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Social, burrowing mammals such as p ground squirrels or marmots are

trend, post-Soviet land-use change, species keystone species in grassland®ec . Grasslands have been converted into
distribution modelling cropland or pastures globally, it ains virtually unknown how this has

affected the biogeography owing mammals, as efficient, broad-scale survey
Correspondence methods are lackin e aimed t® test whether structures created by burrowing
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Heisenbergstr. 2, 48149 Minster, Germany. dent distribution and abundance. We identified bur-
Tel: +77719025576; Fax: +77172910044: rows of Bobak ma armota bobak), a keystone burrowing steppe rodent, on
E-mail: alyona.koshkina@acbk kz 1300 randomly selected plots of 1 km diameter (78.53 ha) across the species’ range
(~950 090 km?) in Kazakhstan and southern Russia using Google Earth and Bing

Editor: Ned Horning image en used burrow occurrences and species distribution models to map
Associate Editor: Margarita Mulero-Pazmany @ stribution. We assessed how marmot occurrence and density vary across
types. We also combined satellite-based burrow densities and ground-sur-

ta to derive a new population estimate for the species across Kazakhstan.

rodents can be reliably
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2019 e mapped a total of 7425 burrows from the satellite imagery. Field visits at a
bsample of burrows suggested that burrow occurrence was detected reliably.
doi: 10.1002/rse2.138 Broad-scale marmot distribution was mainly determined by summer rainfall, land

use and elevation. Occurrence probability was highest on arable croplands, fol-
lowed by abandoned croplands and grazed steppe. The current Bobak marmot
population size for Kazakhstan was estimated at 6.1 (£2.4) million individuals.
Our results demonstrate that publicly available, very-high-resolution images can be
used to reliably map the distribution of burrowing mammals across large geo-
graphic scales. The observed and predicted distributions indicate that the Bobak’s
range has remained almost unchanged in Kazakhstan since the 1950s, despite sev-
eral drastic episode of land-use change. This suggests that burrowing mammals
can be remarkably resilient to land-use pressure, questioning prevailing narratives
of population collapse in these species following agricultural expansion.
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Davidson et al. 2012). Species such as prairie dogs (Cyno-
mys spp.), pikas (Ochtona spp.), ground squirrels (Sper-
Social, burrowing mammals shape and maintain grassland mophilina) and marmots (Marmota spp.) are ecosystem
ecosystems globally (Dickman 1999; Zhang et al. 2003; engineers and keystone species in grasslands (Smith and

Introduction
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Foggin 1999; Davidson et al. 2012). They affect soil struc-
ture, increase soil drainage and turnover (Fleming et al.
2014) and influence nutrient cycling and plant productiv-
ity (Pang and Guo 2017). Burrowing mammals also
increase landscape heterogeneity (Abaturov 1984; David-
son and Lightfoot 2007), and thereby regional plant and
animal diversity (Ceballos et al. 1999; Davidson and
Lightfoot 2008). Where burrowing mammals decline,
important ecosystem processes such as soil turnover and
water retention may be negatively affected, and multi-
trophic interactions disturbed (James and Eldridge 2007;
Fleming et al. 2014; Lacher et al. 2019). However, empiri-
cal work on burrowing mammals is usually restricted to
small study sites, and it remains unclear what drives their
distribution and abundance at biogeographic scales.

The lack of broad-scale studies on trends in distribution
and abundance of burrowing mammals is worrying
(Davidson et al. 2012), as many burrowing mammals are
in decline, for example, Mongolian marmot (Marmota
sibirica), European ground squirrel (Spermophilus citellus),
Speckled ground squirrel (Spermophilus suslicus) and
others (Shilova et al. 2010; Davidson et al. 2012). Most of
the burrowing mammals are listed as “Least Concern” in
the TUCN Red List, although many of these species experi-
enced a significant decline in the past, such as Black-tailed
prairie dog (Cynomys ludovicianus) or Bobak marmot
(Marmota bobak), mainly due to overexploitation
habitat loss (Davidson et al. 2012; Hoogland 2013). Agr
cultural change is an underlying cause of both. The wide-
spread conversion of grassland into cropland ‘affects

burrowing mammals through the direct de of
their burrows (Davidson et al. 2012), of food
resources (Ceballos et al. 2010) and animals

are often persecuted as crop pests

et al. 2006). Conver-
een widespread (Song
ing has transitioned from

petitors of grazing livest
sion of grassland into ¢

et al. 2018), and li
O OT€
and Brui Q 2 w these land-use changes have
affected the 4@ ion and abundance of burrowing
mammals, howevef, remains poorly understood.
A key reason for this knowledge gap is that burrowing

