and with nest age (owing to
accumulating female tracks and scent in later incubation or
changes in duration or frequency of absences from the nest).
Therefore, for nest success potential effects of year, season
(date) and its quadratic term (date’) and incubation day were
examined with GLMs inspecting change in AIC on variable
removal. For clutch size and hatchability, potential effects of
year, laydate and its quadratic term (laydate + laydate’) were
examined with similar GLMs. Strongly supported covariates
(for which AAIC>+2.0 on removal) were retained and forced
into subsequent analysis of habitat and land-use effects
(Table 1) in an information theoretic multi-model inference
(MMI) framework, averaging across the full candidate model
set (Burnham and Anderson 2002).

All candidate habitat and land-use variables were tested for
inter-correlation (using either Pearson’s or ANOVA) prior to
modelling. Vegetation MDSI was related to both shrub
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assemblage (ANOVA, F,. 14,5=14.1, p=0.001; R*=0.14)
and shrub height (Pearson’s r=0.52). As shrub height re-
ceived stronger support in univariate GLMs of nest success
(on variable removal, AAIC=5.1) than vegetation MDS1
(AAIC=-1.9), the latter was excluded from subsequent anal-
yses. However, vegetation MDS?2 (a continuous measure of
shrub composition) was unrelated to shrub height (Pearson’s
r=—0.07) and so was included in model sets with this measure
of vegetation structure. Lastly, categorical shrub assemblage
was examined in an alternative model set that did not include
vegetation structure, as it was correlated with shrub height
(ANOVA, F, 145=25.1, p=0.001; R*=0.24).

Monitoring nests using nest cameras may potentially
bias overall nest success and information on the relative
importance of predator species, as cameras may affect
species-specific predation rates (Richardson et al. 2009).
Camera deployment on nests was opportunistic, often not
spanning the entire nest monitoring period. Therefore, to
test for any potential influence of nest cameras on nest
survival, exposure days for nests monitored in 2014 and
2015 (years in which cameras were used) were partitioned
between days with and without camera, coding days pre-
ceding camera deployment as successful, running univar-
iate models in MARK, controlling for year and inspecting
AAIC on variable removal.

MMI was applied to all models using the MuMIn package
in R (Barton 2013) to estimate model-averaged coefficients
and unconditional standard errors accounting for the Akaike
weight of each candidate model (Burnham and Anderson
2002). The apparent degree of support for effects may be
inflated by reliance on relative variable importance (RVI)
(the sum of Akaike weights of all models in which the variable
occurs) when there are many competing models (Boughey
et al. 2011). Therefore, we also examined the 95 % null inter-
val of the probability distribution of RVI for a random variable
(mean=1, SD=1) across 1000 MMI iterations, following
Boughey et al. (2011). Support for a predictor was further
assessed by inspecting the 95 % unconditional confidence
intervals of averaged parameter coefficients. Effects were con-
sidered strongly supported when model-averaged parameter
estimates lay beyond the 95 % null interval and 95 % param-
eter Cls did not span zero. Data were not over-dispersed, as
the ratio of residual deviance to residual degrees of freedom
(Crawley 2007) was <1.0 for all three full models.

Results
Temporal and spatial distribution of nests
Earliest laying dates varied among years (range 14-24 March)

with the latest clutch initiated on 15 May in 2015; however,
the median laying date was remarkably consistent for 3 years
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(2, 1 and 2 April, for 2012, 2013 and 2014, respectively),
although slightly later (8 April) in 2015. For 10 satellite-
tagged females, 15 first nesting attempts were started a mean
of 12.6 (range 8-20) days after arrival in the breeding area.
Females started laying only after daily minimum temperatures
consistently exceeded 0 °C, and laying generally ceased once
maximum daily temperatures consistently exceeded 25 °C
(usually in early May; see Online resources, Fig. ESM1).

Nests were mainly found in areas dominated by semi-
consolidated and loose sand owing to greater ease of
tracking. Consequently, only 16 nests (9.0 % of all nests)
were found within areas dominated by clay substrates
(over 75 % clay coverage, estimated over four replicate
2 mx2 m quadrats placed 50 m from the nest)
(Supplementary materials, Fig. ESM4), involving either
satellite-tagged females (nine nests), flushing a female
near a nest (two nests), watching a female return to a nest
(one nest) or tracking (four nests).

