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Worldwide populations of shorebirds are declining, associated with a complex interplay
of climate change, predation, human disturbance and habitat degradation. Comprehen-
sive information on the distribution and breeding ecology of shorebird populations is cru-
cial to understand and mitigate these threats. Kazakhstan, the largest country in Central
Asia, comprises multiple flyways and breeding habitats for shorebird species, including
the Kentish Plover Charadrius alexandrinus, but information on the population size and
breeding distribution of shorebird species in the region is highly limited. We conducted
a wide-scale survey of Kentish Plover across Kazakhstan during the breeding season and
utilize species distribution modelling to outline key anthropogenic and environmental
variables that determine Kentish Plover presence. Our results reveal widespread distribu-
tion of Kentish Plovers across Kazakhstan but indicate that breeding densities are gener-
ally low. Our distribution modelling stresses the primary importance of proximity to
water bodies and climate as the main predictors of Kentish Plover presence, but reveals
a weak association with indicators of human disturbance. We utilize our distribution
modelling to provide the first quantitative estimate of the breeding population size of
Kentish Plover in Kazakhstan, which indicates a modest number of individuals given the
size of the country (between 12 000 and 32 000 individuals). Our results indicate the
key routes via which climate change may impact on population-level distributions of
Kentish Plover and provide a platform for future studies investigating species distribu-
tions across similarly vast and inaccessible regions.
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Populations of shorebirds are facing a global decline, (Sutherland et al. 2012, Pearce-Higgins et al. 2017,
driven by climate change, antagonistic species inter- Kubelka et al. 2018, Amano et al. 2020). Under-
actions, human disturbance and habitat degradation standing the causes and determining appropriate

conservation interventions requires information on
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species (Gavrilov er al. 1998, Schielzeth et al.
2008, 2010, Pearce-Higgins et al. 2017). Kaza-
khstan is the largest country in Central Asia and
hosts a broad range of habitats of high conserva-
tion importance suitable for shorebirds, including
semi-desert, steppe and wetland, and falls within
both the Central Asian and African-Eurasian fly-
ways (Gavrilov et al. 1998, Yerokhov 2006, Schiel-
zeth et al. 2008, 2010, Kamp et al. 2016, Pearce-
Higgins et al. 2017). Moreover, Kazakhstan hosts a
large number of globally threatened vertebrates
and is understood to be a key breeding habitat for
a number of globally threatened shorebird species,
including the critically endangered Sociable Lap-
wing Vanellus gregarius, and is the population
stronghold for the near threatened Black-winged
Pratincole Glareola nordmanni (Watson et al.
2006, Kamp et al. 2009a, 2016, Venter et al.
2014, BirdLife International 2016a, 2018). Despite
this, detailed information on the population size
and breeding distribution of shorebird species in
Kazakhstan, and Central Asia more generally,
remains limited (Kamp et al. 2009a, Schielzeth
et al. 2010, Sheldon 2017, Martin et al. 2018,
Wetlands International, 2018).

Importantly, Kazakhstan provides some of the
most conspicuous examples of recent land use
change and degradation of habitats crucial to
shorebirds (Kreuzberg-Mukhina 2006, Micklin
2007, Starodubtsev & Truskavetskiy 2011). For
example, the Aral Sea basin, which also borders
Uzbekistan and Turkmenistan, once hosted the
fourth largest lake in the world (Gaybullaev et al.
2012). However, diversion of its two main tribu-
taries for agricultural irrigation during the 1960s,
in combination with a warming in climate, has
resulted in a loss of up to 75-80% of its water sur-
face (Bai et al. 2012, Gaybullaev et al. 2012, Klein
et al. 2014), driving desertification of the region
and a sharp increase in salinity (Micklin 2007).
This dramatic change in habitat structure has been
associated with a steep reduction in bird species
diversity of approximately 50% and a decline in
shorebird species of over 60% (Haig 2019). Simi-
larly, the Caspian Sea, currently the world’s largest
inland water body, faces sustained environmental
deterioration associated with climate change-
related evaporation and industrial development
(Nasrollahzadeh 2010, Chen et al. 2017). In other
regions across Kazakhstan, agricultural expansion,
increasing livestock concentrations and an
increased frequency of droughts have been

indicated as threats to shorebird populations
(Morozov 2000, Watson et al. 2006, Kamp et al.
2009b, Pearce-Higgins et al. 2017). Kazakhstan
thus represents a key area in which increased
information on shorebird distributions, and the
ecological drivers of their distributions, is urgently
required.

The Kentish Plover Charadrius alexandrinus is a
cosmopolitan shorebird species, and previous
research indicates it is a widespread breeder across
Kazakhstan (Martin et al. 2018, BirdLife Interna-
tional 2020a). Kentish Plovers typically nest and
rear their offspring in open areas with little vegeta-
tion near salt pans, inland lakes and coastal shores
(Cramp & Simmons 1983, Fraga & Amat 1996,
Kosztoldnyi et al. 2009), and has emerged as
model to study the evolution of mating system
and parental care in behavioural ecology (Kosz-
tolanyi et al. 2006, Goémez-Serrano & Ldpez-
Lépez 2017, Székely 2019, McDonald er al
2020). Although the conservation status of Ken-
tish Plover is listed as Least Concern, estimates
indicate that the global population is in decline
(Delany & Scott 2006, BirdLife International
2016b). Throughout Europe, Kentish Plover
breeding populations have seen historical contrac-
tion and face continuous challenges associated with
human disturbance and habitat degradation
(Schulz & Stock 1993, Lorenzo & Emmerson
1995, Montalvo & Figuerola 2006, Pietrelli &
Biondi 2012, BirdLife International 2016b,
Gomez-Serrano, 2020), increasing the importance
of Central Asia including Kazakhstan as a breeding
stronghold for the species. Despite this, however,
there are currently no extensive surveys assessing
the distribution and breeding ecology of Kentish
Plover in the region (Gavrilov 1999, Gubin 2015,
Sheldon 2017, Wetlands International, 2018).