mammals are notoriously difficult to survey, as their
ranges are typically very large (often >100 000 km?
Soberén and Ceballos 2011). This means that field surveys
are labour intensive and costly (Corlatti et al. 2017; Kara-
seva and Telitsyna 1996; Table S1). An alternative to field
surveys is the use of aerial or satellite images to detect
activity signs. Aerial photos were used to detect prairie
dog settlements in the US (Dalsted et al. 1981). High-res-
olution satellite images can also detect prairie dog
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colonies (Sidle et al. 2002). Even relatively coarse-scale
Landsat images were useful for detecting Hairy-nosed
wombat (Lasiorhinus latifrons) colonies in Australia
(Loffler and Margules 1980), and vole and lemming activ-
ity was inferred from MODIS-based NDVI change analy-
ses (Olofsson et al. 2012). The increasing availability of
freely accessible, very-high-resolution images on internet
platforms such as Google Earth has brought about new
opportunities for broad-scale studies in this context. This
imagery has been used to survey plant and amphibian
habitat on rocky outcrops (Silva and Alves-Silva 2013),
Elephant seal (Mirounga leonina) col@nies (McMahon
et al. 2014), termite mounds (Isabe . 2014), wom-
bat burrows in Australia (Swi 1. 2018) and
American beaver (Castor can
the Canadian Arctic (Tap al.
Google Earth images to rows of marmots (Mar-
mota spec.) was recognized (Kolesnikov et al. 2011).
While the mentione dies highlight the potential of
@‘r ages for assessing species distribu-

d__populations, including burrowing
roderits, focused on small sites. Approaches that
leverag is ntial to biogeographical scale (i.e. to
ar 1 00 km? or more) are missing.

. The potential of

tion, habita

e here aim to assess the usefulness of very-high-reso-
tiom, satellite image archives to study the biogeography
ocial, burrowing mammals and how it is shaped by
icultural land use. As study species, we used the Bobak
marmot (M. bobak), a keystone species of the Eurasian
steppes (Zimina and Isakov 1980) that builds compara-
tively large mounds. Furthermore, the species occurs in a
globally important and understudied hotspot of land-use
change: the Eurasian steppes, a 4.1 million km” region
stretching from Eastern Ukraine to the Altai Mountains
that is especially rich in burrowing mammals (Wesche
et al. 2016). Vast areas of the western Eurasian steppes
have historically been converted into cropland. Conver-
sion started in the 19 century, but was especially signifi-
cant during the Soviet ‘Virgin Land Campaign’ from 1953
to 1960, when 35 million ha of steppe grassland were
ploughed in Kazakhstan alone (Durgin 1962). These
trends were partly reversed after the dissolution of the
Soviet Union in 1991, when at least 42 million ha of
cropland was abandoned across the western Eurasian
steppes as a result of the withdrawal of state support for
agriculture and massive rural outmigration (Dara et al.
2018; Lesiv et al. 2018a). In addition, livestock numbers
collapsed after 1991, with declines of up to 80% in Kaza-
khstan (Kamp et al. 2011) and substantially changed graz-
ing patterns (Kerven et al. 2006). Livestock ownership
was privatized and nomadic movements ceased in most
areas, resulting in a concentration of livestock around set-
tlements (Kerven et al. 2016).
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How these land-use changes shaped the distribution
and abundance of marmots across the Eurasian steppes
remains unclear, mainly due to a lack of broad-scale sur-
veys. Strong declines in Bobak marmot populations in
Ukraine and Western Russia were attributed to steppe
conversion and overhunting (Sludsky 1969; Tokarsky
2011), but no study has quantified this. Against this back-
ground, we addressed the following research questions:

1 Can publicly available, very-high-resolution satellite
images be used to map Bobak marmot burrows effec-
tively and reliably?

2 What are the factors that determine the distribution of
Bobak marmots at biogeographical scales, and how did
recent land-use change affect the distribution and
abundance of this species?

3 What is the range-wide population size of the Bobak
marmot, as estimated with satellite-based methods?

Materials and Methods

Study region

Our study region was the current range of the eastern
Bobak marmot (subspecies shaganensis) (Fig. 2A). The
950 000 km? area comprises northern and central Kaza-
khstan as well as southern Russia, and is part of
Palearctic steppe biome (Wesche et al. 2016). The cli-
mate is continental with very cold winters and

July. There is a strong latitudinal gradien
aridity towards the south caused
annual precipitation (from c. 400 to
increasing mean annual tempera 0 . 1.2°C in
Petropavl to 4.6°C in Zhezkazga ominant soil types
e north and less
nosov and Uspanov
et depressions are only
ture, as these are domi-
r sandy soils (Beznosov and
et al. 2015). The natural mesic
a minated by Stipa, Festuca, Koeleria
and Agropyron, with an increasing proportion of worm-
wood (Artemisia) towards the south (Brinkert et al.
2016).

Digitization of marmot burrows on satellite
images

We digitized all visible marmot burrows across 1300 ran-
domly selected circles (= sample plots) of 1 km diameter
(78.53 ha), with a minimum distance of 10 km between
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sample plots on Bing (www.bing.com/maps) and Google
Earth (www.maps.google.com) imagery (Figs. 1 and 2A).
Digitization took place from March to December 2016
and thus mirrors image availability at this time. We
derived, via copyright labels, main providers of the Goo-
gle Earth images and the associated satellites and their
spatial resolution. These were Quickbird (0.65 m resolu-
tion, panchromatic), WorldView (0.31 m), CNES Pleiades
1A (0.7 m) and SPOT 6 and 7 (1.5 m) as well as SPOT 5
(2.5-5 m). We estimate that for c¢. 90% of the sample
plots, we had images with a resolution of 2 m or higher.
Marmot burrows are ¢. 4-10 m in diame
covered by freshly excavated soil; the
>20 m wide), and were thus dete

used. We used the open layer plugin
selected the most recent ima. S 0

(i.e. the area
itself can be
images we
GIS92.16.2 and

at of higher resolu-
s were available. We
nd month of satellite

tion where multiple laye

also collected the acquisition

images from metad 1splayed in Google Earth. Gener-
ally, Kazakhstan v@e to a large extent with high-

resolution ima time we digitized the marmot
burrows) (Lesiv ‘et al. 2018b). Metadata on acquisition
month a ea the Bing images were collected from
http exeldev.openstreetmap.org/bing/. The distribu-
f thejacquisition year for all images used is pro-

