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Abstract

Context The Mongolian Plateau, comprising Inner
Mongolia, China (IM) and Mongolia (MG) is under-
going consistent warming and accelerated land cover/-
land use change. Extensive modifications of water-
limited regions can alter ecosystem function and
processes; hence, it is important to differentiate the
impacts of human activities and precipitation dynam-
ics on vegetation productivity.
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Objectives This study distinguished between
human-induced and precipitation-driven changes in
vegetation cover on the plateau across biome, vege-
tation type and administrative divisions.

Methods Non-parametric trend tests were applied to
the time series of vegetation indices (VI) derived from
MODIS and AVHRR and precipitation from TRMM
and MERRA reanalysis data. VI residuals adjusted for
rainfall were obtained from the regression between
growing season maximum VI and monthly accumu-
lated rainfall (June—August) and were used to detect
human-induced trends in vegetation productivity dur-
ing 1981-2010. The total livestock and population
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density trends were identified and then used to explain
the VI residual trends.

Results  The slope of precipitation-adjusted EVI and
EVI2 residuals were negatively correlated to total
livestock density (R? = 0.59 and 0.16, p < 0.05) in
MG and positively correlated with total population
density (R* = 0.31, p < 0.05) in IM. The slope of
precipitation-adjusted EVI and EVI2 residuals were
also negatively correlated with goat density
(R* = 0.59 and 0.19, p < 0.05) and sheep density in
MG (R? = 0.59 and 0.13, p < 0.05) but not in IM.
Conclusions Some administrative subdivisions in
IM and MG showed decreasing trends in VI residuals.
These trends could be attributed to increasing live-
stock or population density and changes in livestock
herd composition. Other subdivisions showed increas-
ing trends residuals, suggesting that the vegetation
cover increase could be attributed to conservation
efforts.

Keywords Mongolian Plateau - Semi-arid -
Vegetation indices - Precipitation - RESTREND -
MODIS - EVI - EVI2 - GIMMS3 g NDVI - Livestock
density - Population density

Introduction

The world’s arid/semi-arid biome, which accounts for
41 % of the earth’s land area and where 38 % of the
human population lives, is vulnerable to ongoing and
predicted climate change as well as land degradation
(Reynolds et al. 2007; Li et al. 2012). The grasslands
of the Mongolian Plateau makes up a major portion of
the Eurasian Steppe—the largest, contiguous grass-
land ecosystem in the world—and are among the few
extant grassland ecosystems with a high diversity of
grassland species (Bai et al. 2008; Chen et al. 2013).
While there have been many studies that describe the
vegetation, species diversity, and the effects of
environmental stochasticity such as drought and
extreme winters on the Mongolian Plateau, there have
been relatively few studies on the vulnerability of the
Mongolian grasslands to climatic change and anthro-
pogenic modification (Hilker et al. 2014; Chen et al.
2015a). The temperate steppes of the plateau are under
increasing pressure from a 2° rise in average temper-
ature, a 7 % reduction in annual precipitation during
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the last 70 years (Liu et al. 2013), and an increasing
frequency of extreme climatic events in the last three
decades (Groisman et al. 2009; Fernandez-Giménez
et al. 2012; John et al. 2013b; Pederson et al. 2014).
The plateau consists of Mongolia (MG) and Inner
Mongolia (IM),—the third largest province-level
administrative region in China (Fig. 1). The two
entities (i.e., MG and IM) have similar ecosystem
types but distinct socio-economic systems, political
regimes, ethnic compositions, and divergent land
cover/use change trajectories (Qi et al. 2012; Chen
et al. 2015b). The major land use on the plateau has
historically been herding, but cropland use has
increased in certain areas of IM (Dong et al. 2011;
John et al. 2013b) and more recently in north central
MG (Pederson et al. 2013). Livestock stocking rates
increased sharply in MG following the collapse of the
former Soviet Union and the loss of state support,
which drove migration away from cities (Hilker et al.
2014; Chen et al. 2015b). The level of degradation in
the Mongol Steppe is closely linked with abrupt
changes in socio-economic policies, leading to a
dramatic increase in livestock stocking rates in both
MG and IM during the last two decades (Ojima and
Chuluun 2008; Li et al. 2012; Liu et al. 2013; Hilker
et al. 2014; Chen et al. 2015b). Herders on the plateau
have been forced to adapt to extreme weather and
market forces by limiting their traditional frequency of
transhumance (ofor), becoming sedentary herders
(more common in IM than MG), and diversifying
herd composition to minimize risk of livestock
mortality, all of which has resulted in increased
grazing pressure (Fernandez-Giménez 2002; Wang
et al. 2013b; Hilker et al. 2014). Extreme climate
events like summer drought and extreme winters or
dzuds, led to the migration of herders to urban areas
after record livestock mortality in 2000-2002 (Sankey
et al. 2009) and again in 2010 (John et al. 2013b;
Hilker et al. 2014). The emergence of a market
economy and the recent boom in mining partially
explain the internal migration in the 2000-2010
decade, which led to an increase in the urban
population, concentrated mostly in the capital city of
MG, Ulaanbaatar. Similarly, Deng Xiaoping’s reforms
of the 1980s ushered in a market economy in IM,
where the agricultural collectives were replaced by
increased privatization of herding and farming (Chen
etal.2015a, b). The last decade saw the introduction of
several grassland conservation measures and green
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Fig. 1 Land cover map and biome boundaries of the Mongolia
Plateau. The base map is the MODIS-derived land cover map
with the University of Maryland classification scheme
(MCD12Q1) for 2010. The polygons delineated by dashed lines

belt schemes to control desertification and to mitigate
dust storms originating in IM (Jiang et al. 2006; Liu
et al. 2008).

The identification of various desertification drivers
and the separation of anthropogenic drivers from
climatic effects have long been a topic of contention in
semi-arid grassland research. Vegetation dynamics in
semi-arid grasslands are closely coupled with precip-
itation variability, which makes it challenging to
distinguish degradation resulting from anthropogenic
modification from vegetation dynamics in water
limited ecosystems (Wessels et al. 2007). Although
several satellite remote sensing methods have been
used to study vegetation degradation using vegetation
indices (VI) (Kim et al. 2014), the primary methods to
monitor reduction in grassland canopy cover and

are the terrestrial ecoregions (WWF) biome boundaries: desert
(D), grassland (II), and forest (III). The heavy, solid line stands
for the political boundary between Mongolia (MG) and Inner
Mongolia (IM), China

biomass resulting from anthropogenic modification
and large inter-annual precipitation variability are to
study trends in rain use efficiency (RUE) or spatially
explicit residual trends (RESTRENDS) (Wessels et al.
2007). There are few studies that compared residual
analysis results across border regions of large extent
with similar ecosystem and climate types like the
plateau (Zhao et al. 2014) or linked them with socio-
economic drivers and policy change (Li et al. 2012;
Chen et al. 2015a). Furthermore, there are no studies
that compared independent RESTREND  results
obtained from long-term records of VIs derived from
multiple satellite sensors and gridded climate datasets.