To address this gap we conducted a wide-scale
survey of Kentish Plover throughout Kazakhstan
during the breeding season in 2019. Our study has
three key aims: (1) to assess the frequency, distri-
bution and breeding status of Kentish Plover
throughout May-June; (2) to use species distribu-
tion modelling to outline the relative importance
of key environmental variables in determining
Kentish Plover presence, including vegetation den-
sity, climate, surface water geometry and human
settlements; and (3) to wuse this modelling
approach to predict potential Kentish Plover distri-
butions across key habitat regions including Wes-
tern Kazakhstan, the Aral Sea and Eastern Caspian
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Sea, and to estimate the breeding population size
for these regions and for the whole nation. Given
that extensive, detailed surveys of Kazakhstan are
particularly challenging due to its size and terrain,
our modelling approach is well suited to assessing
breeding population distributions across Kaza-
khstan. We predict that surface water geometry,
vegetation density and indicators of human activity
will exert the strongest influence on predictions of
Kentish Plover presence.
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METHODS

Survey data collection

Fieldwork was carried out between 8 May and 26
June 2019. The full extent of the survey across
Kazakhstan ranged from continental Europe to
Asia between 43°38’-53°01’N and 47°21'-84°29'E
(Fig. 1, see Supporting Information Fig. S1 for
detailed information on survey locations).
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Figure 1. Map of Kazakhstan. The largest lakes (area > 50 km?) and reservoirs (storage capacity > 0.5 km®) are shown in light blue.
Black crosses indicate the locations of sampling points where zero Kentish Plovers Charadrius alexandrinus were observed. Circles
indicate the locations of sampling points where Kentish Plover were observed and the size of circles indicates the number of individu-
als counted. A total of 428 points are shown, excluding repeated visits to individual sites (73 excluded points). Three polygons show
the Western Kazakhstan region (solid line) used for species distribution model training, and the Eastern Caspian Sea (dotted) and
Aral Sea (dashed line) regions. Inset: illustration of a male Kentish Plover.
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Our survey locations were selected based first
on previously identified potentially suitable wet-
land and lake regions in past shorebird studies
(Schielzeth et al. 2008, 2010, Lachmann et al
2010, Martin et al. 2018). Secondly, as yet unsur-
veyed locations were selected via assessment of
their potential suitability as Kentish Plover forag-
ing and breeding sites based on Google satellite
images, local expert knowledge and accessibility
for observers. Areas of dense forest, high moun-
tains and open water were not considered poten-
tially suitable and were not sampled. Our
screening approach thus focused on potentially
suitable Kentish Plover breeding habitats including
lakes, saltmarshes, salt pans, ponds and coastal
shores. However, the final surveyed locations
included a diversity of habitats, with a range of
expected habitat suitabilities ranging from semi-
desert regions, remote coastal shores, public bea-
ches, freshwater reed beds and artificial reservoirs,
thus including an assortment of habitats more or
less suitable for breeding Kentish Plovers. Locali-
ties were surveyed for Kentish Plovers by counting
the number of observable birds at selected vantage
points. Counts were typically made from a vehicle
using binoculars and/or scope; however, due to
practicalities of accessibility, several sites were
accessed on foot. We avoided overcounting of indi-
viduals by repeat scanning of previous counted
sections to ensure birds had not flown and keeping
track of bird movements to ensure counted birds
did not travel to uncounted areas and thus were
not double counted. Vantage points at localities
were selected as a function of accessibility and to
maximize visibility so that Kentish Plovers were
likely to be observed if present. For several locali-
ties, multiple vantage points were surveyed. In
such cases we aimed to separate vantage points by
approximately 100 m.

We surveyed a total of 501 points. Four locali-
ties, including small water bodies or specific sec-
tions of larger water bodies (Lake Tlikshe, Lake
Kambak, Lake Sorkol and Lake Alakol) were revis-
ited on multiple days as part of a separate beha-
vioural study (totalling 73 points). The majority of
our sampling period was focused in Western Kaza-
khstan until 4 June, totalling 275 survey points
(Figs 1 and S1). Subsequent survey data were col-
lected in multiple regions across South-Western,
Central and Eastern Kazakhstan, encompassing key
water bodies and important bird areas (IBAs)
including the Eastern Coast of the Caspian Sea,

Aral Sea, Tengiz-Korgalzhyn, Lake Balkhash, Lake
Alakol, Lake Zaysan and Lake Sorbulak (Ski-
yarenko et al. 2008, BirdLife International 2016b;
Fig. S1).

At each survey point in which Kentish Plovers
were observed we recorded evidence of active
breeding at the site. A point was designated as an
active breeding point if either active Kentish Plo-
ver nests, juveniles or chicks were observed, or if
Kentish Plover courtship or distraction-displays, a
behavioural response to predators specific to nest-
ing or brood-rearing parents, were observed (Sim-

mons 1951, Goémez-Serrano & Lépez-Lépez
2017).

Survey distributions

We summarized the total, median and mean num-
ber of Kentish Plover individuals observed per sur-
vey point as well as the proportion of survey
points in which Kentish Plover was observed
across the entire geographical extent of our survey.
To avoid inflating counts due to repeat sampling
of the same individuals, we also report mean val-
ues only for points sampled during the first visit to
locations by excluding data sampled during repeat
visits (73 visits).

We next assessed the seasonal frequency of
breeding evidence recorded across the full survey
period. For each day in which sampling occurred
we created a binary variable indicating whether
breeding was observed on that day or not. We
again excluded repeat visits to the same locations
(73 points) to avoid repeat identifications of the
same breeding attempt on different days. We used
a generalized linear model (GLM) with a binomial
error structure. Explanatory variables included a
linear and quadratic term for Julian date scaled to
have a mean of zero and standard deviation of one
(Schielzeth 2010) and the number of points sam-
pled on each day, to control for differences in daily
sampling effort. The significance of all predictor
variables was assessed via likelihood ratio tests by
removing the variable of interest, and the signifi-
cance of linear terms was assessed from models
without the inclusion of quadratic terms.