Figures S3 and S4. Sixty per cent of the available
s were from the years 2012 and 2013, and 92%
the years 2010-2014 (Fig. 2A). We used only snow-

We first randomly selected 1000 sample plots across
the whole project area. After the presence of burrows was
mapped in these plots, 300 additional sample plots were
placed into the most densely settled area to increase the
sample size at the upper end of the local densities. We
sampled across the latest available map of the distribution
range of the Bobak marmot from 1969 (Sludsky 1969;
Tsytsulina et al. 2016), adding a 50-km buffer to allow
for possible range extension since then (Fig. 2A).

Identification of marmot burrows was based on colony
structure and shape, the size of mounds and inter-burrow
distances as characteristic features (Vinogradov and Leon-
tieva 1985; Rumyantsev 1989). Occupied Bobak marmot
burrows in steppe are detectable on satellite images as
light spots with sharp contours (Fig. 1). The area around
the burrow entrance is usually paler than the surrounding
land due to the extracted light-coloured soils and perma-
nent removal of vegetation (Fig. S1). Abandoned colonies
can be distinguished from active ones as the burrows
appear as darker spots compared to the surrounding veg-
etation, due to the overgrowing of mounds with the vege-
tation that is usually different in composition and traits
from the surrounding vegetation communities (Vino-
gradov and Leontieva 1985, Fig. S2).
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‘N51.76216 E65.86239

Figure 1. Examples of marmot burrows on (a) arable cropland, (b) abandoneddcr
steppe as visible on the high-resolution images. The circles represent sample plots o 53

Vinogradov and Leontieva (1985) classified marmot
burrows by mound size into large (diameter >2 ),
medium (10-20 m) and small (<10 m). Large and m
ium burrows are used as permanent burrows and for

hibernation, whereas small burrows are temporary, sum-
mer burrows (Vinogradov and Leontieva 1 . all
burrows may also not have a mound of be ou nd
therefore may not be visible in our jmagery ampling
plots were inspected at an identical 00 to pre-

vent over- and underestimation
ence and number due to varyin
scale, used burrows shotild be readilygvisible (Vinogradov
and Leontieva 1985, Fig. ume that the burrows

urrows pres-
esolution. At this

in the circle. For all sampling
ted the dominating land-use type

Text S1). Three ‘observers took part in the analysis, and
the first author implemented a final consistency check
across all 1300 plots.

Ground-truthing burrow detection success

Earlier work suggested that burrows are generally detect-
able on the type of imagery we used (Kolesnikov et al.
2011). Nevertheless, detection probability could vary with
land cover (burrows on bare ground might be easier to

A. Koshkina et al.

N51.69401 E61.12134]

N50.53505 E68.67723

grazed steppe and (d) moderately or ungrazed
h. Image scale is 1:9000.

satellite images than burrows in denser vegetation),
gevcharacteristics and digitizing person. We therefore
validated our satellite-based survey with field records of
armot occurrence. We obtained ad hoc, georeferenced
records of marmot presence (occupied burrows) that were
collected during wildlife surveys in central Kazakhstan
between 2008 and 2015 (n = 131), the period for which
many of satellite images were acquired (Figs. S3 and S4).
In addition, during June 2017, we visited 29 sample plots
in the field (including all major land-use types: 11 on ara-
ble croplands, 7 on abandoned croplands, 6 on grazed
steppe and 5 on ungrazed steppe). Visiting a random
sample of all sample plots was not feasible due to logisti-
cal constraints and the large extent of our study region,
but plots were selected along major environmental gradi-
ents. We mapped all burrows with handheld GPS units
along strip transects of 1 km length and 200 m width,
dissecting each sample plot in the centre. This resulted in
330 field-recorded burrows, 79 on arable croplands, 135
on abandoned croplands, 63 on grazed steppe and 53 on
ungrazed steppe. Six plots had no occupied burrows
inside the plot, but colonies were recorded nearby. Five
of these plots had experienced land-use changes in the
previous years (new croplands, change of crops or inten-
sification). We then compared the number of field-
recorded burrows in the strip area to the number detected
on the satellite image in the identical area to establish
land-use—specific detection rates.
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Year of imagery:
* 2010
- 201
. 2012
© 2013
2014

Marmota bobak
(Sludsky 1969,
IUCN 2019)

55°+ \ - " itability:
\(‘B)\ \L ‘\ | /’//k// Habitat suitability: ’

Projection: Transverse

Figure 2. (A) Spatial distribution of the acquisition year of the satellite
images U
n of M. b. shaganensis and fragmented populations of M. b. bobak. (B) Habitat
model. Sample plots with detected burrows, which were all used for model
o field data sources used for ground truthing are overplotted. The predicted
rence of M. bobak. The areas predicted as being of high suitability are indeed
, Marmota baibacina).