In this study, we used RESTREND and multiple VI
and climate datasets to examine the effects of anthro-
pogenic modification and precipitation dynamics on
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vegetation productivity on the Mongolian Plateau.
These state-of-the-art synoptic VI records and
climate datasets proved to be valuable for facilitat-
ing cross-validation of the results. This method has
a secondary utility in monitoring the growth of
irrigation agriculture in water-limited areas as well
as monitoring grassland degradation from increased
grazing pressure. The rationale of this study is to
isolate the impacts of anthropogenic modification on
grassland vegetation from precipitation driven
change in the context of varying land use policies
for MG and IM. The study also seeks to measure the
rates of change between these political entities
owing to differences in market size and human
and livestock population density. To facilitate this, it
would be necessary to account for the effects of
climate drivers, particularly rainfall on vegetation
dynamics in water-limited plateau steppes. Our
research objectives were to: (1) analyze spatial and
temporal trends in long-term satellite-derived VI
that were not explained by rainfall dynamics and (2)
evaluate socio-economic impacts on changes in
satellite-derived VI using trends in total livestock,
livestock types, and population density and their
relationships ~ with  precipitation-adjusted VI
residuals.

Methods
Study area

The Mongolian Plateau encompasses an area of 3
million km?, spanning from 90°E to 130°E longitude
and 55°N to 35°N latitude. The plateau includes three
major biomes (desert, grassland, forest) and their
distribution is mainly determined by the precipitation
gradient (Fig. 1) (John et al. 2013b). The climate of
the plateau is predominantly semi-arid continental,
with warm summers and extremely cold winters.
Mean annual temperature ranges from —1.7 °C in the
meadow steppe to 5.6 °C in the desert steppe and
mean annual precipitation varies from 90 to 433 mm
(Fernandez-Gimenez and Allen-Diaz 1999). Most
precipitation falls between June through August
(JJA), with peak growing season reaching a maximum
in August (Li et al. 2012). According to the Koppen-
Geiger climate classification, the climate types on the
plateau range from a mid-latitude dry semi-arid steppe
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climate (BSk) in the southwest where potential
evapotranspiration exceeds precipitation and average
temperature is less than 18 °C—to a subarctic climate
in the northeast with cool summers and severe dry
winters (Dwc) (Kottek et al. 2006). Mountain ranges
such as the Altai in the west and the Greater Hingaan
Mountains in the east isolate the plateau in part from
the Monsoon systems. In addition, the Siberian
anticyclone controls extreme winter temperature and
low precipitation until it weakens with warming in
summer (Hilker et al. 2014).

In order to characterize the inter-annual trends of
VI, we stratified the plateau into its constituent
biomes, vegetation types, and administrative divisions
(i.e., aimag in Mongolia and meng in Inner Mongolia).
The biome boundaries from the World Wildlife Fund
(WWF) terrestrial ecoregions (Olson et al. 2001)
dataset were used to stratify the plateau into desert,
grassland and forest biomes. In addition, we used a
vegetation map (Supplementary Fig. 1) derived from
earlier maps produced by the Institute of Botany,
Chinese Academy of Sciences (IBCAS, 1990s), and
Institute of Botany, Mongolia (1980s) to delineate
forest, meadow steppe, typical steppe, desert steppe
types (Wang et al. 2013a). The biome boundaries were
from WWF Global Ecoregions data while the vege-
tation maps are more specific and local to the
Mongolian Plateau. We conducted analyses based on
both data sets as they were independent data sources.
We also overlaid the biome boundaries onto the
MODIS land cover types to contrast the biomes with
the actual land cover/use. North-central Mongolia
forms an ecotone between the Siberian boreal taiga
and the Central Asian steppe complex and the
dominant forest species here are Siberian Larch (Larix
sibirica) and Siberian Pine (Pinus sibirica) (Sharkhuu
et al. 2013) with forest cover having lowest proportion
among vegetation types (e.g., 10.86 % of Mongolia).
The typical steppe vegetation, given a mean annual
precipitation (MAP) of 350 mm on the plateau, is
composed primarily of C3 grasses with dominant
species like Stipa Grandis, Stipa Krylovi, and Cleis-
togenes spp, while the desert steppe with a MAP of
<150 mm on the plateau is dominated by shrubs
(Caragana spp, Artemisa xerophytica and Artemisia
Ordosia) (Fernandez-Giménez and Allen-Diaz 1999;
Cheng et al. 2006; John et al. 2013a). Dominant
species of the meadow steppe with a MAP of
>400 mm are Stipa Baicalensis, Leymus Chinenis
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and Artemisia frigida (Fernandez-Giménez and Allen-
Diaz 1999).

Long term satellite data records

The normalized difference vegetation index (NDVI)
(Tucker 1979) and enhanced vegetation Index (EVI)
(Huete et al. 2002) are commonly used as a proxies for
leaf area index (LAI), fractional vegetation cover and
gross primary production. The enhanced vegetation
Index-2 (EVI2) was developed to provide identical
values to the EVI, minimizing potential soil and
atmosphere contaminations (Kim et al. 2010). We
analyzed the VI trends of the plateau by using three
existing long-term VI time series: MODIS EVI
(2000-2012), VIP EVI2 (1981-2010), and GIMMS3g
NDVI (1981-2010) (Scheftic et al. 2014). The
MODIS EVI product consists of monthly composites
of 1 km resolution EVI (MOD13A3) from 2000 to
2012 derived from the Moderate Resolution Imaging
Spectroradiometer (MODIS) aboard the Terra satel-
lite. The data was downloaded from NASA’s Reverb
Echo portal (http://reverb.echo.nasa.gov/reverb/). In
order to extend the MODIS EVI time series back in
time to the 1980s, we obtained EVI2 from the new
Vegetation Index and Phenology (VIP) (Didan 2010;
Barreto-Munoz 2013) dataset of the NASA MEa-
SUREs (Making Earth System Data Records for Use
in Research Environments) program (http://vip.
arizona.edu/viplab_data_explorer.php#). At present,
the VIP dataset covers three decades (1981-2010) of
consistent EVI2 and NDVI derived from both
AVHRR and MODIS with a Climate Modeling Grid
(CMG) resolution of 5.6 km (0.05°) (Jiang et al.
2008). The need for cross-validation of the MODIS
EVI and VIP EVI 2 datasets motivated us to use
NDVI3g, the third generation of GIMMS NDVI
derived from all seven AVHRR sensors (Anyamba
et al. 2014). State-of-the-art techniques have been
used in this latest version of GIMMS NDVI to remove
artifacts in the NDVI time series due to differences
among sensors, solar zenith angle, and orbital drift.
We used the pixels from the growing season (April—
October) with the highest quality in our analysis of the
three VI products. We made use of standard quality
control (QC bits) and LDOPE tools for MODIS EVI
(https://lpdaac.usgs.gov/tools/Idope_tools) (Samanta
et al. 2012). Similarly, we used the pixel reliability
layer in VIP EVI2 to exclude pixels that were gap-