Regional species distribution modelling

Modelling framework
We next used a species distribution modelling
approach to understand the main drivers of
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Kentish Plover distributions and predict their dis-
tribution throughout Western Kazakhstan, the
Aral Sea and Eastern Caspian Sea, i.e. projection
of model findings in environmental space to the
geographical space by extrapolation. To achieve
this we conducted correlative modelling that corre-
lates environmental variables (‘predictors’) with
the occurrence of the species (Guisan & Zimmer-
mann 2000, Pearson & Dawson 2003). The model
assumes that the species is in equilibrium with its
environment and that its distribution is mostly dri-
ven by abiotic predictors measured during the
time of observation of the occurrences (Elith &
Leathwick 2009, Heikkinen et al. 2016). Through-
out, our occurrence data were treated as presence—
absence data. We conducted the regional species
distribution modelling in a regular, 300-m resolu-
tion, square grid. Hence, both presence data and
the environmental predictors were resampled or
calculated in this grid. We used the 300-m resolu-
tion, as this was one of the finest resolutions avail-
able for environmental predictors and to limit
computational demands associated with finer reso-
lutions. Furthermore, given visibility at vantage
points typically allows for observations of Plovers
within an approximate 150-m radius of the obser-
ver, our individual point counts are comparable
with this scale (Dias et al. 2014).

Data preparation and distribution modelling
were carried out in R statistical software (R Core
Team 2019) using the packages ‘corrplot’ (Wei &
Simko 2017), ‘dismo’ (Hijmans et al. 2017), ‘ras-
ter’ (Hijmans 2019), ‘ROCR’ (Sing et al. 2005),
‘s (Pebesma 2018) and ‘usdm’ (Naimi et al.
2014).

Environmental predictors

We obtained environmental predictor variables
based on a priori expectations of importance to
breeding Kentish Plover (Table 1) across three key
habitat regions: Western Kazakhstan, the Aral Sea
and Eastern Caspian Sea (Fig. 1). Kentish Plovers
typically breed on sandy shores surrounding inland
water bodies and coastal shores (Lessells 1984,
Kosztolanyi et al. 2009, Pietrelli & Biondi 2012,
Rocha et al. 2016) characterized by sandy beaches
with little vegetation (Fraga & Amat 1996, Kosz-
tolanyi et al. 2009, McDonald et al. 2020). Due to
the key importance of water bodies for Kentish
Plover breeding, we calculated a number of envi-
ronmental predictors describing the geometry of
standing water bodies. We obtained details for
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both the permanent and temporary standing water
bodies from the Global Lakes and Wetlands Data-
base (Lehner & D&ll 2004) at 30” (~ 1-km) resolu-
tion. We then calculated the distance in metres of
each grid point to the nearest permanent water
body (PWB Dist) and the nearest temporary water
body (TWB Dist). As Kentish Plovers typically
feed at shorelines, we calculated the length of
shoreline of each nearest permanent water body in
metres (Shore length) and the size of the nearest
permanent water body (PWB Size). In addition,
we calculated the distance in metres between the
nearest permanent water body and its closest
neighbouring permanent water body, as an indica-
tor of the connectivity of local water bodies
(NPWB Dist).

We obtained vegetation density estimates for
each grid square based on the Normalized Differ-
ence Vegetation Index (NDVI) for the period 21-30
May 2019 obtained from Copernicus Global Land
Service (Copernicus 2020) at 1/336° (~ 300-m)
resolution. This time slot was selected as a repre-
sentative sample for the Western Kazakhstan
surveys, which occurred mainly throughout May
and encompassed the area with the most detailed
sampling effort (8 May—4 June 2019, 275 survey
points). NDVI values ranged from -0.08 to 0.92.
Points without relevant NDVI values, e.g. due to
cloud cover or shadow, were set to unknown
(n =139 811 of 5 356 473) and the points flagged
as open water were set to be the minimum values,
ie. —0.1 (n =914 217 of 5356 473). Land cover
data for the year 2015 were downloaded from
Copernicus Global Land Service (Buchhorn et al.
2019) at 1/1008° (~ 100-m) resolution.

Ambient temperature and precipitation may
modulate Kentish Plover breeding by impacting on
parental behaviour and food availability (Kosz-
toldnyi et al. 2006, 2009, AlRashidi et al. 2011,
Colwell & Haig 2019). We thus obtained climate
data for the period 1970-2000 from the World-
Clim database (Fick & Hijmans 2017) at 30" (~ 1-
km) resolution and calculated the mean tempera-
ture and mean precipitation for May (i.e. main
period of Western Kazakhstan surveys).

Finally, to quantify the potential impact of
human disturbance on Kentish Plover presence,
we estimated the distance of each grid cell to the
nearest human settlement in metres. Human set-
tlements (populated areas) were located based on
the HOTOSM Kazakhstan Populated Places data-
set (HOTOSM, 2020). This contains both
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Table 1. Name and description of the environmental predictors for species distribution modelling and the environmental dataset from
which they were calculated. PWB Size was not included in the final species distribution model following assessment of collinearity

between predictors.

Name Description Data reference

PWB Dist Distance from nearest permanent standing water body (m) Lehner & Déll (2004)

TWB Dist Distance from nearest temporary water body (m) Lehner & Doll (2004)

PWB Size Size of nearest permanent standing water body (m?) Lehner & Dall (2004)

Shore Shoreline length of nearest permanent standing water body (m) Lehner & Doll (2004)
Length

PWB Shape Shape of nearest permanent standing water body (Shore Length/PWB Size)

Lehner & Doll 2004

NPWB Dist  Distance of nearest permanent standing water body to its closest neighbour (m). Indicates  Lehner & Dall (2004)

permanent water body isolation.