use across the sampling area. Ninety-two per cent of all satelli
(Sludsky 1969; Tsytsulina et al. 2016) with a contiguous distribu
suitability across Kazakhstan, based on a MaxEnt species ibu
building (n = 308) are shown as black dots, and record
distribution extends well beyond the known exten
inhabited by marmots, but by a different speci r

Evaluating sources of bias

The resolution of the_ a ages could have
nology improved. The
resolution could matically between the two
i Q and Bing. We therefore
tested for a rela @m of burrow occurrence and density
with year, anticipating that if image resolution had
increased systematically, burrow occurrence probability
and abundance would have increased as well over time.
We also modelled burrow occurrence and abundance as a
function of image source. We used a binomial generalized
linear model (GLM) with a logit link (with detection vs.
non-detection as dependent variable), and a negative
binomial GLM with a log link (with the number of bur-
rows detected on satellite images as dependent variable).
Models were fitted in R (v3.6.1). We assessed model fit
with Nagelkerke’s R? (Nagelkerke 1991). Predictive

increased over time as se
o differ s

A Coordinate System: WGS 1989 UTM Zone 41N
0

[ 000-008
[ Joos-o023
[ Jo23-o038

ample plots (2017)
field
records (2009-2015)

7} Marmota bobak
~ (Sludsky,1969)

d were from the given years. Grey: IUCN range of Marmota bobak

performance was assessed with the area under the curve
(AUC) of the receiver operating characteristic curve (R
packages ‘finsb’ [Nakazawa and Nakazawa 2014] and
‘PROC’ [Robin et al. 2011]). For multimodel inference,
we used Akaike’s Information Criterion (AIC) and com-
pared all models with up to four variables using the
‘dredge’ function in the R package ‘MuMIn’. We consid-
ered models with delta-AIC <2 as receiving good support
from the data.

Predicting marmot distribution

To predict the broad-scale distribution of Bobak mar-
mots, we used maximum entropy (MaxEnt) modelling
(Philips et al. 2004). As occurrence data, we used the 308
sample plots with detected marmot occurrence, irrespec-
tive of the number of burrows detected per sample plot.
We used 11 predictors describing climate, land use/cover
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(hereafter: land use), topography and vegetation produc-
tivity. We projected all layers to UTM zone 42N, aggre-
gated to a common 1-km resolution (for details see
Table S2), and clipped them to the area that was sampled
for burrows (i.e. the latest available spatial extent-of-oc-
currence information). An overview of the predictor spec-
ifications is given in Table S2.

As our sampling plots were chosen at random, but not
stratified according to the area of the land-use types, the
sampling effort per land-use category was uneven. Uneven
sampling effort can affect the prediction of maximum
entropy models (Kramer-Schadt et al. 2013). To account
for this, we used a sampling-bias grid (Fourcade et al.
2014). The grid was set up using a Gaussian Kernel Den-
sity technique implemented in the ArcGIS SDMtoolbox
(Brown 2014). We fitted models using MaxEnt version
3.3.3k with only hinge features selected (Elith et al. 2010)
and 5000 iterations, and used a 15-fold cross-validation
and the AUC value to assess model fit. We then predicted
areas suitable for marmots across our study area and con-
verted the continuous MaxEnt output into binary maps
of suitable versus unsuitable habitat, based on the maxi-
mum training sensitivity plus specificity threshold (Liu
et al. 2013).

Marmot habitat selection in relation to land
use

As marmot occurrence might vary within the coarse land-
use types of our region-wide map (e.g. due_to ing

grazing intensity or soil type; Zimina and_Isa 80;
Savchenko and Ronkin 2018), we addifionally, assessed
land-use types at the plot level. such as
fine-scaled land-use (e.g. grazing intensity and cropland

abandonment), are not availab attally exhaustive
GIS layers. However, they migh important drivers of
marmot occurrence an anc the scale our study
sampled these variables at

was conducted. We t
ere used for burrow digitiza-

For all sapipleyplo
tion, we 1@ 'I the proportion of arable crop-

cropland, grazed steppe, ungrazed
steppe, hayfieldsjforest and wetlands across the plot area
(Fig. 1, Text T1). We then used GLMs in the same frame-
work as described above to relate marmot occurrence and
abundance to this fine-scale land use. Marmots prefer cer-
tain soil types, and we therefore extracted soil type and
soil texture for each plot based on 1:2 500 000 soil map
(Beznosov and Uspanov 1960). Fire is an important dri-
ver of vegetation patterns in steppes and might influence
marmot presence through changed vegetation structure
(Collins and Calabrese 2012; Davidson et al. 2012). We
therefore extracted fire frequency (i.e. the number of

A. Koshkina et al.

times a plot had burned in 2001-2015), using the MODIS
(MODerate  resolution Imaging Spectroradiometer)
burned area product (http://modis-fire.umd.edu). We
added soil type and fire frequency as covariates to the
GLMs.