Of those nests in the core study area for which livestock
density was mapped, most were found in areas with medium
(n=69) density, with fewer in areas of high (n=45) or low
(n=41) density. Relative to area, fewer nests were found in
areas of low livestock density (x3=12.3, p=0.01) (Online
resources, Fig. ESM2), probably owing to reduced search ef-
fort in remote areas. Nests were located within vegetation of
varying shrub frequency (mean+SD=64.2+£28.8 shrubs/
200 m, range=15-151) and height (mean£+SD=31.2
+8.1 cm, range=12.7-67.3).

Clutch size

Preliminary GLMs showed no support for effects on clutch
size of season (removal of laydate’ and then laydate:
AAIC=-1.7 and —0.8, respectively) or year (AAIC=-3.4),
so neither laydate nor year was included in MMI. Clutch size
was not affected by any habitat or land-use variables (Fig. 2a).
Here we present results for MMI that incorporated vegetation
MDS?2 and shrub height (both continuous); however, similar
results were obtained with an alternative set of models that
considered the categorical variable shrub assemblage.
Clutch size (mean+SD=3.2+0.6 eggs; range 2—5) was sim-
ilar among areas with different sheep density (low, mean
+SE=3.440.1 eggs; medium, 3.3+0.1 eggs; high, 3.1+0.1
eggs; AAIC=-1.8) and shrub assemblages (S. rigida, mean
+SE=3.0+0.1 eggs; S. arbuscula, mean+SE=3.3+0.1
eggs; Astragalus, mean£SE=32+0.1 eggs; AAIC=-2.6).
Egg volume decreased by approximately 5 % (change be-
tween first and last date quartiles as % of mean) with laydate
($=0.0003, SE£0.00007; AAIC=5.0; GLMM with gamma
error, controlling for nest ID as random effect) but did not
differ between years (AAIC=-3.0; GLMM with gamma er-
ror, nest ID as random effect).

a sheep density (-0.016 + 0.02)

shrub frequency (-0.006 + 0.02)

topo. rugosity (-0.014 £ 0.03)

shrub height (-0.001 + 0.005)

vegetation MDS2 (-0.001 + 0.08)

random variable

<)
e
N
(]

0.5 0.75 d

shrub height (0.062 + 0.02)*

shrub frequency (0.103 £ 0.07)
vegetation MDS2 (0.257 + 0.30)
random variable

topo. rugosity (-0.024 + 0.12)

sheep density (0.003 + 0.08)

0 0.25 0.5 0.75 1
C
shrub frequency (-0.038 + 0.03)

sheep density (-0.025 + 0.03)
topo. rugosity (0.036 + 0.06)

shrub height (-0.003 + 0.008)

vegetation MDS2 (0.019 + 0.14)

random variable

T S T 1

0 0.25 0.5 0.75 1

Relative variable importance

Fig. 2 Relative variable importance (RVI: sum of AIC weights) and
model-averaged coefficient + unconditional SE of predictors (in
parentheses) from multi-model inference of a clutch size, b nesting
success and ¢ hatchability (the proportion of eggs hatching within a
successful nest) of Asian houbara Chlamydotis macqueenii in the
Kyzylkum Desert, Uzbekistan. Parameter estimates for individual levels
within categorical variables (shrub assemblage and year) are not shown.
Asterisk (*) denotes strongly supported predictors (averaged parameter
estimate Cls not spanning zero and RVI beyond 95 % null limit). For each
set of models, the median RVI (filled box) and upper 95 % null limit
(dashed line) of a randomly generated predictor are shown (see text for
details)

Nest success

Nest success was estimated from 163 nests with 1913 expo-
sure days, excluding 14 nests with unknown outcome or zero
exposure days (found at hatching or at predation). Mean nest
success across 4 years was 51.4 % (95 % CI 42.4-60.4 %).
There was no evidence of any effect of nest camera on dsr
(AAIC=-1.7 on variable removal), with similar rates for
nests with (97.7 %; n=35 nests; 429 exposure days) and with-
out cameras (97.0 %; n==61 nests; 683 exposure days).
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Further, a priori modelling showed that daily survival rate did
not vary between years (Fig. 3) and did not decline with incu-
bation day (AAIC=-2.0 and —1.8 on removal of year and
incubation day, respectively). However, there was strong sup-
port for a quadratic relationship between nest success and day
of season (AAIC=2.4 and 0.7 on removal of date’ and then
date, respectively), with higher survival early in the season
(1st week mean=SE=74.9+7.0 %), decreasing by around
50 % by 4th week (mean+SE=37.1+7.0 %) and then slight-
ly increasing towards the end (6th week mean+SE=44.7
+14.1 %) (Fig. 4); therefore, date+date’ were forced into
MMI. Modelling of solely the first 3 years again supported
the linear effect of date (AAIC=2.1 on variable removal), but
the quadratic effect of date’ on daily nest survival was only
important when nests from 2015 were included in the analysis,
potentially owing to an extended season and later nests in that
year.

