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In resource-poor environments many large herbivores do not perform seasonal migrations but show unpredict-
able, long-rangemovementswithin a given season. The few studies that have examined drivers forwithin season
long-range movements suggest that these movements are a response to spatiotemporal dynamics of foraging
resources.
We tested this hypothesis and were especially interested in detecting dynamics of foraging habitat which may
influence high mobility of khulan, Equus hemionus, during summers in the Dzungarian Gobi of Mongolia. We
used six years of ground census data combined with remotely sensed imagery of vegetation productivity
(NDVI) to build a dynamic habitat model. We subsequently predicted khulan habitat suitability for each of the
seven 16-day NDVI intervals every summer between 2004 and 2009 and examined variability of the resulting
42 prediction maps to characterize spatiotemporal dynamics in khulan foraging habitat.
Our analyses showed khulan summer foraging habitat was highly predictablewith little spatiotemporal variabil-
itymaking it unlikely that broad scale variability of foraging habitats can explain the highmobility of khulan. The
few and small areas that did show khulan habitat variability were related to locations around water sources. In
addition, we found that khulan avoided habitats beyond 21 km fromwater sources. Together these findings sug-
gest that water availability and switching among the sparsely located water bodies rather than broad scale dy-
namics of foraging habitats may be the key driver for the high mobility of khulan in the Dzungarian Gobi. Our
findings highlight the importance of securing access to and connectivity among water bodies for wild ungulates
and the need for further studies on possible drivers of nomadic movements in drylands.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Long-range movements of large herbivores are often driven by dy-
namics of the landscape in which they forage. Especially in grass- and
dry-land ecosystems many ungulates move great distances to follow
foraging resources that often exhibit significant spatiotemporal variabil-
ity (Fryxell et al., 2004; Fryxell and Sinclair, 1988; Mueller et al., 2011;
Mueller and Fagan, 2008). When foraging resources follow predictable
seasonal patterns, ungulatemovements tend to be regular and seasonal,
which is usually termed “migration” (Avgar et al., 2014; Dingle and
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Drake, 2007). For example, in the Serengeti ecosystem, wildebeest
Connochaetes taurinus, plains zebra Equus quagga, and Thomson's ga-
zelle Eudorcas thomsoniimigrate between the southern short grasslands
in the wet season and the northern tall grasslands in the dry season
(Holdo et al., 2009).

In more arid grasslands, foraging resource availability tends to be
less predictable, varying not only between but also within seasons.
This can be due to highly variable and patchy rainfall and snowmelt in
temperate habitats (Jonzén and Knudsen, 2011). When foraging re-
sources are temporally unpredictable, ungulates tend to move long dis-
tances even within seasons, often with little coordination among
individuals. This unpredictable movement pattern has been termed
“nomadism” (Mueller and Fagan, 2008; Roshier et al., 2008). One exam-
ple are Mongolian gazelle Procapra gutturosa in Mongolia's Eastern
Steppe, where long distance movements occur throughout the year ir-
respective of season. These long distance movements were associated
t dynamics of ungulates in unpredictable environments: The khulan
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with the spatiotemporal unpredictability of foraging resources in a
highly dynamic landscape (Mueller et al., 2008). Although highly mo-
bile nomadicmovementswithin seasons have been described in several
other species or populations (Roshier et al., 2008; Singh et al., 2012;
Taillon et al., 2012), the concept and its drivers remain poorly under-
stood and little studied. In addition, nomadic species require large,
unfragmented habitats. This is crucial for them to be able tomove freely
to respond rapidly to shifting resource availability and changing condi-
tions over time and to cope with unpredictable resource distribution
(Dean, 2004; Jonzén and Knudsen, 2011). Consequently, conserving no-
madic species is a key challenge for identifying the scale of conservation
management and designing conservation actions. Recent studies sug-
gest that understanding patterns, dynamics and drivers of highmobility
of animals could inform the relative importance of landscape connectiv-
ity that link important habitats or resources (Allen and Singh, 2016;
Jacoby and Freeman, 2016).