Estimating Bobak marmot population size in
Kazakhstan

Using our distributional map, burrow densities from the
sample plots, and field data, we estimated the total pop-

ulation of Bobak marmots in Kazakhstafi, First, the mean

number of burrows per sample plot (£\se) detected on

satellite images was calculat? eac he four main
and’

land-use classes ‘arable crop , @bandoned cropland’,
pe within the area
i ed unoccupied plots to

‘grazed steppe’ and ‘un
sampled in Kazakhstan,

es per land-use category
cted for the fact that not all

correct for varying pan
burrows were n satellite images that were

found duringfie

ber af b

tion o IT detected in the field per land-use type

(T .‘Bhis yielded a corrected mean number of bur-
s persample plot, separately for all land-use types

er sample plot with the mean propor-

o arrive at a land-use—specific estimate of marmot

ndance (and not only burrow numbers) per sample
plot, we had to consider that each marmot family in our
study area consists on average of three animals after
hibernation (i.e. before reproduction; Kolesnikov 2011)
and uses one wintering burrow and a number of perma-
nent and non-permanent summer burrows (Bibikov 1989,
Fig. S5). We established a land-use—specific mean number
of burrows used by one family in the field based on the
sample plots used for ground truthing through direct
observations (Table 2). To estimate plot-specific numbers
of individuals per land-use category, we multiplied the
corrected number of burrows per sample plot by 3 (see
above), and subsequently divided this figure by the mean
number of burrows used per family (n = 104 studied
family home ranges across the 29 sample plots), separately
for each land-use type.

To obtain a final population estimate, we multiplied
the mean marmot abundance per sample plot across all
habitats with the area predicted as suitable across Kaza-
khstan (from the MaxEnt model, Fig. S6). We excluded a
region predicted as suitable, but known to be inhabited
by the Gray marmot (M. baibacina), not Bobak marmot
(Sludsky 1969). We calculated the lower and upper bound
of the population estimate by subtracting, respectively,
adding, the standard errors to all means used in the cal-
culation.
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more likely to be detected on images taken in June to
August than they were on images taken on other times of
the year (binomial GLM with quadratic term fitted for
month, f; = —0.657 = 0.206 sk, i, = —0.043 £ 0.206 sk,
A total of 7425 marmot burrows were digitized over the =~ P = 0.022, R = 0.01). There was no evidence for an
1300 sample plots. Burrows occurred on 20.6% of the influence of image source, year or month on the density
plots. Across the unfragmented range in Kazakhstan, 6247 of detected burrows (negative binomial GLMs, image
burrows were digitized over 941 sample plots, with a source: 5 = —0.500 + 0.400 sg, P = 0.213, RIZ\, = 0.012;
mean number of burrows of 24.6 (£21.8 sp, range 1-150) month: = —0.002 + 0.054 sg, P = 0.963, R%\, = 0.0001,
per sample plot (Table 2). The number of burrows year: § = —0.025 % 0.068 s, P = 0.719, R%, = 0.0008).

detected on identical sample plots by different digitizers
was highly correlated, suggesting that plot detection is lar-
gely independent of observer (n = 20 plots, Spearman’s

Results

Burrow detection

Broad-scale Bobak marmot distribution

rho = 0.910, P < 0.001, Fig. 3). Our MaxEnt models suggested thatié.” 4 n ha (58%
No false negatives with respect to sample plots of the total steppe area in Kazakhtan suitable for the
occurred, that is, no burrows were detected on sample Bobak marmot. The area ic as suitable largely
plots that were classified as free of burrows on satellite matched the historical di ange of the species
images. All false positives were related to colonies aban- (Fig. 2B). The mean fo MaxEnt models was
doned due to the recent land-use change (where remnants 0.857 £ 0.029 sp, s ting a good discriminatory ability.
of colonies, or occupied burrows were always found near The most import 1ables in the MaxEnt model were
the sample plot). There was a strong correlation between summer rainfal 48.1% of the variation in mar-
the number of burrows detected on satellite images and mot oegur llowed by land-use type (18.1%) and
in the field (n =29 plots, Spearman’s rho = 0.892, elevation (26.8 ig. S7). Both summer rainfall and ele-
P < 0.001, Fig. 3) suggesting that marmot presence in a vatio, p-shaped relationships with marmot pres-
plot can be reliably identified on satellite images. How- n ea at ¢. 130 mm rainfall and 250 m elevation.

ever, only 39 + 24% sp of the burrows recorded in the
field were detected on satellite images, with variati
across land-use types, suggesting many burrows are over-
looked on satellite images (Fig. 3).

Bobak marmot occurrence and abundance in
tion to land-use type

There was some evidence for an influence of image Our fine-scale GLM-based analyses showed that the sin-
source and month (but not image year) on th n gle-best GLM explaining burrow occurrence contained
of burrows, but model fit was poor. Satelli from land use (dominating land-use type inside the sample

Bing were slightly more likely to ha etected  plot), soil type, soil texture and fire frequency, and had a
compared to those from Google Eart inomial GLM, fair discriminatory ability (w; = 0.808, R%, = 0.289,
B = —0.254, P = 0.014, R = 0.01 ws were slightly ~ AUC = 0.797). Adding dominant land use around a
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Figure 3. (A) Number of burrows digitized by two independent observers using 20 identical sample plots and (B) number of marmot burrows
detected on satellite images compared with the number found on the ground, separately per habitat category for 29 sample plots. Lines are
linear regressions fitted separately per land-use type (AR — arable cropland, AB — abandoned cropland, GR — grazed steppe, UN — ungrazed
steppe).
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sample plot as covariate considerably improved model fit
(AAIC =2.98, R% =0.801, AUC =0.801). All other
models performed substantially worse (AAIC >8,
Table 1A). Occurrence probability was highest on arable
cropland, followed by abandoned cropland and strongly
grazed steppe, and lower on hayfields and moderately or
ungrazed steppe. Occurrence probability was also higher
at sample plots surrounded mainly by abandoned crop-
land (Fig. 4). Dark Kastanozems as well as southern
Chernozems were preferred soil types. Marmots preferred
loamy soil texture, and avoided sandy soils (Fig. 4). Bur-
row occurrence had a near-linear negative relationship
with fire frequency, without an obvious threshold
(Fig. 4). There was no clear evidence for an effect of land
use, soil and fire regime on burrow density, with an inter-
cept-only model performing best (Table 1B).