filled with estimated VI or the long-term average. For
NDVI3g, we used the embedded flags to account for
the possibility of false positives from clouds or snow.
In addition, we used the quality flags to distinguish
original NDVI from gap-filled NDVI pixels which
were derived from spline interpolation and which
might be contaminated by clouds (Anyamba et al.
2014).

Climate data

We used the merged Tropical Rainfall Measuring
Mission (TRMM) data (Huffman et al. 1995) to
explain the effects of precipitation variability on
vegetation productivity, as approximated by EVI for
the period 2000-2012. We used the monthly precip-
itation rate (3B43 version 7, http://disc.sci.gsfc.nasa.
gov/) to characterize precipitation distribution and
deficits (Aragdo et al. 2007; Anderson et al. 2010).
Although our study area is at the northern edge of the
TRMM coverage (50°N), the dominant land cover
types (grassland and desert biomes) in both IM and
MG are well represented by TRMM pixels. In order to
obtain high quality, long term precipitation data for
1981-2010, we downloaded total surface precipitation
(PRECTOT) (0.5° x 0.667°) of NASA’s Modern-Era
Retrospective Analysis for Research and Applications
(MERRA) from the Goddard Space Flight Center
simple subset portal (http://disc.sci.gsfc.nasa.gov/
SSW/) (Rienecker et al. 2011).

Population and Livestock Data

In order to explain human-induced changes in vege-
tation cover and validate the RESTRENDS method,
we obtained detailed census data that include total
urban and rural population at Level-1 administrative
divisions (i.e., province or aimag level in MG and
meng or prefecture level in IM). In addition, official
estimates of total livestock population and livestock
types (e.g., sheep, goat, cattle, and horses) were
obtained from the National Statistical Office Year-
books in MG. Similar data were obtained from
statistical yearbooks and meng level authorities in
IM (Statistical Bureau of Inner Mongolia 1989-2012).
The annual livestock census in IM is collected twice a
year (mid-year and end-of-year) whereas in MG, the
census is only taken at the end-of-year. Hence we
ensured that we used end-of-year data in both MG and
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IM for comparative purposes. Livestock and human
population densities were obtained by dividing the
total population and livestock by the area of aimag or
meng,—i.e., the socio-economic data were normal-
ized by area.

Analyses

We applied non-parametric Mann—Kendall (MK) tests
to statistically assess whether there is a monotonic
upward or downward trend over time on three
independent VI time series: MODIS EVI
(2000-2012), VIP EVI2, and GIMMS NDVI3 g
(1981-2010) (Fig. 2a, c, d). We also used the Theil-
Sen non-parametric test for estimating the significance
of the trends (Sen 1968). The MK trend tests are not
sensitive to outliers, do not assume a normal distribu-
tion, and correct for serial autocorrelation which is
especially important for dealing with times series of
accumulated climate data like seasonal precipitation
(de Beurs et al. 2009). The similar non-parametric
methods have been successfully used for climate trend
studies using satellite VI datasets (Alcaraz-Segura
et al. 2010; de Jong et al. 2011; Kim et al. 2014). The
sign of the test statistic indicates an increasing
(positive) or decreasing (negative) trend while the
magnitude indicates the strength of the trend (Wright
et al. 2012). We also correlated de-trended time series
of EVI, EVI2, and NDVI3g with accumulated precip-
itation data from TRMM and MERRA PRECTOT
(Fig. 2e, f, Supplementary Fig. 6a).

The RESTREND method was applied to distin-
guish between anthropogenic land degradation from
inter-annual precipitation variability (Wessels et al.
2007). This spatially explicit method is based on the
premise that the primary productivity of semi-arid and
arid ecosystems is positively correlated with precip-
itation and that the degradation of grasslands leads to
reduced vegetation productivity per unit precipitation
(Wessels et al. 2007). The method maps pixel-based
trends in the residuals obtained from the regression of
accumulated rainfall data and VI (Evans and Geerken
2004; Wessels et al. 2007).

Prior to the RESTRENDS analysis, MODIS EVI
was resampled to match the 28 km resolution of
TRMM, while VIP EVI2 and NDVI3 g were resam-
pled to match the 50 km resolution of MERRA
PRECTOT. The VIresiduals (i.e., observed VI — pre-
dicted VI) were analyzed to detect trends in vegetation
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productivity that were not explained by rainfall
dynamics over different time periods (2000-2012
and 1981-2010). A decreasing trend in residuals is an
indication of grassland degradation that could be
attributed to anthropogenic activity such as grazing
and urbanization. Increasing residuals trends suggest
that vegetation cover and plant vigor may have
improved and could be attributed to efforts in conser-
vation (Wessels et al. 2007). This is based on the
assumption that other climate factors, particularly
elevated air temperature do not play a significant role
in vegetation dynamics for water-limited ecosystems
on the plateau (Kim et al. 2012; John et al. 2013b). We
carried out pixel-based linear regression analyses
between maximum annual VI (VI.s), a proxy of
peak primary productivity, and accumulated seasonal
rainfall during the 30-year study period (1981-2010).
In order to determine the best regression model fit
between VI,,,—and accumulated rainfall and to
better describe the seasonal distribution of rainfall
and vegetation growth, we obtained composites of
TRMM and MERRA PRECTOT with variable time
lags between the start and peak of the growing season.
The precipitation composite variables include accu-
mulated precipitation from June through August (JJA)
that is representative of the summer peak growing
season and precipitation from April through July
(AMI)) that included spring green up and increasing
vegetation growth to the months prior to the peak
growing season. The three different time series of the
residuals (MODIS EVI vs TRMM, EVI2 vs. MERRA
PRECTOT, NDVI3g vs. MERRA PRECTOT, respec-
tively) were subjected to non-parametric MK trend
tests. In addition, p value masks were created so that
only statistically significant pixels were retained for
comparative analyses (supplementary Fig. 2). The
higher spatial resolution of the MODIS EVI time
series complemented the temporal resolution of the
30-year VIP EVI2 and NDVI3 g datasets.