Veg Dens Vegetation density estimate Copernicus 2020

Dist Sett Distance from nearest settlement HOTOSM (2020)
Wetland Logical variable indicting whether a cell is covered by herbaceous wetland (i.e. 0 or 1) Buchhorn et al. 2019
Frac Crop Fraction of cell covered by croplands Buchhorn et al. (2019)

Temperature Mean temperature in May averaged over the period 1970-2000 (°C)
Precipitation  Mean precipitation in May averaged over the period 1970-2000 (mm)

Fick & Hijmans (2017)
Fick & Hijmans (2017)

settlements and isolated dwellings and is exported
from the OpenStreetMap database, which is a
crowd-sourced, volunteer geographical survey.

All predictors were calculated for the three key
study regions (Western Kazakhstan, the Aral Sea
and Eastern Caspian Sea) separately, and the input
datasets were clipped with a 50-km buffer around
the study region before calculation. Buffer size was
determined by computing limitations. Before
selecting the final set of ecological predictor vari-
ables for our species distribution model, we
assessed multicollinearity between predictors (Dor-
mann et al. 2013). Predictor selection was based
on pairwise Pearson’s correlation coefficients (|
n < 0.75), and Condition Number (CN < 20) and
variance inflation factors (VIF < 5) calculated on
the entire dataset. The size of the nearest perma-
nent water body (PWB Size) was highly correlated
with the Shore length of the nearest permanent
water body (r > 0.9). We therefore removed PWB
Size, and replaced this variable with an estimate of
water body shape (PWB Shape) calculated as
Shore Length divided by PWB Size (Table 1). All
remaining 7-values were below 0.75 (Supporting
Information Fig. S2) and VIFs were found to be
< 3.6 and the CN < 6.

Modelling procedures

We conducted species distribution modelling in a
two-step way. We first used maximum entropy
modelling using MaxEnt ver. 3.4.1. (Phillips et al
2006, 2020) for species distribution modelling
to understand the relative importance and

relationship between our different landscape and
climatic predictors and potential Kentish Plover
distributions. An advantage of MaxEnt is that it
can be used to map distributions over large areas
using low numbers of species presence data (Willis
et al. 2015). It is one of the best performing meth-
ods (Elith et al. 2006, Phillips et al. 2006, Phillips
& Dudik 2008, Shabani et al. 2016) and is widely
used for modelling the distribution of birds
(Suédrez-Seoane et al. 2008, Yost et al. 2008,
Tinoco et al. 2009, Young et al. 2009, Moreno
et al. 2011). Secondly, to avoid reliance on a single
model and to generate robust species distribution
maps, we employed five additional modelling tech-
niques [Gradient Boosting Machine (GBM), Ran-
dom Forest (RF), Artificial Neural Network
(ANN), GLM, generalized additive model
(GAM)] with different parametrizations to pro-
duce a total of seven additional model predictions
which we combined with the MaxEnt results to
generate an ensemble species distribution predic-
tion (Aratjo & New 2007, Oppel et al. 2012,
Kaky et al. 2020).

For our MaxEnt model we used Western Kaza-
khstan, the region with the most detailed sampling
effort, for model training (Fig. 1); this consisted of
3 036 701 training points (272 820.83 km?). Pres-
ence records were resampled within a 300-m reso-
lution grid; that is, multiple occurrences within
each 300-m grid cell were aggregated to the cen-
troid of the cell (‘grid point’). A total of 53 pres-
ence points and 100 000 randomly selected
background points were used to train the model.
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A known advantage of MaxEnt is that it performs
well when the number of presence points is low,
as in our dataset (Hernandez et al. 2006, Pearson
et al. 2007, Phillips & Dudik 2008, Wisz et al.
2008). Hinge, product, threshold, linear and quad-
ratic features were enabled during parametrization
of the model and we used the default convergence
threshold (107°). Environmental predictor impor-
tance (i.e. the regularized gain) was estimated by a
leave-one-out jackknife algorithm, where each
variable was excluded in turn, and also by con-
ducting a model with each variable in isolation
(Efron & Stein 1981). As MaxEnt models may be
prone to transferability issues (Baldwin 2009),
evaluation of the model requires an independent
dataset. Eastern Caspian Sea and Aral Sea regions
were used for independent evaluation of the
trained model by the area under the receiver oper-
ating curve (AUC) goodness-of-fit measure (Han-
ley & McNeil 1982). These polygons include two
of the largest water bodies in the region and
encompass potentially key Kentish Plover habitats.
The Eastern Caspian Sea region consists of
913 784 evaluation points (82 068.56 km?) and
Aral Sea region of 1405 988 evaluation points
(126 252.29 km?). Subsequently, all three study
regions were used for prediction. Raw prediction
outputs were transformed to predicted probabili-
ties between O and 1. For the transformation we
applied the complementary log-log link function,
which results in correct probability values if we
assume that typical presences have a 1/point
expected abundance (Phillips et al. 2017), which
fits well with previous indicative surveys (Andru-
senko & Dudenkov 1982).

For our ensemble species distribution modelling
approach we generated a total of seven additional
models intentionally ranging from a simple statisti-
cal method (i.e. GLM) through a complex statisti-
cal method (i.e. GAM) to simple and complex
machine learning methods. Among the large and
continuously increasing number of available
machine learning methods, two main approaches
were selected, neural network (ANN) and regres-
sion tree-based algorithms, one implementing bag-
ging (RF) and the other boosting (GBM) to
increase the predictive power of weak learners, i.e.
small trees. This diversity of the selected methods,
completed with some changes in parametrization,
ensures the robustness of the ensemble approach
(see Supporting Information Table S1 for model
details). Each of the seven models was trained and
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evaluated in a way similar as described above
regarding MaxEnt with only one exception: instead
of randomly selected background points required
by MaxEnt, all the absence points of Western
Kazakhstan were downweighted (i.e. the weighted
number of absences were equal to the number of
presences) and used for training the other models.
We then aggregated our individual model predic-
tions to produce a robust ensemble prediction as a
weighted average across all individual models
(eight total models including our MaxEnt predic-
tion), where models were weighted by goodness of
fit (i.e. AUC-0.5; Oppel et al. 2012).