The Gobi desert of Mongolia is a portion of the Central Asian Desert
ecoregion often characterized by lack of surface water and predomi-
nance of low-productivity foraging resources (von Wehrden et al.,
2012). It provides an important refuge for several large and wide-rang-
ing ungulates, including the largest population of Asiatic wild ass, or
khulan (Equus hemionus, henceforth referred to as khulan) in the
world (Kaczensky et al., 2015a). While khulan are highly mobile,
performing extremely long-range movements in relatively short time
periods, they have no distinct migratory pattern (Kaczensky et al.,
2006). Inmost regions of the Gobi, distribution and habitat use of ungu-
lates are heavily affected by humans and their livestock, making it diffi-
cult to disentangle the effect of habitat use and human influence. In our
study area however, the Great Gobi B Strictly Protected Area in the
Dzungarian Gobi (the study area, henceforth referred to as the
Dzungarian Gobi), humans and their livestock leave the protected area
in summer, thus khulan spatial distribution can be expected to be pri-
marily driven by landscape dynamics in this season. A variety of anthro-
pogenic threats, mainly linear barriers through infrastructure projects,
poaching, and competitionwith livestock forwater sources and pasture,
have resulted in khulan being listed as “Near Threatened” in the IUCN
Red List (Kaczensky et al., 2015b) and if khulanmobility is linked to un-
predictable resources, anthropogenic factors may impede the mobility
and reduce the population viability. Hence, identifying themain drivers
of their mobility is a management priority.

In this study, we determine the environmental factors predicting
khulan presence during the summer vegetation period and subsequent-
ly examine the intra and inter-annual dynamics of the predicted khulan
summer foraging habitat. Our habitat model and the derived prediction
surfaces are build on six years of khulan occurrence data from ungulate
surveys, a dynamic habitat variable based on remotely sensed imagery
of vegetation productivity (Normalized Difference Vegetation Index,
NDVI), and several static habitat variables (elevation, slope, distance
to water and protection status). We expected that (a) vegetation pro-
ductivity would be amain driver of khulan spatial distribution patterns;
and (b) that khulan presence probability surfaces (subsequently also re-
ferred to as “summer foraging habitat”) would be highly variable within
and among years due to high spatiotemporal variation in vegetation
productivity, and thus could be a key driver for the long-range move-
ments of khulan in the Dzungarian Gobi during summers. Our study is
one of the first to examine dynamics of foraging habitat for a highlymo-
bile species in a desert ecosystem.

2. Materials and methods

2.1. Species and study area

Khulan are one of seven wild equid species. They are predominantly
grazers in summer, but also consume considerable amounts of shrubs in
winter (Xu et al., 2012). As hind-gut fermenters they rely on a higher in-
take rate and forage abundance than ruminants in order to meet their
Please cite this article as: Nandintsetseg, D., et al., Spatiotemporal habita
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nutrient requirements andmaximize energy (Janis, 1976).With an esti-
mated 40,000 individuals, the Mongolian Gobi desert provides critical
habitat for the largest remaining population of khulan (Buuveibaatar
et al., 2016b). However, a substantial portion of the khulan's range is
under consideration for economic infrastructure development which
may result in habitat deterioration, loss, and fragmentation
(Batsaikhan et al., 2014; Ito et al., 2013). Khulan annual ranges vary re-
gionally between 4500 and 70,000 km2 (Kaczensky et al., 2011, 2006).

We conducted our study in the Great Gobi B Strictly Protected Area
in the Dzungarian Gobi of southwestern Mongolia. The protected area
covers 9000 km2 plus a 5700 km2 buffer zone, with elevations ranging
from 1000 to 2900 m asl (Fig. 1). The protected area was established
in 1975 to conserve semi-desert and desert ecosystems and their asso-
ciated biodiversity, including several endangered ungulates such as
about 5700 khulan and 5900 goitered gazelle Gazella subgutturosa,
which are the two most abundant wild ungulates in the Dzungarian
Gobi (Ransom et al., 2012). The area is bordered by the Altai Mountains
in the north, and several highmountains (2500–2900m) along the bor-
derwith China in the south. Although the international border is fenced,
the rest of the protected area is not surrounded or dissected by fences.

Most water sources are located in the foothills of themountains, but
underwater run-off channels also feedmultiple springs in the plains and
rolling hill country. Thus, the study area is characterized by sparsely dis-
tributed water sources, which in some places form oases, as well as
ephemeral dry river beds and drainages. The study area has a continen-
tal climate with a mean annual temperature of −1.3 °C, varying from
+35 °C in summer to −43 °C in winter (Kaczensky et al., 2015a). The
average annual precipitation is b100 mm with more than half of the
precipitation occurring from June to August. Consequently, the growing
season and greenest vegetation period (hereafter: vegetation period)
lasts from June until mid-September.