For 59 nests that failed, the cause of failure could be attrib-
uted to 48 (81 %) (Table 2). Predation represented 85 % of
failures for which the cause was known, with the predator
responsible identified or inferred in 73 % of predated nests,
including desert monitor (Varanus griseus; n=26) and fox
(Vulpes vulpes or Vulpes corsac; n=4). Nests were more sus-
ceptible to desert monitor predation later in the season, when
tested in univariate models in RMark (coding outcome as: 1 =
desert monitor predation, 0 = success or another cause of
failure; AAIC=9.5, AAIC=3.6 on removal of date’ and then
date, respectively). Similarly, the probability of nest failure
from other causes changed through the season, but only the
quadratic term of date was supported (outcome as: 1 = all
causes of failure other than desert monitor, 0 = success or
desert monitor predation, date’: AAIC=3.1, date:
AAIC=-2.0). Two clutches were apparently taken by shep-
herds, three were trampled by sheep and two held undevel-
oped eggs (Table 2).
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2012 2013 2014 2015
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Fig. 3 Inter-annual variation of nest success in Asian houbara
Chlamydotis macqueenii in the Kyzylkum Desert, Uzbekistan (vertical
bars show standard error, horizontal line represents mean nesting success
across 4 years, dotted lines are SE of the mean)
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Fig. 4 Estimated variation of nest hatching success (vertical bars are
SEs) with the additive effects of first egg lay date and mean shrub
height around the nest (50-m radius) for Asian houbara Chlamydotis
macqueenii in the Kyzylkum Desert, Uzbekistan. Blue dots are the
upper, 35.8 cm, and black are the lower, 26.5 cm, quartiles of the shrub
height distribution. Observed outcomes are shown as jitter on the fop and
bottom axes, where 0 is failed to hatch and 1 is hatched. Julian lay date is
number of days from 1 January

Video in 2014 recorded sheep flocks in the proximity on 24
occasions at five of nine nests, with females leaving when
sheep approached in 11/24 instances, yielding a mean distur-
bance rate at these nests of 0.12 day ' (SE+0.03) and across
the nine nests of 0.09 day ' (SE+0.02) (Online resources,
Section 3). Females appeared to stay off the nest longer
(AAIC=18.8 on variable removal, controlling for nest ID as
random effect) after sheep disturbance (=11, mean
+SD=46.2+26.2 min) than after other absences for the same
five nests (n =296, mean=SD =22.1+25.0 min), possibly be-
cause sheep flocks take some time to pass through an area.

Probability of houbara nest success was substantially great-
er (mean+SE=65.5+6.5 %) with taller mean shrub height
(upper quartile mean=235.8 cm) than with lower mean shrub
height (lower quartile mean=26.4 cm; mean nest success

Table2  Causes of nest failure and number of successful nests for Asian
houbara Chlamydotis macqueenii in the Kyzylkum Desert, Uzbekistan;
n=174 nests with known outcome monitored during 2012-2015,
separately for nests laid before and after the median laying date (2 April)

Before median ~ After median ~ Total
Successful nests 58 57 115
Causes of nest failure
Total failed 18 41 59
Desert monitor 6 20 26
Fox sp. 1 3 4
Unconfirmed predator 2 9 11
Shepherd 1 1 2
Trampled by sheep 3 0 3
Failed to hatch 0 2 2
Failed (reason unknown) 5 6 11
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+SE=47.3+£6.0 %), the effect being strongly supported with
an RVI well beyond the 95 % null interval and Cls not span-
ning zero (Figs. 2b and 4). In contrast, nest success was not
affected by sheep density, topographic rugosity, shrub density
or shrub composition (i.e. vegetation MDS2), with Cls span-
ning zero and RVIs within 95 % null interval (Fig. 2b). The
alternative MMI incorporating shrub assemblage, instead of
shrub height, showed no support for any of the predictors
modelled.