We used the MK non-parametric trend tests to
analyze time-series of population and total livestock
densities and the density of major livestock types, and
the Theil-Sen method for slope estimation for the
study period. We then mapped the distribution of slope
trends in order to explain the variance and distribution
of the residual trends of EVI, EVI2, and NDVI3g.
Finally, the changes in stocking rate of total livestock
and animal types and the human population densities
were regressed against the slope of residual trends of
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(a)

po High : 0.03
— Low : -0.03

2000-2012

1981-2010

Fig. 2 Spatial distribution of trend slope and correlation
between vegetation indices and precipitation for the Mongolia
Plateau: a trend slope of annual EVI (2000-2012), b trend slope
of TRMM rainfall (mm year '), ¢ trend slope of annual EVI2

the three VI time series. We used Geoda (https:/
geodacenter.asu.edu/), a spatial regression package, to
account for spatial autocorrelation through the use of a

- High :0.01
— Low : -0.01

o High : 0.004

B ) ow : -0.004

— Low : -0.7

(19810-2010), d trend slope of NDVI (1981-2010), e correla-
tion between EVI and TRMM precipitation, f correlation
between EVI2 and MERRA precipitation

spatial lag term which uses weights based on a
threshold of the smallest Euclidean distance between
all aimags/mengs with at least one neighbor.
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o

Fig. 3 Residual trends of rainfall-adjusted residuals obtained
from linear regression of a maximum EVI and accumulated
TRMM precipitation in June, July, August (JJA), b from
regression of maximum EVI2 and accumulated MERRA

Results
Relationship between VI, and Rainfall

Precipitation was significantly correlated with MODIS
EVI for the dominant desert (correlation coefficient
(r) = 0.26-0.39) and grassland biomes (r=
0.31-0.32) (p < 0.05, Supplementary Table 1). In
comparison, precipitation showed low correlation
with VIs for the forest biome (r = 0.12-0.16),
suggesting that the ecosystems in the northern regions
of the plateau in both MG and IM were mainly
controlled by temperature. Similarly, VIP EVI 2 was
also correlated with precipitation for desert
(r = 0.18-0.31) and grassland (r = 0.24 and 0.18) in
IM and MG, respectively. VIP EVI2 and GIMMS
NDVI3 g showed relatively lower correlation with
precipitation in the forest biome with —0.15 to 0.07 in
IM and 0.12 in MG.
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1981-2010

1981-2010

precipitation in JJA and ¢ from regression of maximum NDVI
with accumulated MERRA precipitation. EVI, EVI2, and NDVI
time series were corrected for the effects of precipitation and the
trends here are not explained by precipitation

MODIS EVI and TRMM rainfall were positively
correlated for the desert biome, and to a certain
extent for the grassland biome, in the western and
central portions of the plateau over the last decade
(Fig. 2e). There was also a strong, negative corre-
lation between EVI and rainfall in the forest biome,
especially in northern MG and northeastern IM.
EVI2 and MERRA PRECTOT also showed a
strong, positive correlation for the desert biome in
IM and MG (Fig. 2f). However, there was a strong,
negative correlation between precipitation and VIs
for the IM forest biome, especially in the south-
eastern basin through which the Yellow River flows
and where the land use is mostly irrigated cropland
(Fig. 1). The Hingaan Mountain region of north-
eastern IM and northern MG, comprising of a
mixture of forest cover and agricultural land use,
also showed a strong, negative correlation with
precipitation (Fig. 1).
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We repeated the correlation analysis across vege-
tation types and found that all three growing season VI
of northern forests were negatively correlated with
precipitation. The growing season VI of the meadow
steppe showed moderate to high correlation for
MODIS EVI (r=0.24-042) and GIMMS3 g
(r = 0.16-0.24) in IM and MG, respectively (supple-
mentary Table 2). The VIs of the dominant steppe
were highly correlated (for e.g., MODIS EVI,
r = 0.34-0.41) with precipitation. Similarly, for the
desert steppe, the growing season precipitation was
correlated with the VIs (MODIS EVI: r = 0.45 and
0.35; VIP EVI2: r=041-0.30; GIMMS3g:
r = 0.50-0.15) in IM and MG, respectively (Supple-
mentary Table 2).

Residual trends in precipitation adjusted VI

Trends of the residuals (p < 0.05) obtained from the
three VI-precipitation regressions were stratified by
the WWF biome types. For the desert biome, the pixels
with a decreasing trend in MODIS EVI residuals
occupied 8.7 and 23.43 % of the area, whereas the
pixels with an increasing trend occupied 15.9 and
2722 % in IM and MG, respectively (Table 1).
Similarly, for the grassland biome, pixels with
decreasing trends in residuals occupied 16.45 and
16.84 %, while pixels with increasing trends occupied
an area of 21.89 and 24 % in IM and MG, respectively
(Table 1). For the forest biome, areas with decreasing

Table 1 Percentage area covered of pixels with different
residual trends for three long-term datasets, MODIS EVI,
Vegetation and phenology EVI2 product, and the third

trends in residuals occupied a greater proportion in
MG than in IM, while areas with increasing trends
were similar to each other (Table 1).

MODIS EVI residual trends stratified by IBCAS
vegetation type showed a slight increase in percent-
age-area under forest cover in IM than in MG, whereas
MG showed a greater proportion of forest cover with
decreasing trends (Table 2). The percentage-area
covered by meadow steppe showed a decrease of
13.95-14.83 % and an increasing trend of 11 % in
both IM and MG (Table 2). The relative changes of the
typical steppe in MG were larger than those of IM. The
percentage area covered by decreasing and increasing
trends of the desert steppe in IM were about the same
as that of MG (Table 2).