Vegetation communities follow an elevational gradient (von
Wehrden et al., 2006). High elevations (above 1800 m) are dominated
by perennial grasses and sedges. Steep hills are almost devoid of vegeta-
tion with few perennial grasses. Intermediate elevations are character-
ized by desert-steppe with a high proportion of mixed shrub-grass
communities, including shrubby Salsola spp. and Anabasis spp., the
shrub Haloxylon ammodendron and Stipa spp. grasses. Depressions in
the central part of the study area have unevenly scattered shrubs such
as H. ammodendron and Nitraria sibirica (von Wehrden et al., 2006) in-
terspersedwith large patches of barren ground. Relatively high-produc-
tivity riparian vegetation communities are rare and restricted to larger
oases and intermittently dry river valleys.

Due to its distance frompopulation centers, the study area is subject-
ed to relatively low human impact. In summer, human and livestock
presence in the study area is minimal as herders move to themore pro-
ductive summer pastures in the foothills and alpine meadows of the
Altai Mountains.
2.2. Ground surveys

Between October 2003 and October 2010 Great Gobi B Strictly
Protected Area staff conducted 33 ground-based surveys tomonitor un-
gulates following a distance sampling approach (Kaczensky et al.,
2015a). For this study, we used the 12 surveys conducted during the
vegetation period (June–September) from 2004 to 2009.

A survey team consisted of four people (driver, observer, and two
spotters with compasses) recruited from the park rangers and adminis-
tration staff; driving speedwas 40 km/h. Given the ruggedness of the to-
pography (hills and shrub-covered depressions), we could not use a
random or systematic survey design, but rather made use of an existing
dirt track system. The survey consisted of 43 transect lines varying in
length between 1.5 km and 32 km resulting in a total survey effort of
762 km. Surveys were attempted once a month (Table A.1), and the
transects covered the entire protected area (Fig. 1).
t dynamics of ungulates in unpredictable environments: The khulan
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Fig. 1. TheGreat Gobi B strictly protected area and its buffer zone in theDzungarian Gobi, Mongolia. Solid black lines indicate survey transects andwhite lines corresponding survey blocks
that were used to summarize census data along the survey transects.
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When a group of khulan or goitered gazelleswas detected, observers
recorded species, group size and their own location, observer distance
to animal, and sighting angle using global positioning systems (GPS),
and compass bearing respectively. Observers were repeatedly trained
to visually estimate distances by placing people at intervals of 100,
500, 1000, 2000, 3000 and 5000m. Species groups were defined as sev-
eral animals standing or running in close proximity; no mixed species
groups occur. Visibility in the study area is high due to extremely flat to-
pography without steep depressions that would obstruct the observers
view. We subsequently calculated the locations of detected khulan and
goitered gazelle using geosphere library in R (Robert et al., 2016).

In total, we recorded 22,894 individual khulan in 723 groups and
5387 goitered gazelles in 1136 groups during summer surveys 2004–
2009 (Table A.2). Most khulan groups consisted of b10 individuals,
though we also recorded a few very large groups (N 500). The range in
khulan group sizes varied from 1 to 2110 with a median of 64. This
high variation in the abundance data makes models vulnerable to out-
liers and extreme values andwe therefore converted khulan abundance
into presence-absence data. Based on GPS tracking data of six khulan in
the study area, the average daily displacement of khulan was 6 km.
Given this khulan daily movement, we used 5 km2 blocks to examine
the relationship between khulan presence-absence and environmental
covariates. To divide the survey tracks into 5km2 blocks we used the
‘XTools Pro’ extension in ArcGIS 10.2 (Fig. 1). The length of the survey
tracks varied between 714 and 877 km in response to varying dirt
road conditions. Thus the total number of blocks varied from survey to
survey (ranging between 153 and 191 blocks). A total of 295 khulan ob-
served in 13 groups were excluded from analysis as their positions fell
outside the 5 km2 blocks. The final analysis is based on 710 groups (to-
taling 22,599 khulan) (Table A.2). Among individual surveys the num-
ber of blocks with khulan presence ranged from 17 to 53 (Table A.2);
Please cite this article as: Nandintsetseg, D., et al., Spatiotemporal habita
(Equus hemionus) in the Mongolian Gobi desert as a case study, Biological
blocks were assign absence (0) or presence (1) for khulan and goitered
gazelles.
2.3. Dynamic and static covariates

We used static and dynamic environmental covariates in ourmodel.
We used the Normalized Difference Vegetation Index (NDVI) as a dy-
namic measure of vegetation productivity. NDVI is commonly used to
monitor large-scale primary production dynamics over time and has
proven a valuable index of resource availability and distribution of
large herbivores (Pettorelli et al., 2011). Particularly in deserts and
grasslands NDVI has been used as a direct indicator of forage availability
and quality (Marshal et al., 2006). In our study region, the Gobi desert,
NDVI has been shown as a good indicator of vegetation green up and in-
dicator for spatiotemporal variability of foraging resources (Vandandorj
et al., 2015).