Hatchability

Hatchability was high, with 87.5 % (95 % CI 83.1-91.8 %)
probability of an egg in a successful nest hatching (n=196
chicks hatched from 224 eggs; n=68 nests suitable for anal-
ysis). Controlling for female ID as a random effect in univar-
jate tests indicated no support for an effect of laydate’
(AAIC=0.3) or laydate (AAIC=1.6) on hatchability, so
laydate was not included in MMI as a candidate effect. No
support for influence of any land-use or habitat variables on
hatchability (and thus embryo survival) was found (Cls span-
ning zero; RVI within 95 % null interval) (Fig. 2¢), with alter-
native MMI models incorporating shrub assemblage giving
similar results.

Discussion

Asian houbara nest productivity did not vary between three
shrub assemblages or with moderate levels of pastoralism ac-
tivity and infrastructure, but nests placed within taller vegeta-
tion experienced greater success. Daily nest survival de-
creased with season, probably owing to the emergence of
monitor lizards, but also showed some recovery at the end of
the nesting season, perhaps as the activity of these predators
declined. Mean nest success of 51.4 % (95 % CI 42.4—
60.4 %), estimated from 163 nests over 4 years, was similar
to a 3-year mean from China (mean=58.8 %, SD=27.0,
n=45; Combreau et al. 2002) and a S-year study in Israel
(mean=47 %, n=12; Lavee 1988). We are unable to compare
this level of nest success with that of other bustard species
owing to a lack of similar reliable data on these cryptic birds.

Nest predation

Predation was the main cause of nest failure, accounting for at
least 70 % of all failed nests and 85 % of those for which the
cause was considered known. In contrast, removal of eggs by
shepherds or trampling by sheep accounted for 11 % of all nest
failures and for 10 % of those where the cause was known, and
sheep density had no detectable effect on nest success.
Predation by desert monitors contributed 54 % of all nest
failures for which the cause was considered known and

63 % of known predation. Although predation of houbara
nests by this species has been noted previously (Gubin
2004; Launay et al. 1997), predation by foxes and corvids is
reported more frequently (Combreau and Launay 1999;
Combreau et al. 2002; Gubin 2004; Lavee 1988). In our study,
only 10 % of known predation was attributable to foxes, and
even assuming that foxes may have contributed disproportion-
ately to nests affected by ‘unknown’ predators (a further 27 %
of known predation), monitors remain the primary nest pred-
ator. However, low rodent abundance throughout this study
may have depressed fox numbers.

Species responsible for nest predation were mostly inferred
from tracks and signs, except for 10 predations by desert mon-
itors recorded on nest cameras. Desert monitors often left
claw/tail marks and either emptied the nest (if all eggs were
swallowed unbroken) or left some yolk and eggshell frag-
ments (if eggs broke during swallowing). Foxes, in contrast,
are unlikely to leave many tracks by the nest and often carry
the eggs away to eat or hide, so there may be no remains close
to the scrape (MK, personal observation; Combreau et al.
2002). Foxes were probably responsible for some of the unat-
tributed nest predation (Online resources, Section 3); howev-
er, even if all unattributed predation and all unknown-cause
failures were attributed to foxes (inevitably a considerable
over-estimate), predation by foxes would still be below that
by desert monitors (37.2 and 44.1 % of all failures,
respectively).

In contrast to the lack of inter-annual variation in nest suc-
cess in our study, in China, large variation between years was
attributed to fluctuation in predator densities (Combreau et al.
2002). Such variability is expected in regions where popula-
tions of rodents such as great gerbil Rhombomys opimus (a
staple prey of Central Asian mammalian predators) exhibit
pronounced temporal fluctuations (Gauthier et al. 2004;
Linné Kausrud et al. 2007; Salek et al. 2004). Rodent numbers
(particularly gerbils) fluctuate in Bukhara (Shenbrot and
Rogovin 1995), but following a peak in 2010, the abundance
of both rodents and mammalian carnivores remained low in all
four study years (MK, unpublished data). However, the sub-
stantial contribution of monitors to nest predation may damp-
en any inter-annual variation in nest productivity arising from
future changes in fox numbers following rodent outbreak
years.

Predator control is often advocated as a conservation mea-
sure for vulnerable bird species and can enhance both breed-
ing productivity and subsequent population size (Smith et al.
2010). However, sustained removal of predators poses both
ethical and practical problems. Landscape-scale extirpation or
substantial suppression of desert monitor numbers may have
potential unforeseen effects, e.g. increasing rodent prey and
thus generalist predator numbers. Moreover, the species is
persecuted widely for use in traditional medicine and has an
unfavourable conservation status in several countries (Bergin
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and Nijman 2014; Grigoryants 2010; Kovshar 1996). We op-
pose the control of desert monitors as a measure to increase
houbara numbers.