To quantify the proportion of habitat suitable
for Kentish Plover in each region we classified each
grid point into one of five habitat suitability cate-
gories (very highly unsuitable; highly unsuitable;
moderately suitable; highly suitable; very highly
suitable) based on its predicted probability of Ken-
tish Plover presence (pr) from our weighted
ensemble prediction. We categorized areas using
criteria similar to those previously utilized in mul-
tiple studies, excluding grid points flagged as sea-
water by NDVI, where 0 < pr < 0.2 is very highly
unsuitable; 0.2 < pr < 0.4 is highly unsuitable;
0.4 < pr < 0.6 is moderately suitable; 0.6 < pr <
0.8 is highly suitable; and 0.8 < pr <1 is very
highly suitable (Convertino et al. 2014, Ma & Sun
2018, Zhang et al. 2019).

Population estimates

Western Kazakhstan

We first estimated the possible range of adult pop-
ulation sizes of Kentish Plover in the region with
the most comprehensive sampling, Western Kaza-
khstan. To do so we calculated the mean density
of adult individuals observed across all sampled
grid cells within the Western Kazakhstan polygon
with a habitat suitability (pr) threshold from our
ensemble predictions of > 0.8 (i.e. lower threshold
of the ‘very highly suitable’ category; n grid cells
sampled = 56). We chose this threshold of very
highly suitable as it provides a reasonable yet con-
servative threshold above which Kentish Plover
presence is highly likely (see Convertino et al.
2014, Ma & Sun 2018, Zhang et al. 2019 for simi-
lar categorizations). Mean density calculations
excluded repeat visits to localities to avoid inflating
counts due to repeated observations of the same
individuals. We then estimated population size by
extrapolating mean densities across all grid cells in
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Western Kazakhstan for the respective habitat suit-
ability (pr) threshold, excluding cells flagged as
open water by NDVI. To ensure reliability we
recalculated population size 10 000 times using
non-parametric bootstrap resampling of grid cells
to provide 95% percentile bootstrap confidence
intervals around population sizes based on random
samples of our observed data. For completeness
and to provide estimates of population size uncer-
tainty based on threshold choice we calculated
predicted population sizes for a broader range of
thresholds, i.e. pr = 0.1-0.95, where mean densi-
ties were recalculated for each respective thresh-

old.

National level

To provide a range of national breeding population
sizes, we repeated our regional modelling proce-
dure at a 1-km resolution at the level of the
nation. National-level modelling included all eight
individual model procedures as described above
and all individual model predictions were aggre-
gated to produce a robust weighted ensemble pre-
diction as described above. Beyond the larger scale
and coarser resolution, the main differences com-
pared with our fine-scale 300-m analysis were as
follows: (1) the vegetation density predictor was
calculated from 1-km resolution NDVI raster; (2)
coarser resolution enabled an increase of the buffer
used during predictor calculation to 100 km; (3)
the number of presence points within the training
dataset (Western Kazakhstan) was 41; and (4) pre-
dictions were made for all Kazakhstan (the Eastern
Caspian Sea and Aral Sea regions were again used
for evaluation, similarly to the 300-m resolution
model). To calculate mean densities for the 1-km
grid, we again summed point counts within grid
cells with a predicted ensemble habitat suitability
(pr) of > 0.8, this time using all sampled cells
across the country (n grid cells = 55). We then
scaled these counts upwards from their intended
300-m grid resolution to a 1-km grid resolution
(i.e. by a factor of 11.11) to avoid underestimation
of abundances. We estimated population size by
extrapolating mean densities across all grid cells in
Kazakhstan for each respective habitat suitability
(pr) threshold, excluding grid points flagged as sea-
water by NDVI (n = 87 324 of 2 969 052) and
used the same non-parametric bootstrap approach
as described above to estimate errors around our
population size estimates. For completeness, we
again provide estimates of population sizes based

on a broader range of thresholds, i.e. pr=0.1-
0.95, where mean densities were recalculated for
each respective threshold.

RESULTS

Survey distributions

Kentish Plovers were commonly observed through-
out our detailed sampling of Western Kazakhstan
(Fig. 1, Supporting Information Fig. S3). At the
national level, Kentish Plovers were widely dis-
tributed; however, individual counts were gener-
ally low (Table 2, Figs 1 and 2). Kentish Plovers
(including all adults, juveniles and chicks) were
observed at 169 of the 501 sampled points with a
mean (£ se) of 1.112 £ 0.105 individuals and a
median of O (interquartile range IQR: 0-1) indi-
viduals per point. Focusing only on adult Kentish
Plovers across the 501 sampled points yielded a
mean (=& se) of 1.060 £ 0.102 individuals and a
median of 0 (IQR: 0-1) individuals per point.
Controlling for sampling effort (number of counts
per day), breeding records of Kentish Plover were
evenly distributed throughout the survey period,
with the earliest record on 8 May and the latest
on 20 June (n =38 sampling days, Julian date:
likelihood ratio test, y = 1.420, P = 0.233; Julian
date?, y2 = 0.555, P = 0.456; number points per
day: y? = 4.552, P = 0.033; Fig. 2).

Regional species distribution modelling

Our MaxEnt model provided fair model accuracy
(Swets 1988) with an evaluated AUC of 0.771
(Suppporting Information Fig. S4). The three envi-
ronmental predictor variables contributing the
highest regularized gain when used in isolation in
our MaxEnt model were distance to the nearest
temporary water body (TWB Dist), distance to the
nearest permanent water body (PWB Dist) and
mean temperature for May (Temperature), indi-
cating that these variables provide the highest pre-
dictive power in isolation (Fig. 3). Removal of
TWB Dist while retaining all other predictors also
resulted in the largest loss in training gain, indicat-
ing that this variable provides the most informa-
tion not captured by other variables (Fig. 3),
whereas PWB Dist provided the second highest
training gain when in isolation. The modest
decrease in training gain when excluding only
PWB Dist suggests similar information is captured
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Table 2. Summary of vantage points surveyed for Kentish Plover over key regions and water bodies in Kazakhstan. Data include
428 sampling points, excluding repeated visits to individual sites (73 excluded visits).