For each of the survey periods, we used composite MODIS (moder-
ate-resolution imaging spectroradiometer, available at http://reverb.
echo.nasa.gov/reverb) NDVI images compiled over 16-day intervals at
a spatial resolution of 500 × 500 m (Table A.1). For our analysis, we
used the seven composites within each summer vegetation period
from 2004 to 2009. As static environmental covariates, we used: (i) dis-
tance to water, calculated from 80 GPS points for water sources, (ii) a
digital elevational model (DEM at 90-m resolution) acquired from Sur-
face Radar TopographyMission (SRTM) data, and (iii) slope (°) calculat-
ed from the DEM using ‘Spatial Analyst’ extension in ArcGIS 10.2. We
extracted the mean value of these variables for each survey block. We
additionally included presence-absence data of goitered gazelle to test
for potential interaction effects and classified survey blocks in protected
area versus buffer zone to test for protection status in ourmodel (Fig. 1).
t dynamics of ungulates in unpredictable environments: The khulan
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2.4. Model development

We built logistic mixed (GLMM) habitat models based on the dy-
namic and static covariates to determine which variables have an effect
on khulan habitat selection. To account for spatial autocorrelation, we
calculated the proportion of neighboring blocks with khulan presence
up to a Euclidean distance of 30 km from each block. To account for
varying survey efforts among blocks we included the length of the sur-
vey trackwithin each block.We standardized all covariates using a stan-
dard deviation of 1 and mean of 0.

To avoid sample asymmetry, we followed procedures in (Mueller et
al., 2008) and randomly subsampled the blocks which had khulan ab-
sence to equal the number which had khulan presence for each survey.
The model used khulan presence-absence as the response variable and
included the twelve survey dates and the identifier of each 5 km2

block as random effects. We used Restricted Maximum Likelihood to
fit our model (REML, lme4 library in R) (Bates et al., 2015), and the
Akaike information criterion (AIC) for model selection.

We subsequently built a reduced generalized linearmodel (GLM) by
eliminating the presence-absence of goitered gazelle, the spatial
autocovariate, and the length of the survey track from the full model.
This reduced model was used to predict the probabilities of khulan oc-
currence and assess the habitat dynamics across the entire six years, in-
cluding periods for which we did not have survey data (and thus could
not calculate the eliminated variables). This model was also used for
model validation with khulan GPS relocation data collected at time in-
tervals different from the survey intervals.
Fig. 2. Predicted probability maps of khulan occurrence (based on themodels from the transect
NDVI intervals in summer 2009. Black dots indicatemovement relocations of khulan that corresp
between each 16-days interval. Each image contains 2304 relocations of six khulan sampled at
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2.5. Model validation

Wevalidated predictions of the reducedmodelwith an independent
dataset of GPS locations at hourly intervals from six radio-collared
khulan (3 males, 3 females; Fig. A.1).

Animals were marked in mid-summer 2009 and collars collected
1536 relocations (28 July – 29 September) during the period overlap-
ping our 2009 model prediction layers. The data confirmed the ex-
tremely high mobility of khulan (Fig. A.1) documented previously
(Kaczensky et al., 2008).

The khulan radio-collar locations occurred during four MODIS NDVI
16-day composite periods (see Table 2 in Results). By applying the re-
duced model, we predicted the probability of the khulan's occurrence
for each of the four NDVI periods. From these surfaces we calculated
the mean of all pixel values where actual khulan relocations occurred
(see Fig. 2 in Results). To test whether this mean was significantly
higher than expected by chance, we used random toroidal shifts
(splancs library in R) (Rowlingson and Diggle, 1993) to offset the actual
relocation patterns 1000 times within a rectangular bounding box
which covers the entire study area and encompasses all relocations of
khulan. For each random shift of the relocation pattern, we extracted
the pixel values of the predictionmap and calculated their mean. To de-
termine the significance of our model, we compared 95% quantiles of
mean probability of khulan occurrence for the shifted patterns to the
mean of the probability of occurrence for the actual relocations of
khulan. If the mean of actual relocations is above the 95% quantile of
the average probability of the simulated data, this means that the
data) togetherwith independently collectedmovement relocation data across four 16-day
ond to a particularNDVIperiod. Note that the highdegreeofmobility of khulanwithin and
hourly intervals.

t dynamics of ungulates in unpredictable environments: The khulan
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model predicted khulan occurrence better than by chance, as the prob-
ability that the pattern could have emerged by chance is b0.05.