We found a greater magnitude in EVI trends in the
last decade (Fig. 2a) than in the 1981-2010 EVI2
trend (Fig. 2¢). The trends of MODIS EVI residuals
(Fig. 3a) were also larger than those of EVI2 and
NDVI3 g residuals (Fig. 3b, c). Residual trends in all
three VI time series (Fig. 3) showed significant
increases in the eastern Mongolian aimags of Dornod,
Sukhbaatar, and Khentii with an annual increase of
0.05 in the eastern portion of the grassland biome.
However, there was a decreasing trend of 0.05 in the
central and western portions of the grassland biome in
MG including the aimags of Tov, Orkhon, Bulgan,
Selenge (Fig. 3) and major cities of Ulaanbaatar,
Darkhan, and Erdenet. Similarly, there was an
increasing trend in VI residuals in southern and

generation GIMMS NDVI (p < 0.05) by desert, grassland
and forest biome boundaries obtained from the WWF biome
boundaries

Biome Year Product M MG
decr. incr. decr. incr.
Desert 2000-2012 MODIS EVI 8.79 15.91 23.43 27.22
1981-2010 VIP EVI2 10.68 30.04 17.43 34.86
1981-2010 GIMMS3G NDVI 20.69 22.03 19.21 22.05
Grassland 20002012 MODIS EVI 16.45 21.89 16.84 24.01
1981-2010 VIP EVI2 3.19 15.51 2.90 5.81
1981-2010 GIMMS3G NDVI 17.79 20.53 6.53 14.52
Forest 2000-2012 MODIS EVI 3.81 6.58 17.55 8.31
1981-2010 VIP EVI2 6.63 12.15 19.15 10.31
1981-2010 GIMMS3G NDVI 221 7.73 13.26 16.20

Increasing trends signify increased vegetation cover and decreasing trends represent reduced vegetation cover and degradation

@ Springer



556

Landscape Ecol (2016) 31:547-566

Table 2 Percentage area

. ’ Vegetation type Year Product M MG
covered of pixels with
different residual trends for decr. incr. decr. incr.
three long-term datasets,
and phenology (VIP) 1981-10 VIP EVI2 1.52 12.13 11.24 0.0
product, and the third 1981—10  GIMMS3G NDVI 455 606 0 14.98
generation GIMMS NDVI . ' ’ '
(p < 0.05) by vegetation Meadow steppe 200012 MODIS EVI 13.95 11.16 14.83 10.74
types delineated by the 1981-10  VIP EVI2 5.93 16.31 245 4.08
Institutes of botany in China 1981-10  GIMMS3G NDVI  17.80 8.90 4.89 9.78
(IBCAS) and Mongolia Typical steppe 2000-12  MODIS EVI 1781 2263 2730 3134
1981-10  VIP EVI2 2.96 13.01 8.06 10.75
1981-10  GIMMS3G NDVI 13.61 24.85 11.28 17.73
Desert steppe 2000-12 MODIS EVI 23.72 32.19 26.35 29.35
' o 1981-10  VIP EVI2 16.21 59.43 15.71 35.52
Increasing trends signify 1981-10  GIMMS3G NDVI 4592 4863  21.18 3347
increased vegetatlon cover
and decreasing trends Desert 200012  MODIS EVI 5.06 10.97 21.16 15.25
represent reduced 1981-°10 VIP EVI2 10.76 23.31 18.14 32.65
vegetation cover and 1981-10  GIMMS3G NDVI 15.24 12.55 16.69 9.43

degradation

southeastern portions of IM including parts of the
Bayanuur, Baotou, Chifeng, and Tongliao mengs.
There was also a decreasing residual trend in south-
central and northern IM in parts of Hohhot, as well as
the mengs of Ulangab, Xilinhot, Chifeng, Tongliao,
and Hulunbuir (Fig. 3).

Trends in anthropogenic drivers

The total livestock density showed a strong positive
trend in north-central and western MG including the
aimags with the three largest cities, Ulaanbaatar (UB),
Erdenet, and Darkhan-Uul (z statistic: 5.1, 6.5 and 5.7)
as well as Bulgan, Govisumber, and Arkhangai (z
statistic: 5.7, 3.4 and 5.6) (Fig. 4a). These images were
dominated by either meadow or typical steppe.
Moderate to weak increasing trends in livestock
density were found in Dornod and Khentii (z statistic:
0.3 and 3.2) in the meadow/typical steppe as well as in
provinces in the desert steppe along the Gobi Desert
including Dornogovi, Omnogovi, Bayankhongor and
Govi-Altai (z statistic 1.5, 3.4, 2.0 and 3.2). Similarly,
the mengs with large cities and towns in IM, like
Hohhot, Bayan Nur, Ulanqab (z statistic: 5.0, 6.8, 4.5)
of the desert steppe and Tongliao and Hingaan (z
statistic: 4.6 and 6.3) of the meadow steppe in the
south-central and south-east showed strong positive
trends in total livestock density. On the other hand,
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mengs like Alxa (z statistic: 2.3) in the desert steppe
had moderate to weak increasing trends in livestock
density.

Strong positive trends were also found for goat
density in the aimags with the three major cities in
MG, Erdenet, Ulaanbaatar, and Darkhan-Uul (z
statistic of 7.3, 7.0 and 6.9, respectively), all of which
are in the meadow/forest steppe (Fig. 4b). Dornod
aimag in the east as well as Dornogovi and Omnogovi
in the desert steppe in southern MG had moderate to
weak increasing trends in goat density. In contrast,
increasing trends of goat density in IM were concen-
trated in the mengs with major cities in the desert
steppe such as Ordos, Bayan Nur, and Wuhai (z
statistic of 4.12, 6.2 and 5.3, respectively) and the
mengs such as Tongliao, Chifeng, and Hingaan (z
statistic: 6.6, 5.7 and 6.4, respectively) in the typical/
meadow steppe to the east. Notably, moderate to low
increasing trends in goat density were observed in the
typical steppe of Xilingol, the meadow steppe of
Hulunbuir, and in desert steppe of Alxa.

Increasing trends of sheep density in IM were
concentrated in the desert steppe meng of Bayan Nur
in south-central IM (z statistic = 6.85), and also in the
meadow steppe of the Hingaan (z statistic = 6.05).
There were moderate to strong increasing trends of
sheep density in Xilingol, Ulanqab, and Hulunbuir and
decreasing trends in the desert steppe of Baotou and
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Fig. 4 Slope trends of a total livestock density, b goat livestock density, ¢ sheep livestock density and d total population density. The

legend shows slopes normalized by log scale

Alaxa (z statistic:—2.4 and —4.5). Increasing trends in
sheep density in MG were found in Ulaanbaatar,
Darkhan Uul, and Erdenet (z statistic: 3.6, 4.5, and 5.5
respectively) in the meadow/forest steppe. On the
other hand, decreasing trends of sheep density in MG
were found in the typical steppe of Dornod aimag in
the east (z statistic: —2.2), Dornogovi, and Govi-Altai
in the desert steppe in the south (z statistic: —4.3 and
—2.8), and Khovd and Bayan Olgii in the west (z
statistic: —2.3 and —3.6).