Bobak marmot population estimate

The mean number of burrows per sample plot (including
unoccupied plots) as detected on satellite images varied
from 3.8 in ungrazed steppe to 9.1 in arable cropland
across Kazakhstan, and from 22.0 to 34.8 when unoccu-
pied plots were excluded (Table 2). The mean number of
burrows a family used was 5.2 based on field observations
(Table 2). The estimated mean density of marmot indi-
viduals after hibernation ranged from 9.9 individuals
in grazed steppe to 18.6 individuals/km? on abandone
cropland, reflecting both genuine density differenges and
varying detection probability of burrows in differentihabi-

tat types (Fig. 3). The total population for
Kazakhstan was 6.1 million individual a lower
bound of 4.4 million and an upper n million.

Table 1. GLMs relating (A)
burrows to habitat features

A. Koshkina et al.

This estimate is considerably higher than all previous,
expert-based estimates since the 1950s (Fig. 5).

Discussion

Burrowing mammals are keystone species in steppes, but
difficult to survey across large areas. Focussing on the
Eurasian steppes, which have experienced drastic land-use
changes recently, we here demonstrate how high-resolu-
tion satellite images can be used to assess distribution,
habitat use and population size of burrowing steppe
rodents at biogeographical scales. Using)the Bobak mar-

mounds of larger burrowinggo
ably on high-resolution satellit
region, marmot distributi asqumainly
summer rainfall, land levation. The predicted
range matched histosical, -based extent-of-occur-
rence maps well, while ‘providing substantially more spa-
tial detail. Mar re overall remarkably resilient to
land-use ch te major episodes of land-use
change imgthe 20th century. We also found marmots to
not onlyyocc steppes, with the species being most
ab t arable croplands, followed by abandoned
lan nd grazed steppe. Combining our satellite-
S nd ground-based data yielded a new population
estimate of 6.1 (42.4 se) million individuals across Kaza-

tan, which suggests marmots have not declined as
much as previously assumed. More broadly, our analyses
highlight how publicly available satellite images can help
to provide important baseline data for understanding the
ecology of steppe rodents and for conservation planning
aimed at maintaining their key functional roles.

on (occurrence) on digitized satellite images and (B) burrow density (burrows/ha) in sample plots with

Model Intercept Lan rr. Land use Soil type Soil texture Fire df LoglLik AIC AAIC w;

(A)
1 + + —0.352 19 —492.00 1022.70 0.00 0.808
2 + + —-0.359 24  -488.28 1025.67 298 0.182
3 1 —610.76 1223.52 200.82 0.000
W, (j) 0.19 1.00 1.00 1.00

(B)
1 —1.045 2 —174.81 353.66 0.00 0.664
2 —1.009 —0.057 3 —174.69 355.47 1.81 0.269
5 —1.066 + 6 —174.00 360.32 6.65 0.024
w. () 0.29 0.02 <0.01 <0.01 0.29 0.04

For estimating occurrence, we fitted binomial GLMs with a logit link (logistic regression). For estimating abundance, we used negative binomial
GLMs with a log link. Models are sorted by AIC, with + indicating that the variable was included in the model, and w.(j) indicating relative vari-
able importance across all models. All models whose Akaike weights sum up to 0.95 are shown, as well as an intercept-only model for compari-
son. Variables are fire frequency (i.e. the number of fires in the period 2001-2015, “fire”), land use at the sample plot, dominating land in its
surroundings (5 km around the sample plot), soil type and soil texture.
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burrows from space worked
st attempts to use remote sensing
images for mapping marmots and other burrowing rodents
mainly relied on aerial photos and very small study sites
(Vinogradov and Leontieva 1985; Sidle et al. 2002; Koles-
nikov 2011), and we here show that such approaches can
be scaled up to biogeographic scales. Importantly, image
provider, acquisition time and observer did not signifi-
cantly affect burrow detection. The resolution of Google
Earth and Bing imagery was high enough to detect burrow
presence, further emphasizing the potential to assess bur-

rowing animals across large areas. Our satellite-based
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bandoned croplands, GR — strongly grazed steppe, UN — ungrazed or moderately grazed steppe,

approach was particularly powerful when combining the
on-screen digitization of burrows on satellite images with a
very limited field campaign, which allowed us to correct
for detection probability (here c. 40%). Combining our
approach with more detailed studies of colony structure,
and perhaps using object-oriented algorithms to detect
marmot burrows automatically as suggested by Kolesnikov
(2011) may further improve accuracy and make studies
even less labour intensive. Given that burrowing rodents
with large mounds are common in all major grasslands of
the world, our approach seems promising and might be
readily transferred to other grassland systems.
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Table 2. Key variables for explaining burrow occurrence and abundance in sample plots, separately for main land-use classes