2.6. Predictions of habitat dynamics

To assess khulanhabitat dynamics for all summer vegetation periods
over our six year study period, we acquired the 7 MODIS NDVI 16-day
composites for each summer and year and applied the reduced model.
We thus generated a total of 42 maps that showed a prediction of
khulan occurrence for each NDVI period in each year (Fig. B.1). We
then calculated the average and standard deviation across all prediction
surfaces. The resulting maps allowed us to assess the degree of dynam-
ics of summer foraging habitat within and among years.

3. Results

The logistic mixed model identified NDVI, elevation, distance to
water, and protected area status as significant variables predicting the
probability of khulan occurrence (Table 1). Slope was the only variable
whichwas not significant in themodel. NDVI and elevationwere signif-
icant with their second-order polynomials, meaning that intermediate
ranges of NDVI and elevation were preferred by khulan (Table 1). The
coefficient for distance to water was negative indicating that khulan
avoided distances too far fromwater. The model predicted that for me-
dian NDVI, elevation, and inside the protected area, khulan on average
tended to stay within 21 km of water sources (Fig. B.2). In addition,
our model suggested that there was a higher probability of khulan oc-
currence inside the protected area than in the buffer zone, and that
khulan presence was positively related to goitered gazelle presence
(Table 1).

We applied a reduced model using only the habitat covariates, and
excluding the autocovariate and the length of survey track to predict
khulan habitat (Table 1). The reduced model correctly predicted 74%
(257 of 347) of the presence and 48% (166 of 347) of the absence blocks
assuming 0.5 probability thresholds. The permutation test with inde-
pendent movement data showed that in each of the four 16-day NDVI
periods the actual relocations had a higher predicted probability of oc-
currence than the 95% quantile of the random shifts, and thus
Table 1
Logistic models predicting khulan presence in the Dzungarian Gobi during the vegetation
period (June–September). Null deviance: 900.2 on 691 df; significance code: *, 0.05, **,
0.01, ***, 0.001. (a) Fixed effects of the full logistic mixed model, including a spatial
autocovariate, a covariate for the presence of goitered gazelle, and the length of the tran-
sect track within each block: residual deviance: 771.4 on 681 df; AIC: 797.4. (b) Fixed ef-
fects for the reduced model that was used to create prediction maps excluding covariates
for presence of goitered gazelle, auto-covariate and length of survey tracks: residual devi-
ance: 848.59 on 686df, AIC: 864.59.

Covariates Estimate SE Z

(a) Full model (Intercept) –1.70 0.43 –3.87***
Dynamic covariate NDVI 4.26 1.24 3.34***

NDVI^2 –4.28 1.26 –3.37***
Static covariate Log10 distance to water –0.67 0.14 –4.54***

Elevation 6.17 2.02 3.05**
Elevation^2 –6.34 2.04 –3.10**
Slope –0.05 0.15 –0.36
Boundary 1.26 0.44 2.86**
Presence of gazelle 0.97 0.20 4.67***

Accounting covariate Autocovariate 0.56 0.11 4.78***
Length of transect 0.02 0.11 0.18

(b) Reduced model (Intercept) –30.52 5.90 –5.17***
Dynamic covariate NDVI 23.91 6.08 3.93***

NDVI^2 –11.85 2.99 –3.95***
Static covariate Log10 distance to water –1.72 0.32 –5.23***

Elevation 32.61 7.83 4.16***
Elevation^2 –10.55 2.61 –4.03***
Slope –0.16 0.10 –1.59
Boundary 1.03 0.31 3.31***
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demonstrated that our model predicted khulan significantly better
than expected by chance (Table 2, Fig. 2).