Population density in IM showed strong increasing
trends in mengs with large cities such as Baotou and
Hohot (z statistic: 7.4 and 7.71) in the south-central
desert steppe and south-east agricultural basin of
Tongliao and Chifeng (z statistic: 6.9 and 5.3), and
moderate trends in Xilinhot, Hulunbuir in the typical/
meadow steppe (z statistic: 7.0 and 2.7) and Alxa (z

statistic of 7.0) in the desert steppe. Interestingly, Ithe
peripheral aimags in MG like Dornod in the eastern
typical steppe and Dornogovi and Omnogovi in the
desert steppe along the Gobi showed a decreasing
trend, while there was a strong positive trend in the
cities of Ulaanbaatar, Erdenet, and Darkhaan Uul (z
statistic: 7.6, 5.7 and 6.4) in the meadow/forest steppe
of north-central MG.

Relationships between anthropogenic drivers
and VI residual trends

The trends of EVI residuals and trends of total
livestock density showed a significant negative corre-
lation in MG (R? = 0.59, p < 0.05) but not in IM
(p > 0.05). Trends of EVI2 residuals and total
livestock density were also negatively correlated for
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Table 3 Spatial regression model for June July—August (JJA) EVI, EVI2 and NDVI with livestock and population density in

Mongolia

Dependent variable Independent variables

Goodness of fit

Endogenous spatial effects Livstkd Popd Intercept AlIC Log likelihood
EVI JJA 0.568%** —.0004 %% 0.0004*%* —250.43 128.21
0.549 —.000 0.000 —231.00 118.50
EVI2 JJA 0.664%*** —0.000 0.000 —255.05 130.52
0.718%%%* —.000%** 0.0002* —260.26 133.13
NDVI IJA 0.518%%%* —0.000 0.000 —270.03 138.01
0.532%%% 0.000 0.000 —270.88 138.44

% p < (.01, #* p < 0.05, * p < 0.10

MG (R? = 0.16, p < 0.05) but not for IM (Fig. 6a, b).
We did not find significant correlations between the
trends of NDVI3g residuals and total livestock density
for either MG or IM. There was significant positive
correlation between trends of EVI residuals and trends
of population density in IM and MG (R* = 0.31 and
0.16, p < 0.05). EVI and EVI2 residuals did not have
any significant relationships with population density
due to the sparse demographic distribution in MG.
Even though there was some difference in population
density among aimags, it was not statistically signif-
icant (Fig. 6c¢, d).

EVI residual trends showed a significant negative
correlation with both sheep and goat density trends in
MG (R* = 0.59 respectively, p < 0.05) but not in IM
(Fig. 7a, c). Trends in EVI2 residuals also showed a
significant negative correlation with goat density in
MG (R2 = 0.20, p < 0.05) (Fig. 7d). However, trends
in sheep density were not correlated with EVI2
residual trends in either IM or MG (Fig. 7d). NDVI3g
residual trends did not show any significant relation-
ships with increasing goat and sheep density.

Spatial regression between anthropogenic drivers
and residual trends

We found significant spatial autocorrelation in regres-
sion model fit between our VI residual trends and
anthropogenic drivers in MG but not in IM. Statisti-
cally significant Moran’s I values were the lowest for
EVIJJA (0.37) and the highest for EVI2 JJA (0.55) in
MG (Supplementary Table 3). While the residuals of
the initial regression of VI residual trends with total
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livestock density and population density in MG were
spatially autocorrelated, the spatial regression model
including a spatial lag term removed the effects of
spatial autocorrelation. Similar to the previous regres-
sion model in MG, the spatial regression model for
EVI JJA showed a significant negative correlation
with total livestock density but not with population
density. On the other hand, EVI2 JJA showed a
significant negative correlation with population den-
sity but not with livestock density (Table 3). Spatial
regression models of goat and sheep density showed
significant negative correlation with EVI JJA but not
with EVI2 JJA.

Discussion

Vegetation residual trends on the Mongolian
Plateau

The importance of semi-arid biomes to global carbon
cycling owing to the higher carbon turnover rates
emphasizes the continued need for detailed study and
monitoring of these water-limited, fragile ecosystems
at landscape and regional scales (Qi et al. 2012;
Poulter et al. 2014). Recent studies showed that the
record 2011 global carbon sink anomaly was largely
driven by the growth of semi-arid ecosystems in the
southern hemisphere in response to consecutive sea-
sons of increased precipitation caused by the La Nina
(Poulter et al. 2014). However, the detection and
monitoring of grassland degradation is a contentious
topic owing to the wide range of methods used,
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different types of VI used, and different sources of
data. As a result, studies using moderate to coarse
resolution VIs and precipitation data often provide
contrarian viewpoints on the relationship between
precipitation and primary productivity as measured by
VIs in the Sahel (Xiao and Moody 2005; Prince et al.
2007; Hein et al. 2011).

Several vegetation trend analysis studies in the
recent past have reported increased primary produc-
tion between the 1980s and 1990s (Xiao and Moody
2004, 2005; Piao et al. 2006), whereas other studies
found a 16 % decline in vegetation cover (Park and
Sohn 2010). However, field observations studies have
recorded strong evidence for an increase in grassland
degradation as a result of overgrazing (Jiang et al.
2006). Therefore, there is a need for more grassland
degradation studies to isolate climatic effects, espe-
cially precipitation in water-limited ecosystems like
the semi-arid Mongolian grasslands, before drawing
conclusions from trends in VI time series.

The residual trends across the plateau were hetero-
geneous because of the spatial variability in climate
and socio-economic drivers (Chen et al. 2015a).
Increasing residual VI trends adjusted for rainfall
over the past three decades in southwestern IM could
be attributed to the increased irrigated croplands and
drawdown from the Huang He River in the Hetao
irrigation basin in Linhe County, Bayan Nuur (John
et al. 2009). Similarly, the increasing trends in
Tongliao and Chifeng of southeastern IM could be
explained by irrigation agriculture practices, as VI
trends in this agricultural basin and the aforemen-
tioned Hetao irrigated basin were negatively corre-
lated with rainfall (Fig. 2f), but had increasing trends
in annual MODIS-derived evapotranspiration (ET)
from 2000 to 2012 (Supplementary Fig. 6b). The
increasing ET trends in the same area as increasing
residual VI trends were likely caused by an increase in
cropland cover and were in close proximity to the
rapidly increasing urban population in the cities of
Baotou and Hohhot as well as Tongliao and Chifeng
(Runnstrom 2000). In addition, an increase in vege-
tation trends could also be attributed to grassland
conservation in Ordos (Runnstrom 2000; Zhao et al.
2014). However, decreasing residual VI trends in east-
central IM have been attributed to degradation, owing
to abandoned croplands in the typical/meadow steppe
matrix in Xilingol (Kawada et al. 2011). Decreasing
trends in southwestern IM could be also explained by

the rapid increase in cities like Hohhot and Baotou in
the desert/typical steppe ecotone.