Number of points

Number of days

Total number of Mean (+ se) number of

Region sampled sampled individuals individuals per point
Aral Sea 36 2 68 1.889 (0.523)
Eastern Caspian Sea 81 3 184 2.272 (0.378)
Central Kazakhstan 1 1 0 0(-)

Lake Alakol 34 2 6 0.176 (0.109)

Lake Balkhash 37 4 13 0.351 (0.143)

Lake Sorbulaq 2 1 0 0 (0)
Tengiz-Korgalzgyn 22 2 7 0.318 (0.195)

Lake Zaysan 12 2 0 0(0)

Western Kazakhstan 203 22 163 0.803 (0.152)

across combinations of other variables. Excluding
Temperature provided a comparably larger reduc-
tion in training gain, indicating that Temperature
contributes comparably more unique explanatory
power. All other variables provided relatively
lower increments in training gain (Fig. 3).
Response curves of the individual environmental
predictors which had the highest training gain
showed a reduction in the probability of Kentish
Plover presence with increasing distance from both
temporary and permanent water bodies (Support-
ing Information Figs S5 and S6). The probability
of Kentish Plover presence provided a concave
relationship with May temperatures, indicating a
higher probability of presence between 17 and
18 °C (Figs S5 and S6).

Of our additional seven regional species distri-
bution models, the Random Forest models (RF
1000 and RF 500) provided the best discriminative
power (AUC: 0.776 and 0.678, respectively; Fig.
S4). Our ensemble prediction had an AUC of
0.753 (Fig. S4) and our ensemble prediction indi-
cated that a low proportion of the available habitat
represents at least highly suitable Kentish Plover
habitat combined across all three regions (Fig. 4).
The Aral Sea region comprised the largest propor-
tion of highly and very highly suitable habitat
[3.724% (3899.79 km?)], followed by the Western
Kazakhstan region [0.823% (2035.08 km?)] and
the Eastern Caspian Sea region [0.003% (1.44
km?)].

Population estimates

The mean observed density of Kentish Plover adults
across sampled grid cells in all three regions (Wes-
tern Kazakhstan, Eastern Caspian Sea, Aral Sea)

excluding repeat visits was 1.425 per 300-m? grid
cell (15.855 individuals per km?). Using the mean
observed density of Kentish Plover adults in Wes-
tern Kazakhstan across all grid cells with habitat
suitability (pr) from our regional ensemble model
of > 0.8 yielded a predicted population size [Esti-
mate (upper—lower 95% range of bootstrap esti-
mates)] of 6633 (3886-10 318; see Fig. S8a for the
full range of predictions across multiple habitat suit-
ability thresholds). At the national level, our best
performing models included the Gradient Boosting
Machine models (GBM 5000 and GMB 2000,
AUC =0.813 and 0.792, respectively) and the
Random Forest model (RF 1000, AUC = 0.793;
Fig. S7). Our national-level weighted mean ensem-
ble model had an AUC of 0.773; using a habitat
suitability threshold of > 0.8 provided an estimated
breeding population size for Kazakhstan of 20 800
(12 145-32 386) adult individuals (Fig. S8b).

DISCUSSION

We assessed the density and distribution of Ken-
tish Plover throughout Kazakhstan during the
breeding season of 2019 and used species distribu-
tion modelling to outline the importance of key
environmental predictors in determining Kentish
Plover presence. Our species distribution mod-
elling stresses the importance of proximity to
water bodies and climate as predictors of Kentish
Plover presence and a relatively weaker impact of
indicators of human disturbance. Our results pro-
vide an important appraisal of the status and
breeding distribution of Kentish Plover across a
perceived breeding stronghold for the species in
the face of ongoing changes in climate and land
use.
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Figure 2. (a) Total counts, and (b) mean (+ se) count per
sampling point of individual Kentish Plovers over the full Kaza-
khstan survey. (c) The proportion of sampling points [+ 95%
confidence interval (Cl)] in which individual Kentish Plover
were observed over all survey points. Grey circles show data
for individual vantage points. Data include 428 sampling
points, excluding repeated visits to individual sites (73
excluded visits). (d) The relationship between the probability of
observing evidence of actively breeding Kentish Plover across
individual days over the entire survey period (8 May-26 June
2019). The size of circles indicates the number of sampling
points sampled on each day.

Our results confirm previous indications that
Kentish Plover is widespread across Kazakhstan
(Martin et al. 2018) and considerably extends the
results by capturing the distribution of Kentish
Plover across Eastern Kazakhstan and poorly sam-
pled regions, including the Aral Sea. Importantly,
despite a widespread distribution, our results indi-
cate markedly low densities of Kentish Plover. Pre-
vious reports in other regions indicate Kentish
Plover breeding densities can vary widely, from
three up to at least 1000 pairs per km? (Johnsgard
1981, Székely & Williams 1995, Székely et al
1999, Pietrelli & Biondi 2012, BirdLife Interna-
tional 2020a). Our data suggest that breeding den-
sities in Kazakhstan are typically at the lower
range. The limited number of published assess-
ments of Kentish Plover numbers across