Based on visual inspection of our 42 predictionmapswe did not find
significant spatiotemporal variability of summer foraging habitat be-
tween or within years (Fig. B.3 and Fig. B.4). The prediction maps
showed a consistent pattern and we subsequently calculated a mean
prediction map over the entire 6 years. The overall prediction map
showed two large and more or less contiguous areas with a high prob-
ability of khulan occurrence which meet in the middle of the protected
area and some areas of lower probability of khulan occurrence along the
fringes in south and north-north-west (Fig. 3). Furthermore, the areas
within the buffer zone have a much lower probability of khulan use
than areas within the protected area (Fig. 3). A map of the standard de-
viation of our predictions showed that themain variability in the predic-
tion surface was associated with water sources around larger oasis
complexes and the foothills of the high mountains in the southwest
(Fig. 4); this was the case both within and among years (Fig. B.5 and
Fig. B.6). We examined the independent movement data in relation to
these water sources and found that each khulan in average visited 10
(ranging between 5 and 13) differentwater sources during the summer
season. These water sources were in average located 42 km apart from
each other (ranging between 1.6 and 100 km, see Fig. A.1).

4. Discussion

4.1. Spatiotemporal dynamics of foraging habitat

We examined dynamics of foraging habitat of khulan in the
Dzungarian Gobi during the summer vegetation period. We found that
NDVI, elevation, distance to water, and protected area status, were all
significant variables in predicting khulan occurrence. Based on NDVI,
the only dynamic habitat variable in our model, our analysis showed
that khulan selected for areas with intermediate values of NDVI,
which helped to delineate the habitats where khulan occurred through
the survey periods. Foraging resources were available rather continu-
ously over two large regions within the protected area (Fig. 3). Howev-
er, these habitatswith intermediate values of NDVI did not vary at broad
scales and thus prediction maps showed little variation and did not re-
veal spatiotemporal dynamics in khulan summer foraging habitat.
While intermediate NDVI areas helped delineate broad scale foraging
habitat and explained the broad regions where khulan occurred, they
did not explainwhykhulanmoved such great distanceswithin these re-
gions. This came as a surprise as researchers previously assumed that
khulan foraging habitat is highly dynamic and unpredictable in space
and time throughout the Gobi desert, and that this unpredictability
drives the long-rangemovement of khulanwithin the vegetation period
(Kaczensky et al., 2011, 2008).

In many other systems and ungulate species, spatiotemporal vari-
ability of foraging resources is indeed a main driver for nomadic move-
ments and high mobility. This is especially true for resource-poor
regions where animals often have to cope with great variability in the
spatiotemporal distribution of ephemeral food resources (Gunn et al.,
2008; Hancock et al., 2006;Mueller et al., 2011, 2008). However, our re-
sults revealed that khulan summer foraging habitat in the Dzungarian
Gobi was rather predictable and showed very little spatiotemporal var-
iability within and between years. In such case, there is little need for
khulan to respond rapidly with long distance movements to changing
forage resources and track them. This low degree of variation in khulan
summer foraging habitatmight be related to the fact that the vegetation
in the Dzungarian Gobi consists in large parts of shrubland (a mix of
small shrubs, forbs and grasses), whereas other studies that found
greater variability in foraging habitat were primarily conducted in
areas of herbaceous grassland (grasses and forbs) (Mueller et al.,
2008; Singh et al., 2010a).

Dynamics of herbaceous and shrub vegetation in drylands are dis-
tinct due to different responses of these plants to precipitation in
t dynamics of ungulates in unpredictable environments: The khulan
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Table 2
Comparision of predicted probability of occurrence between random shifts and actual khulan locations to validate the model. Actual movement data consisted of GPS relocations of six
collared khulan (N = 1536 for each individual) across four 16-day NDVI intervals in summer 2009. Mean of 1000 random shifts of actual relocation patterns on prediction maps and
its 95% quantile compared with the mean of actual relocations of khulan across four NDVI images. Note that in each of the four periods the mean of the probability of khulan occurrence
from the actual relocations of khulan is higher than 95% quantiles of the random shifts.

16-day NDVI period Mean of 1000 shifts 95% quantile of shifts Mean of actual movement data

28 July–12 August, 2009 0.34 0.54 0.55
13 August–28 August, 2009 0.35 0.64 0.66
29 August–13 September, 2009 0.373 0.57 0.63
14 September–29 September, 2009 0.36 0.553 0.60
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terms of growth and water-use patterns (Moreno-de las Heras et al.,
2015). Herbaceous vegetation typically shows quick and intense growth
pulses within a short term of rainfall and vegetation greenness is dy-
namic within a season. Conversely plant biomass and green-up phenol-
ogy for shrub-dominated landscape are associated with longer-term
precipitation patterns and vegetation greenness generally varies less
over time (Moreno-de las Heras et al., 2015).