Increasing residual trends in eastern MG were also
found by other studies (Hilker et al. 2014) and can be
partially explained by the decreasing trend in both
total livestock and population density in aimags in the
east (e.g., Dornod). Another reason for increasing
residual trends could be the “Atar-3” or Crop-3, a.k.a.,
“The third campaign for reclaiming virgin lands”
development program, initiated by the Mongolian
Government with increased spending between 2005
and 2009 in order to increase food security and prevent
food crises after the prolonged 2000-2002 drought
(Pederson et al. 2013). This might explain increasing
trends in Tov, Bulgan, and Selenge, near the major
cities in MG. Decreasing residual trends in north-
central and western MG can be explained in part by the
growth of the three largest cities in MG and the
increase in herd size (Fig. 4). Our results are corrob-
orated by similar studies which found a cumulative
increase in herd size in western MG (Hilker et al.
2014) and an increase in goat density in central
Mongolia (Liu et al. 2013).

The differences between higher resolution residual
trends derived from TRMM and MODIS EVI and
coarser resolution residual trends derived from EVI2
or NDVI3g and MERRA PRECTOT (Fig. 3) should
be interpreted with caution. In addition to changes in
precipitation (Fig. 2b), an increasing warming trend
might explain some of decrease in residuals trends,
especially in the desert steppe in MG (Hilker et al.
2014) as well as in northeastern IM. Precipitation was
highly correlated with VIs in the desert steppe, typical
steppe and meadow steppe (Supplementary Table 1).
However, the plateau has 20° of latitudinal extent
(35 N to 55 N) with a significant portion of its
northern extent that is limited by temperature rather
than precipitation. Significant warming of the plateau
could cause the greening of northern meadow and
forest steppe but might also limit soil moisture in the
desert steppe (Poulter et al. 2013).

Policy shifts, livestock composition, and land use
change as socio-economic drivers

The 1980s in IM could be characterized by a slow
transition from a collective economy to a market
economy under the Deng Xiaoping reforms, which
abolished agricultural collectives (Fig. 5,
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Supplementary Fig. 4). The 1990s saw the collapse of
the former Soviet Union, and with it, the loss of
economic support to MG (Qi et al. 2012). Growing
unemployment, stemming from the suspension of gov-
ernment jobs, led to an outmigration of people from
urban to rural areas. These people then turned to
subsistence herding, resulting in a dramatic increase in
livestock stocking rates in MG and thereby increased
grazing pressure (Fig. 5, Supplementary Fig. 4f) (San-
key etal. 2009; Hilker et al. 2014; Chen et al. 2015b). The
same decade saw the emergence of a mature market
economy driven by the household production responsi-
bility system in IM. Large-scale grassland degradation
has been attributed to the increased privatization of
herder families (Li et al. 2012) which led to a sharp
increase in livestock stocking rates and subsequent
grazing pressure (Fig. 5, Supplementary Fig. 4). The
2000s saw the implementation of grassland conservation
policies in response to the severe drought of 2000-2002
inIM (Lietal. 2012; John et al. 2013b), while Mongolian
policy directed the increase in cropland extent (Pederson
etal. 2013). The rate of change in livestock in IM showed
a sudden dip around 2008-2009 likely because of the

IM
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Fig. 5 Temporal trends of total livestock, goat, sheep, cattle,
horse and their proportions in Inner Mongolia (IM) (a, ¢) and
Mongolia (MG) (b, d). The figure shows the dramatic
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global financial crisis of 2008, which led to a 7.33 %
decrease in GDP in the first half of 2009 (Fig. 5) (Yuan
etal. 2010; Chen et al. 2015b). It is possible that the drop
in demand in international and domestic markets for
cashmere products reduced goat density in IM. Both MG
and IM were affected by the combined effects of
drought-dzuds in 2000-2002 and 2010 (John et al.
2013b), although the free range livestock in MG was
affected more than that in IM, as they had infrastructure
available to shelter livestock (Fig. 5a, b).

Our livestock trends were consistent with previous
results (Sankey et al. 2009; Hilker et al. 2014; Chen
et al. 2015b) showing sharp increases in sheep and
goat populations (Fig. 6, Supplementary Fig. 4c)
relative to the total herd numbers in MG. Spatial
trend maps of total livestock density and livestock type
agreed with those of previous studies showing
increasing trends of cumulative herd size and increas-
ing density in western and north-central regions of MG
(Liu et al. 2013; Hilker et al. 2014). The dramatic rise
in the goat population was likely due to the adaptive
measures taken by herders in both IM and MG to
diversify their herds following large-scale livestock

(b) MG

1981 1986 1991 1996 2001 2006

proportional increase in goat population in MG and the increase
in total livestock in both MG and IM between 1990 and 2010
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Fig. 6 Relationships of precipitation-adjusted VI residuals
with trends in livestock density (LSD) (a EVI vs. LSD,
b EVI2 vs. LSD) and population density (POPD) (¢ EVI vs.

mortality. The herds were diversified because goats
have a greater chance of survival in competing for
rangeland resources (Hilker et al. 2014). The steep
increase in the market price of cashmere in China and
MG and the increase in international demand are also
important factors driving the increasing trend in goat
livestock density (Sankey et al. 2009; Hilker et al.
2014). This increase of goat livestock type in herd
composition has ecological consequences because
goats can cause greater grazing degradation compared
to sheep herds (Hilker et al. 2014) (Table 4).

The last decade also witnessed increasing urban-
ization in MG where almost 50 % of the population is
concentrated in the capital, Ulaanbaatar, the second
largest city (Erdenet), and the second largest industrial
center (Darkhan city) (Supplementary Fig. 4e, f).
Urbanization in IM cities are mainly centered on
Hohhot, Chifeng, Baotou, Tongliao, and cities like
Ordos in the desert steppe, which expanded greatly in
the last decade because of over-investment and real

2.0 -05 0.0 0.5 1.0 1.5 20

Slope of POPD

POPD, d EVI2 vs. POPD) in Mongolia (MG) and Inner
Mongolia (IM) at aimag and meng levels respectively

estate speculation fueled by the discovery of coal
deposits nearby (Runnstrdom 2000). The discovery of
mineral deposits and their exploitation by large-scale
mining activities might explain the decreasing residual
trends not explained by the increase in either livestock
or population density (Chen et al. 2015b).