Effect of season

Early clutches had higher chances of survival owing to the
later emergence of desert monitors (n =158 monitor observa-
tions, first date = 15 April, median date = 13 May), with
chances of nest success decreasing by almost 50 % by the
end of the season, coinciding with the peak of monitor activity
in May—June (Pianka et al. 2004). As the number of active
nests diminishes towards the end of the breeding period, find-
ing new nests by tracking becomes extremely difficult, with
smaller sample sizes in the first 3 years of study limiting our
ability to detect any increase in late-season nest survival.
However, in 2015, substantially more late-season nests were
found (mostly nests of PTT-tagged females), increasing sam-
ple size sufficiently to detect a subsequent (approx. 7 %) par-
tial recovery in nest survival, potentially attributable to sea-
sonal phenology of monitors.

Habitat effects

Higher nest success in areas with taller mean shrub vegetation
(mean height+SD=32.6+8.2 and 29.1+7.4 cm for success-
ful and failed nests, respectively; Fig. 4) suggests that females
may benefit from concealment by shrubs. Incubating females
often react to an approaching threat by running away fast,
keeping head and neck low (observations from nest cameras).
In slightly taller vegetation, these large birds may have a great-
er chance of fleeing the nest undetected by a predator, analo-
gous to the concealment effect of small-scale topographic ru-
gosity for nesting great bustard Ofis tarda (Magana et al.
2010). We found no effect of topographic rugosity on houbara
nest success, perhaps because this relatively coarse measure
(30-m horizontal resolution, examined over a radius of 100 m)
failed to capture smaller-scale topographic cover near nests.
Another explanation is that hillocks and elevations probably
do not provide much additional concealment against major
predators for incubating females. Foxes, being mostly noctur-
nal, rely on smell or sound when foraging, while in shrubby
desert, diurnal monitor lizards, although thought to have ex-
cellent vision like other Varanus (Pianka et al. 2004), seem
more likely to detect a nest or a female at relatively close
range, so nesting in a depression between hillocks or in a flat
area may have similar costs for nest survival.

We found no difference in nest success, clutch size or
hatchability between the three shrub assemblages considered.
In contrast, male abundance within the same study area varied
between these assemblages (MK, unpublished data), being
substantially higher in S. rigida than in S. arbuscula and
Astragalus habitats. Higher male numbers in S. rigida habitat
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are likely to be related to better conditions for display visibility
over large distances in this flatter habitat, dominated by short
and dwarf shrubs. For the habitats assessed here, it seems that,
as long as females can find localised areas with suitable taller
shrubs to camouflage their movements, nests have greater
chance of success irrespective of shrub species composition.
Breeding male houbara, by contrast, occur in higher abun-
dances where vegetation is shorter (Koshkin et al. 2014,
2016), indicating the importance of landscape heterogeneity
for the species. Such variation is provided by local topograph-
ical relief within each of the widely distributed plant assem-
blages studied here.

Although few nests were found in areas where clay sub-
strate dominated, we attribute this to difficulties tracking on
these substrates and do not infer a difference in habitat prefer-
ence or densities of nesting females. Moreover, male densities
in some clay areas were found to be higher than in areas with
consolidated sand (Koshkin et al. 2016), which suggests high
local availability of breeding females; densities of main pred-
ators do not seem to depend on substrate (personal observa-
tion). We therefore have no reason to expect a lower density of
nesting females in clay-dominated areas.

Land-use effects

Absence of any detectable effects of livestock density on
houbara nest success or hatchability in successful nests agrees
with Johnson et al. (2012), who found no effect of different
stocking rates and only a minor effect of trampling on nest
success for a range of ground-nesting passerine species in dry
savanna in Oregon, USA. However, in Israel, high densities of
livestock (at mean density of 80 individuals km ) were con-
sidered the main cause of poor nest success in Asian houbara
(Lavee 1988), based on observations of sheep flocks
displacing incubating females from nests, potentially expos-
ing eggs to unfavourable temperatures and predation.
Contrasts may arise owing to differences in grazing systems
among regions, including density, seasonality and duration of
grazing, as well as cultural factors (e.g. dog use, egg collection
and subsistence hunting by shepherds). We also acknowledge
the lack of samples of nests from areas with the most extreme
(>80 individuals km?) sheep density where our failure to
locate any nests was due to difficulties in tracking over sand
heavily disturbed by sheep and also perhaps due to lower
nesting densities there. Human nest-robbing appears to be a
minor factor in the Kyzylkum.