Studies conducted in herbaceous grasslands have previously found
preference of herbivores for intermediate NDVI and have typically
linked it to the foragematuration hypothesis, which predicts herbivores
select an intermediate forage biomass to maximize net daily energy in-
take and is broadly referred to as a trade-off between forage quality and
quantity (Hebblewhite et al., 2008; Mueller et al., 2008; Singh et al.,
2010a, 2010b). In herbaceous grassland, variation in NDVI can be linked
to different growth stages of the samevegetation types, and an interme-
diate range simply indicates a growth stage with the best trade-off be-
tween forage quantity and quality. In addition, most studies that
found a preference for intermediate NDVI values (Hebblewhite et al.,
2008; Mueller et al., 2008; Singh et al., 2010a, 2010b) have not only
been conducted in herbaceous grasslands but also dealt with bovids, ru-
minants which tend to select for high forage quality rather than quanti-
ty. In contrast, the Dzungarian Gobi is shrub dominated and khulan are
equids, non-ruminant hind-gut fermenters adapted to process large
quantities of low quality forage (Duncan et al., 1990). Because in
shrublands variation in NDVI is less related to growth stages, khulan
preference for the intermediate NDVI values may be indicative of pre-
ferred habitat types, rather than be supportive of the forage maturation
hypothesis. Vegetation communities with lower NDVI values are less
suitable because they likely feature shrubs interspersed with barren
ground and thus offer limited forage. Vegetation communities with
Fig. 3.Mean of 42 predicted probability maps of khulan presence during the vegetation period in
generally higher than in the buffer zone area. See Fig. B.3–4 for mean prediction maps within a
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higher NDVI values are likely associated with riparian vegetation. Such
riparian areas may be avoided as they are associated with a greater
risk of predation andhigher rates of insect harassment (Feh et al., 2001).
4.2. Water sources as alternative drivers of long-range movements

Our results suggest a rather predictable and contiguous foraging
habitat for khulan in the Dzungarian Gobi. Consequently, the question
remains why khulan exhibit long-range movements during summer.
Previous studies have shown that equids are dependent on more or
less daily access to water during summer, and that distance from
water is an essential factor in habitat selection by wild equids (Giotto
et al., 2015; Zhang et al., 2015). Our model showed that khulan avoided
locations that were further than 21 km from water, and our prediction
maps identified some variability at relatively small, localized spatial
scales related to the location of water sources (Fig. 4). Thus, it may be
the sparsely distributed and spatially patchy water sources which
drive the long-rangemovements of khulan in theDzungarianGobi. Sim-
ilar pattern have been found in African savannah elephants (Loxodonta
africana) in Namibia's semi-arid system where mobility was induced
by switching of water sources in order to access new foraging areas
(Polansky et al., 2015). In the context of our study, khulan seem to be
able use foraging areas up to a maximum of about 21 km of water
sources, after which they are forced to either return to the previously
visited water source or continue to a different one. The limited number
of and large distance between water sources (e.g. no water source at all
in the central part of the study area) thus modulate khulan use of the
large contiguous foraging habitat. This was confirmed by our indepen-
dent movement data that showed that each khulan indeed used many
the Dzungarian Gobi. Note that the probability of khulan presence in the protected area is
nd between years.

t dynamics of ungulates in unpredictable environments: The khulan
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Fig. 4. Standard deviation of the 42 prediction maps of khulan presence and location of water sources. See Fig. B.5–6 for standard deviation maps within and between years.
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different water sources that were located up to 100 km apart from each
other.

Several explanationswhykhulanmayhave to switch betweenwater
sources are possible and may be inter-related. Since the areas around
water sourceswere themost prone to habitat variability during summer
periods, the attraction of different water sources to khulan can be ex-
pected to vary as well. Khulan preference may also be influenced by
changes in water quality (e.g. salinity, contamination with animal
urine and feces), micro-climate (e.g. wind which holds biting insects
at bay), and presence or absence of other species (Zhang et al., 2015), in-
cluding predators (Périquet et al., 2010; Valeix et al., 2009). In addition,
vegetation adjacent to water sources that varies considerably with the
water level and leads to the variability in NDVI may provide small
scale but nevertheless valuable foraging. Variability of these small
scale vegetation areas may be an additional driver for the long distance
khulan movements. Disentangling these factors will be essential for
fully understanding the long distance movements of khulan.
4.3. Non-habitat effects on khulan occurrence