Number of Ratio burrow
burrows per numbers on
Proportion of sample plot Density of burrows satellite images:  Mean number of

Sample size digitized plots digitized from per hectare as burrows during  burrows/family

(digitized plots, with burrows satellite images  digitized from satellite = field survey based on the field
Land-use classes area 0.79 km? (occupancy rate)  (mean =+ sk) images (mean =+ sg) (detection rate) survey =+ se
Abandoned cropland 216 0.32 7.12 +0.92 0.34 + 0.40 0.33 + 0.06 4.44 + 0.84
Arable cropland 286 0.39 9.05 + 0.92 0.31 £ 0.02 0.45 + 0.11 4.88 + 1.09
Grazed steppe 123 0.23 8.12 + 1.86 0.45 + 0.07 0.65 + 0.11 481 + 1.43
Ungrazed steppe 276 0.13 3.79 +£ 0.93 0.40 £+ 0.07 0.18 + 0.02 6.75 + 0.44
Average (mean + se) 225 0.27 6.85 + 0.53 0.35 + 0.02 0.40 + 0.05 5.15 + 0.48

Table includes only the data for four main land-use classes within the area of Kazakhstan. Variables that were used f e

are marked in grey.

Yet, our study also highlighted a number of challenges
for mapping burrowing rodents from space. First, bur-
rows of different species could be confused (Swinbourne
et al. 2018), although the field campaign suggested that
this was not a problem in our case. The only similar
structures on the Kazakh steppe are created by large
ground squirrels (e.g. Spermophilus fulvus), but inter-bur-
row distances were lower and the mound of bare soils
much smaller in ground squirrels (Fig. S8). Second,
detectability of burrows varied across land-use t
Although this was not a problem for assessing ma
presence, this variation highlights the value for addition
ground data for going beyond occurrence predictions to
estimate abundance. Third, marmot colonies might be
unoccupied due to recent hunting or disea ts.

€s.

g -
in, (1961)
»_Sludsky (1969)
Shubin (1978)
— o | A Rumyancev (1988)
s Zimina (1988)
g o Bibikov (1989)
= 0 Kolesnikov (2011)
o .
c o ® this study
Qo
g
L o]
T -
£
»
Ll
w0 -
+ N
§ -
o ® 8

T T T T T T T
pre-1950s 1970 1980 1990 2000 2010 2020

Year

Figure 5. Published, range-wide population estimates for the Bobak
marmot since the 1950s and the new estimate from this study. Note
that the current estimate was calculated for Kazakhstan only, but that
>95% of all Bobak marmots are currently found in Kazakhstan.

pulation estimate

*

Including recently aba nies would possibly

lead to an overestimagion ofgdistribution and population

size, but our fieldmwisitshsuggested that abandoned bur-
C

rows are very s tly abandoned burrows show
ounding vegetation and a blurred

less contrast
outline (Minogradov and Leontieva 1985). Old abandoned
burro re ally even darker than the surrounding

ion (Vinogradov and Leontieva 1985, Fig. S2). In

estimated reliably if up-to-date imagery is available.

he satellite images that we used for digitization were
mainly acquired between 2010 and 2016, with the vast
majority from 2012 and 2013 (Figs. S3 and S4). While this
period matches well the time period for which our field
data were collected, it is considerably earlier than the time
of the targeted ground-truth survey in 2017. It is therefore
possible that during on-screen digitization, burrows that
were abandoned between 2012 and 2016 were included. On
the contrary, the higher number of burrows detected in the
field compared to the satellite images might indicate that
new burrows were built between image acquisition and on-
screen digitization. However, marmots are known to use
burrows over decades (Zimina and Isakov 1980). Building
a new, large nesting burrow is energy-demanding, and
young individuals would usually occupy old burrows when
starting their own family or refurbish existing ones. An
experimental comparison of Corona spy satellite images
from the 1960s shows that many burrow locations have
indeed remained unchanged for at least 45 years (Mun-
teanu et al. submitted). It is very rare that permanent bur-
rows are newly created, and the burrows we missed were
likely mainly smaller, secondary burrows.

The distribution of the Bobak marmot appears to be
mainly governed by climate variables, especially summer
rainfall, as well as land use and elevation. Higher eleva-
tions with stony soils and lower and wet depressions with
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a risk of inundation are avoided. This is well in line with
prior, more fine-scaled studies (Bibikov 1989). A prefer-
ence of elevated terrain has also been shown for close
marmot relatives such as ground squirrels (Barker and
Derocher 2010) and might be associated with their bur-
rowing activity. Many burrowing mammals are dis-
tributed in areas with harsh continental climate with cold
winters and/or hot arid summers, and gain body mass
before hibernation to cope with these conditions (David-
son et al. 2012; Armitage 2013). Nutrient availability
prior to long hibernation periods determines the survival
of these species through winter probably stronger than
predation (Van Horne 2007). In cold, (semi-) arid grass-
lands, such as the steppes of Kazakhstan, where plant
growth is limited to a few months, summer precipitation
determines vegetation productivity and therefore influ-
ences winter survival of small mammals (Abaturov 1984).