Video monitoring of a sample of nests disturbed at least
once by sheep flocks (often accompanied by shepherds) sug-
gested that displacement rates were low even for this subset of
nests. Nevertheless, females were absent for twice as long
compared to other causes (displaced by cars, other houbara
or unknown reasons) (Online resources, Section 3), potential-
ly exposing clutches to predators and uncontrolled
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temperatures for longer periods. This and the fact that all three
nests trampled in our study were located in areas of high sheep
density (>50 individuals km?) suggest that extreme livestock
densities could indeed compromise houbara nest success.
Further telemetry data may reveal whether nesting females
avoid very high sheep densities when selecting nest sites, as
the presence of sheep flocks prior to houbara arrival provides a
potential cue for settlement. In the current study, we did not
examine habitat or livestock influences on chick performance
after leaving the nest; however, given the lack of any appre-
ciable livestock impact on habitat structure (Koshkin et al.
2014), we do not envisage mechanisms by which livestock
would affect habitat suitability for chicks.

Implications and further research

Nest success was unaffected by variation in shrub species
composition or livestock density, suggesting that the Asian
houbara is a versatile, adaptable occupant of a range of arid
habitats.

Initiation of clutches within 1 or 2 weeks of return to the
Kyzylkum, at a time when weather conditions are generally
wintry, desert plants still dormant and evidence of invertebrate
life hard to find (personal observation), suggests that females
must retain substantial reserves after their migration. This
quick onset of breeding may be a strategy to avoid incubation
during the period of peak monitor activity, when nest success
suffers a 50 % reduction, but females may also be under pres-
sure to complete nesting well ahead of maximum summer
temperatures (July—August), so that chicks optimise benefits
from the spring flush (May—June) of resource availability
(Daan et al. 1989). The lack of difference in egg volume be-
tween years is in contrast to the observed difference in chick
weight (RJB, unpublished data), suggesting that egg produc-
tivity depends on resources in wintering or passage sites, rath-
er than foraging conditions on the breeding grounds.
Conditions and habitat suitability in wintering and staging
areas may therefore have important carry-over effects for pro-
ductivity as well as for winter survival.

We found no difference in houbara clutch size or nest suc-
cess among habitats and with different livestock densities. In
theory, for species with non-exclusive home ranges, ideal free
settlement could allow compensatory density dependence,
masking underlying differences in habitat quality and produc-
tivity (Dolman 2012), but we cannot envisage a mechanism
for strong density-dependent houbara breeding productivity.
Prey depletion is unlikely at the scale of female home range,
and predator aggregation in response to landscape-scale vari-
ation in houbara density is unlikely. Consequently, we consid-
er that this range of habitats provides a broadly similar quality
for nesting females. The protection of extensive halophytic
landscapes is therefore indicated. The similar levels of nest
productivity in S. arbuscula, S. rigida and Astragalus habitats

suggest that all three are key and should be protected against
further habitat loss or infrastructure development (pipelines,
powerlines, roads). Although we were unable to examine nest
success in Calligonum habitat, few houbara are encountered
in this habitat during the breeding season (Gubin 2004;
Koshkin et al. 2014). The role of Artemisia-dominated habitat,
insufficiently sampled in this study, needs further examina-
tion. Although we found no differences in nest productivity,
we did not test whether rates of juvenile survival (which also
contribute to overall breeding productivity) differ between
habitats.

We have explored whether in situ measures may be avail-
able to enhance productivity, in order to offset hunting mor-
tality at least partially, and thereby reduce the need for
sustained large-scale release of captive-bred birds, with its
associated risks. Our results suggest that Asian houbara in
the southern Kyzylkum have good nest success while tolerat-
ing current levels of sheep grazing and human disturbance.
However, as nest productivity was similar across habitat and
land-use gradients, this study provides no obvious mecha-
nisms to enhance productivity of free-living birds. From this,
we are forced to conclude that the scale of anthropogenic
mortality during migration and winter needs to be reduced
by controlling poaching and regulating hunting (Combreau
et al. 2005; Burnside et al. 2016) in order to reduce the scale
of and need for captive-bred releases and to render hunting
sustainable in the long term.
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