In addition to the environmental habitat variables, we also found
other effects on khulan occurrence such as protected area status and
the presence of goitered gazelle. The probability of khulan occurrence
was higher inside the protected area as compared to the buffer zone.
This could be an effect of better protection of khulan against illegal
hunting inside the protected area due to ranger presence, or a reaction
to khulan preferring areaswithout herder camps and livestock presence
as suggested previously for khulan and other ungulates in Mongolia
(Kaczensky et al., 2011; Olson et al., 2011; Young et al., 2011). However,
in the DzungarianGobi, herders and their livestock tend to leave the hot
plains in summer and move into the foothills and mountains north of
the protected area (von Wehrden et al., 2006).

Our results indicate that current protected areamanagement is hav-
ing a positive effect on khulan presence in the area. Therefore, strictly
regulating livestock presence and controlling human activity within
the protected area should remain a key focus of ranger patrols. More-
over, the occurrence of goitered gazelle was positively correlated with
the occurrence of khulan. Unfortunately, detailed research on interac-
tions between khulan and goitered gazelle does not exist. However, in
other systems, mutual interactions with regard to feeding facilitation
or predator avoidance among large mammalian herbivores has been
Please cite this article as: Nandintsetseg, D., et al., Spatiotemporal habita
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documented (Sinclair and Norton-Griffiths, 1982) andmay also be rele-
vant in the Gobi.

5. Conservation implications

Recent studies in movement ecology suggest that long-ranging spe-
cies are increasingly threatened as a consequence of human land-use
and climate change (Hobbs et al., 2008; Luo et al., 2015). Therefore, sci-
entists have been focusing on understanding patterns and drivers of
population-level long-distance movement and linking it with large-
scale conservation efforts that attempt to maintain habitat connectivity
for highly mobile species (Allen and Singh, 2016). Conservation man-
agement based on predictable animal movements, both migration and
residence, is possible as we can anticipate connectivity among suitable
habitats and resources and maintain ecological corridors between
fragmented habitats. However, if a species has unpredictable move-
ments or is nomadic it is more difficult to assess where ecological corri-
dors need to be placed (Runge et al., 2014). Understanding which
component of abiotic environmental variability is most important for
promoting nomadic movement and how animals cope with resource
dynamics and changing conditions is essential in order to identify the
scale of conservation management and to develop a long-term conser-
vation strategy for these species.

One key management implication of our study relates to the finding
that long-range nomadic movements of large herbivores in resource
poor landscapes are not always directly coupled with highly variable
and unpredictable vegetation productivity. In the Dzungarian Gobi,
sparsely distributed and patchy water sources, rather than dynamics
of foraging habitats, appears to be the driver for long distance nomadic
movement of khulan in summer. Our findings thus highlight that access
to patchy key resources likewater and connectivity amongwater bodies
are critical for water-dependent grazers and nomadic species in arid
and semi-arid, resource-poor landscapes. We are still only at the begin-
ning of our understanding ofwhat possible drivers underwhich circum-
stances drive nomadic, long-range movements in ungulates. Only a
sound understanding of landscape scale drivers of long-range move-
ments in khulan and other nomadic ungulateswill allowus tominimize,
mitigate, or offset the potential adverse effects of ongoing and future in-
frastructure development in drylands. Since khulan occurred more fre-
quently inside than outside the protected area, this study also highlights
successful landscape-scale conservation of the protected area that has
been conserving wildlife since 1975. It encompasses many sparsely
t dynamics of ungulates in unpredictable environments: The khulan
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distributed water sources from smaller springs to large oases. However,
throughout the expanse of the entire Gobi in Mongolia, only about 27%
of the khulan range are covered by protected areas (Buuveibaatar et al.,
2016a) and future studies are needed to understandwhatmakes khulan
and other water-depended wildlife chose certain water points and how
wildlife use is influenced by environmental or anthropogenic factors
throughout the expanse of the entire Gobi. Overall, conservation efforts
tomaintain nomadic herbivores should focus on functional connectivity
among forage and other key resources such as water bodies and their
extent. Future studies outside protected areas should focus on routing
and frequency of animal movements among water bodies to provide
deeper insights into where and how conservation measures could im-
prove functional connectivity among resources.
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