Both our observed range (based on screen digitized and
field data) and modelled range (based on species distribu-
tion modelling) suggested that the Bobak marmot’s range
has remained almost unchanged in Kazakhstan since the
1950s. The species disappeared only from the most north-
ern areas, where steppe grasslands have almost disap-
peared and cropland use is most intensive in Kazakhstan
(Dietrich et al. 2012; Dara et al. 2018). This range stabil-
ity is remarkable given the several drastic episodes of
land-use change, most notably the expansion of hig
mechanized agriculture, during Soviet times. In fact,
Bobak marmot presence was highest on managedg and
abandoned cropland, not in natural steppes. This ht

be explained by the generally high site fideli 1,
burrowing rodents (Hare et al. 2007; Van 2007)
Furthermore, farming in the steppe r hstan
is less intensive than in other parts Fields
are rarely ploughed, no-till or is applied

s minimal (Dietrich
ely resulted in a

almost everywhere and pestici
et al. 2012; Kamp et al.
higher persistence of bur

form of ruderal arable
crops even in wheat fields
sev 1991). However, the fact that
as highest on plots with close
oned croplands suggests that some
proportion of (semi-)natural habitats in the landscape has
a positive effect on marmot survival, especially after til-
lage and an associated shortage in weeds in spring (Bibi-
kov 1991; Rumyantsev 1991). Finally, a factor
contributing to the persistence of Bobak marmots is that
the species in this region has no significant negative
impact on crop yields (Bibikov 1991) and is therefore not
persecuted as a pest (Bibikov 1989).

Altogether, this suggests that the Bobak marmot in
Kazakhstan was fairly resilient to land-use change, both

Satellite-based Mapping of Burrowing Mammals

the conversion of steppe into cropland during Soviet times
and the abandonment of cropland after the break-up of
the Soviet Union. While studies on the impact of agricul-
tural land-use change on social, burrowing mammals are
scarce (Bibikov 1989; Davidson et al. 2012), they typically
suggest a detrimental impact of land-use change. For
example, while ground squirrels can survive on croplands
and even cause significant crop damage (Feldhamer et al.
2003), their populations often become fragmented and
decline after agricultural expansion (Van Horne 2007) and
associated persecution (Hoogland 2013). The conditions
that allowed the Bobak marmot to persist {a croplands for
decades are likely to change in the neagfutute though. The
ing, with
replacement of

odern “agricultural
cause a reduction in

currently observed intensiﬁc‘io 0
increased herbicide use and an<eng
outdated Soviet machinerygwith
equipment (Kamp et al.
cover of ruderal plants

d mi egatively impact mar-

mots and other burrewi
disappearance of

lands support

dents, possible leading to the
iven that abandoned crop-
part of Bobak population, the
ongoingyre n and recultivation of abandoned crop-
land (Darajet al."2018) will result in increasing pressure on
Bob d “might affect colonies in neighbouring crop-
Moreover, wildfires and grazing can significantly
habitat of burrowing mammals (Detling 2006;
son et al. 2010; Savchenko and Ronkin 2018) and
ave been increasing recently (Dara et al. 2019). On
steppes and abandoned fields, frequent fires are likely to

i

result in denser and taller swards, as grasses are favoured
over dwarf shrub when stands burn frequently (Dubinin
et al. 2011; Collins and Calabrese 2012). This might affect
small mammals as approaching predators are more diffi-
cult to spot and escape is more difficult in taller vegetation
(Hoogland 2013).

We here present a new population estimate that is sig-
nificantly higher than all previous estimates since the
1960s, suggesting a recovering Bobak population since the
1980s (Fig. 4) after the steep decline in the 1950s. The
historic decline was mainly caused by habitat loss and
persecution for fur, meat and fat (Bibikov 1989). A recov-
ery might be linked to relaxing hunting pressure. Hunting
bags decreased strongly after the break-up of the Soviet
Union (Bibikov 1989; Ministry of Agriculture of Kaza-
khstan 2016). As the area of abandoned cropland within
5 km of a sample plot was an important predictor of
marmot occurrence, another reason for an apparent pop-
ulation recovery might be the large-scale abandonment of
cropland that allowed marmots to access more produc-
tive, “weedy” vegetation. This would be especially impor-
tant early in the season, as wheat is not sown before mid-
May, 1 month after marmots leave their burrows after
hibernation (Sludsky 1969). Alternatively, the discrepancy
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in estimates might be driven by the use of different map-
ping methods. Previous estimates were largely based on
field surveys with extrapolation over the large areas, or
hunting statistics (Bibikov 1989), while the use of satellite
imagery and random sampling allows covering all habi-
tats, including those of limited access for terrestrial sur-
veys. Although the uncertainty is considerable, we suggest
that the new estimate can be used as a baseline for future
population monitoring, and for estimating sustainable
hunting quota.

The impact of agriculture on the world’s grasslands will
likely increase in the future (Alexandratos and Bruinsma
2012; Meyfroidt et al. 2016), with manifold and likely
negative consequences for burrowing mammals. We have
shown that structures created by burrowing mammals can
be reliably mapped with publicly available satellite images
in order to assess the distribution, habitat use and abun-
dance of these animals. This suggests our method can
contribute to an improved monitoring and management
of these keystone species for steppes. As the coverage and
availability of free, high-resolution satellite images
increases and archives are constantly growing, our
approach should be transferable to many burrowing
mammals with a sufficient size of burrows and mounds
and has considerable potential to track changes in their
distributions and populations over large area and back in
time.
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