Kazakhstan restricts in-depth comparisons; how-
ever, limited historical accounts indicate that Ken-
tish Plover densities may typically have been low
(Gladkov 1951, Dolgushin 1962, Andrusenko &
Dudenkov 1982). Although sampling effort and
methodologies across studies probably vary, more
recent localized surveys indicate appreciably higher
numbers than reported in our study. For example,
surveys of the Tengiz-Korgalzhyn region reported
an average of 7.5 Kentish Plover individuals per
point count in the months of June and July
between 1999 and 2008 (Schielzeth et al. 2010),
whereas for a similar time of the year in the same
region, we report an average count of less than
one individual per point count. Similarly, a more
recent survey of Western Kazakhstan in 2010
reported a total of 460 Kentish Plovers over 43
observation sites (Lachmann et al. 2010). How-
ever, that study was conducted later in the season,
spanning the post-breeding period (July-August),
compared with our study (May-June), restricting
direct comparisons. The low Kentish Plover densi-
ties we observed in Kazakhstan are mirrored by
similar patterns in neighbouring Russia. In Euro-
pean Russia, bordering Western Kazakhstan, Ken-
tish Plovers breed in Astrakhan and Volgograd
regions as well as along the Asian regions of the
Russian—Kazakhstan border (Hagemeijer & Blair
1997, Kubelka et al. 2019). The population of
Kentish Plover in European Russia before 2000
was estimated to comprise between 1000 and
10 000 breeding pairs (Hagemeijer & Blair 1997,
Heath et al. 2000). However, after 2000, popula-
tion estimates were drastically reduced to between
150 and 1300 breeding pairs (Mischenko 2004).
Current estimates indicate the total population
size to comprise only 900-1100 breeding pairs
(Mischenko 2017). Given the potential reductions
in Kentish Plover in neighbouring European Rus-
sia, our results highlight the requirement for fur-
ther detailed sampling in Kazakhstan as a key
focus of future research. In particular, our predic-
tion of Kentish Plover distributions indicates that
regardless of exceptional ecological change over
recent decades, the Aral Sea region may support
the highest proportion of highly suitable Kentish
Plover habitat compared with the Eastern Caspian
Sea and Western Kazakhstan, and should thus be a
focus of future population appraisals. In addition,
our national distribution analyses indicate previ-
ously unsurveyed areas with a potentially high
density of suitable Kentish Plover habitat in
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Figure 3. Jackknife regularized training gain for environmental predictors from regional MaxEnt species distribution modelling predict-
ing Kentish Plover presence. Grey bars show training gain when only the indicated variable(s) are included and black bars show
training gain when the indicated variable is excluded while controlling for all other predictors. Full names and details of predictors are

provided in Table 1.

regions of the North and Northeast of the Aral
Sea. We recommend that these previously unstud-
ied regions should be targeted as a priority in
future shorebird surveys and assessments of Ken-
tish Plover populations.

Predictions from our species distribution model
highlight the primary importance of temporary
water bodies to the presence of Kentish Plover
during the breeding season, as well as a secondary
importance of coastal areas surrounding large per-
manent water bodies such as the Aral and Caspian
Sea. The key role of proximity to transitory water
bodies raises concerns in the context of the

ongoing contraction of lake surface across Kaza-
khstan, particularly surrounding the Aral Sea and
in Western Kazakhstan (Liu et al. 2019). Recent
data suggest that the surface area of key water
bodies in Western Kazakhstan has continued to
decrease between 2001 and 2016, associated with
climate warming and reduced precipitation (Bai
et al. 2012, Klein et al. 2014, Liu et al. 2019).
Crucially, due to their transient nature and smaller
size, temporal water bodies may be at higher risk
of severe size reduction and salinity increases as a
result of climate warming and reduced precipita-
tion. Such reductions may threaten suitable
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Figure 4. Localized map of Kazakhstan including the three study areas used in regional species distribution modelling. The largest
lakes (area > 50 km?) and reservoirs (storage capacity > 0.5 km®) are shown in light blue. The distribution modelling regions are
overlaid in coloured polygons, where the intensity of colour represents the probability of Kentish Plover presence from weighted
mean ensemble model predictions. The largest NW polygon shows the Western Kazakhstan region used for model training and pre-
diction, while the remaining two polygons show areas used only for prediction including Eastern Caspian Sea (SW smallest polygon)
and Aral Sea (SE polygon). Red points show actual survey locations in which Kentish Plovers were observed. Observed absence

points are not shown.

wading habitat and reduce foraging habitat quality
for multiple shorebird species (Rubega & Robinson
1996, Kreuzberg-Mukhina 2006, Galbraith et al.
2014).

Importantly, patterns of environmental change
are not homogeneous across Kazakhstan, and
therefore predictions for distributional — or popula-
tion density — changes of Kentish Plover at a
national scale remain complex. For example, East-
ern areas of Kazakhstan, and other more alpine
lakes, have experienced opposing trends to the

Southern Aral Sea and Western Kazakhstan, with
a tendency for increased precipitation and reduced
temperatures (Bai et al. 2012). In addition, more
recent government-funded programmes to rehabili-
tate the Aral Sea have seen an increase in the sur-
face area of Kazakhstan’s North Aral sea in recent
years (Micklin 2016). However, such increases in
water levels may also negatively impact Kentish
Plover habitats. For example, if the increased
water volume of lakes is associated with sharp
decreases in salinity, increases in vegetation density
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around shorelines or a reduction in the extent of
shallow foraging grounds, then this can reduce the
availability of foraging and nesting habitats. Such
effects may be similar to the sea level rise-driven
reduction in the extent of habitat suitable to the
closely related Snowy Plover Charadrius nivosus in
coastal regions of the USA (Aiello-Lammens et al.
2011).

In contrast to our expectations, we found no
evidence for a strong negative impact of proximity
to human settlements on potential Kentish Plover
distributions. This result suggests a contrast to
research indicating that human disturbance can
pose significant negative localized impacts on
shorebird abundances, including Kentish Plovers
(Martin et al. 2015, Colwell & Haig 2019). How-
ever, previous research has also indicated that the
scale of such localized impacts (i.e. human intru-
sion and disturbance) during breeding seasons of
other shorebirds may not be typically extensive
enough to have population-level impacts (Pearce-
Higgins et al. 2017). It may be that our measure
of distance to human settlements does not accu-
rately reflect land use practices with potentially
negative consequences for shorebirds, e.g. recre-
ation, development or local livestock densities.
Instead, our individual predictor patterns suggest
that closer proximity to human settlements was
associated with a higher probability of Kentish Plo-
ver presence, a pattern recently identified in Socia-
ble Lapwings (Kamp et al. 2009b). This may
indicate that human settlements in our data are
associated with a third latent variable not mea-
sured in the current study. Similarly, the fraction
of grid cells designated as cropland provided little
predictive power to our models, suggesting a low
impact of agricultural practice on Kentish Plover
distributions. This may be driven in part by the
redundancy of the fraction of cropland measure
compared with our estimates of vegetation density,
as Kentish Plover prefer to nest in open areas with
little vegetation (Kosztolanyi et al. 2009).

We provide the first estimated range of breed-
ing population sizes of Kentish Plover in Kaza-
khstan based on quantitative data (Sheldon 2017,
Wetlands International 2018). We estimated pop-
ulation sizes for Western Kazakhstan of approxi-
mately 3886-10 318 adult individuals for a habitat
suitability threshold of 0.8. At the national level,
our estimated breeding population size ranged
from 12 145 to 32386 adult individuals.
Although the AUC values of our models used to
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predict habitat suitability are within the range of
values from species distribution models used to
estimate population sizes in other species (Herrera
et al. 2018), the relatively low AUC values may
result in additional variation around our estimates,
which could in principle result in under- or over-
estimation of abundances (Lobo et al. 2008). Nev-
ertheless, despite a large difference in area
between the Western Kazakhstan region and the
entire nation, the relatively small difference in the
national and regional population size estimates
indicates that the overall suitable habitat and the
sampled abundance of Kentish Plover across the
rest of Kazakhstan as a whole were both generally
low. An important consideration when sampling
breeding shorebird species is whether such low
counts, as observed in this study, may be impacted
by the low detectability of incubating adult indi-
viduals. Kentish Plover parents biparentally incu-
bate their clutch, then care for their chicks either
biparentally or uniparentally, leading them to feed-
ing habitats typically near water edges (Kosz-
tolanyi et al. 2006, Székely et al. 2006). Thus,
although the subset of incubating parents may be
more difficult to detect, for every incubating par-
ent a non-incubating partner is readily observable,
and thus the presence of Kentish Plovers across
sites in our study is unlikely to be underestimated
as a result of a large number of unobserved incu-
bating parents. Moreover, our identification of
breeding behaviour included nesting birds, suggest-
ing our methodology was able to identify incubat-
ing individuals in at least a subset of cases.
Regardless, the possible underestimation by over-
looking incubating birds can be approximated by
assuming that every single non-incubating adult
bird counted had a currently incubating unob-
served partner. Although this is unlikely given that
our counts included both courting pairs and par-
ents caring for young, this potential underestima-
tion of a factor of two would not qualitatively
change our interpretation of a wide distribution
but low density of Kentish Plover. Moreover,
given the most recent estimates of the Kentish
Plover global population range by four orders of
magnitude (Callaghan et al. 2021) and previous
estimates range by a factor of five (BirdLife Inter-
national 2020a), where estimates are based on
extrapolation of European population estimates at
the global scale (BirdLife International 2016b),
our population estimates provided here represent
a qualitative improvement.
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Nevertheless, we suggest that our estimates
may instead represent an upper bound to the total
number of Kentish Plover for two reasons: first,
our sampling methodology probably over-
represents high-density locations because we
focused sampling on locations where occurrence of
Kentish Plover was likely and, secondly, the abun-
dance of Kentish Plover is unlikely to be uniform
across even highly suitable habitat locations, given
the species’ tendency for spatially aggregated
breeding (Stenzel & Page 2019). Our estimates
should therefore be treated with caution. Despite
this, our estimates represent the most detailed
objective population estimates available for Kaza-
khstan, and stress the need for more sampling of
breeding shorebird populations within the region.

Large-scale habitat suitability studies of shore-
birds remain rare (Long et al. 2008). Our work
here provides a pathway for future studies assessing
the distribution of shorebirds across similarly large
and isolated regions. For example, similar
approaches may be utilized effectively to estimate
Kentish Plover population sizes in regions neigh-
bouring Kazakhstan. Such areas include both Russia
and Central Asian countries such as Uzbekistan,
which also contains regions of the Aral Sea that
have undergone the most consistent size reductions
in recent decades (Yang et al. 2020). Our work
highlights several key aspects that can be further
improved in such future studies. First, future stud-
ies may benefit from a greater depth of sampling
both within areas of expected high habitat suitabil-
ity but also habitats of expected low suitability,
which may further improve parametrization of pre-
dictor variables. For example, while our analytical
approach allowed us to disentangle distances from
both permanent and temporary water bodies, stud-
ies that do not employ such a distinction may par-
ticularly benefit from targeted sampling across a
diversity of distances from water bodies to deter-
mine more accurately the relationship between
proximity to key water bodies and the presence of
shorebird species.

Secondly, while our sampling resulted in a rela-
tively low number of presence points, limiting our
ability to model Kentish Plover densities, future
studies with a greater number of positive counts
may more effectively employ hierarchical mod-
elling approaches (e.g. hurdle models) to predict
species presence and subsequently estimate the
density of individuals where they occur (Oppel
et al. 2012, Herrera et al. 2018). Regardless, in

cases similar to the current study where presence
points are typically low, the threshold approach
used here may provide a pragmatic approach to
indicate a range of potential population estimates
when direct modelling of densities is restricted.

Finally, future work should seek to capture a
broader range of environmental predictors to assess
more comprehensively the potential distribution of
Kentish Plover. For example, while our study did
not include information on the salinity of water
bodies or the distribution of predation pressure,
future studies should seek to assess how spatial
and temporal variation in such variables may
impact on breeding distributions and correlate
with predictors used in this study (e.g. does water
salinity relate to vegetation density), likely to be
feasible on much more localized scales.

CONCLUSIONS

In summary, our results reveal widespread distri-
bution but markedly low densities of Kentish Plo-
ver across Kazakhstan. Our results fill a critical gap
in knowledge in an understudied region of high
conservation importance and identify the key
routes through which ongoing environmental
change may impact Kentish Plover populations.
Extensive ground-truthing using hundreds of addi-
tional survey sites, and more detailed confirmed
absence data, would seem essential for robust pop-
ulation estimates for vast areas such as Kazakhstan,
but our methodological approach provides a plat-
form for future studies to assess the distributions
of species across vast and inaccessible regions.
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