We were able to explain 57 and 27 % of the
negative correlation between the trends of VI residuals
adjusted for precipitation and the rate of change in
total livestock density in MG and IM, respectively.
Similar research carried out in IM, albeit in a smaller
study area, was able to explain 25 % of the variation in
VI residual trends with stocking rate change in nine
counties in Xilingol. In addition, a nation-wide study
conducted in MG found a significant negative rela-
tionship between cumulative changes in herd size and
a decline in mean NDVI (2002-2012) in typical and
desert steppe, with 70-80 % of variability explained
by livestock increase (Hilker et al. 2014). This finding
contradicted another nation-wide study in Mongolia
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Table 4 Spatial regression model for June July—August (JJA) EVI, EVI2 and NDVI with goat and sheep population density in

Mongolia

Dependent variable Independent variables

Goodness of fit

Endogenous spatial effects Goatd Sheepd Intercept AlIC Log likelihood

EVI JJA 0.562%%*%* —.001*** 0.000%** —250.12 128.06
0.566%** —.001*** 0.000 —250.84 128.42

EVI2 JJA 0.662%%*%* —0.000 0.000 —254.95 130.47
0.665%%*%* —.000%** 0.0002%** —255.21 130.60

NDVI IJA 0.517%%%* —0.000 0.000 —270.15 138.07
0.519%%%* —.000 0.000 —269.91 137.95

% p < (.01, #* p < 0.05, * p < 0.10

which suggested that climate change explained 60 %
of the decline in vegetation with the rest of the
variation explained by dramatic increase in goat
numbers and by grassland wildfires (Liu et al. 2013).
We also found a moderate but significant correlation in
residual trends with increasing population density in
IM but not in MG. This could be explained by the huge
gap in both total and urban populations between IM
and MG (supplementary Fig. 4e, f).

RESTRENDS analysis: advantages and drawbacks

Studies in southern Africa found that negative trends
were discovered and were most significant when
degradation occurred rapidly over a period of
2-6 years (Wessels et al. 2012). Some areas known
to be degraded, a priori, were only detected at
10-20 % reduction when compared to non-degraded
areas and areas with >20 % reduction caused the
RESTRENDs method to become unreliable as the
relationship between grassland growth, as detected by
VIs and precipitation broke down (Wessels et al.
2012). Long-term droughts combined with increased
grazing pressure may severely weaken the intrinsic
resilience of grasslands which have a nonlinear
relationship with ecosystem structural variables (e.g.,
vegetation cover) and may increase recovery times (Li
et al. 2012). The high level of spatial heterogeneity
might explain the weak relationship between VI
residual trends and precipitation, especially in the
case of IM with increasing road and urban develop-
ment (Li et al. 2010).

This method is also limited by the coarse resolution
of the satellite data (e.g., 28 km TRMM) and gridded
climate precipitation products (e.g. 0.5° or 50 km
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resolution MERRA PRECTOT). While there are
many scientifically validated, high quality VI time
series available at moderate resolution (500-1000 m
EVI, VIP EVI at CMG resolution, or 8 km GIMMS
3g), they have to be resampled to match the coarse
resolution of precipitation datasets in order to facilitate
per-pixel regression. The spatially-explicit residuals
of coarse resolution cannot capture landscape-level
trends at finer scales. The recent launch of the global
precipitation mission (GPM) will enable future
RESTREND:s to be carried out at finer spatial scales.

A major assumption of the RESTRENDs approach
is that precipitation is the primary climatic driver in
dominant vegetation types (i.e., the typical and desert
steppe) and thereby the remaining variance can be
attributed to human activities. The semi-arid desert
steppe is driven by highly variable precipitation and
operates in a non-equilibrium manner (Fernandez-
Giménez and Allen-Diaz 1999). The meadow steppe,
with a lower coefficient of variation in mean annual
rainfall conforms to the range control model where
grazing density and pressure influence grassland
dynamics. The typical steppe—the dominant vegeta-
tion type of the Mongolian grasslands—is an ecotone
between the desert and meadow steppes and exhibits
characteristics common to both. However, tempera-
ture might play a significant role in controlling
vegetation dynamics even in semi-arid regions like
the Mongolian Plateau (“Relationship between VImax
and Rainfall” section). The forest and the meadow
steppe in the north of the plateau exhibited weak
relationships between VIs and precipitation likely
because these ecosystems were jointly controlled by
rainfall and temperature over the growing season
rather than annual precipitation (Figs. 2, 3,
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Fig. 7 Relationships of precipitation-adjusted VI residuals
with trends in goat density (a EVI vs. goat density, b EVI2 vs.
goat density) and sheep density (¢ EVI vs. sheep density, d EVI2

Supplementary Fig. 1) (Liu et al. 2015). In addition,
rainfall might not be a limiting factor for the meadow
steppe, owing to the high soil moisture along rivers
(e.g., the Yellow River in IM or the Kherlen in MG,
Figs. 2, 3) or for the forest steppe on the slopes of
mountain ranges like the Hingaan mountains with
meltwater in spring (Li et al. 2012; Liu et al. 2013).

Rangeland management and traditional
transhumance

The Livestock and Rangeland Double-Contract
Responsibility System (LRDCRS) in IM, imple-
mented in the late 1980s and continued to the present
day, encouraged sedentarization of livestock herders
within delimited grazing lands and fixed responsibility
on households (Akram et al. 2008). In addition, certain
degraded grassland areas were fenced-off and the local
herders relocated and resettled as part of the 6-year
fencing grassland and moving user’s policy (FGMU)
(Akram et al. 2008). Sedentary herding could not

20-05 0.0 05 1.0 15 20

Slope of Goat Density

vs. sheep density) in Mongolia (MG) and Inner Mongolia(IM) at
aimag and meng levels respectively

replace the preference for traditional transhumance
practices like ofor which provided access to key
grazing resources through seasonal migration in an
uncertain semi-arid environment with highly variable
climate as well as climate adaption strategies like herd
diversification (Zhang et al. 2013). A case study in
Alxa Left Banner in IM showed that with 25,000
herders relocated to farmlands irrigated with water
from the Yellow River or from ground water, priva-
tization and the ecological resettlement of nomadic
herders led to major changes in lifestyle owing to
increased household income. However, this had the
unintended effect of increased water usage leading to
water shortages and increased production costs that
were not sustainable in a water-limited ecosystem
(Fan et al. 2015). The negative relationship between
total livestock density and vegetation cover trends in
MG indicated that moderate control of livestock
stocking rates might alleviate grazing pressure. It is
important to incorporate traditional herding knowl-
edge of transhumance and community-based climate
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adaption strategies when formulating future legisla-
tion and rangeland policies, especially in the typical
and desert steppe with their highly variable climate
(Fig. 7).

Conclusions

We assessed the magnitude and extent of precipita-
tion-adjusted VI residual trends obtained from satel-
lite-derived VI time series (MODIS EVI, VIP EV2,
and NDVI3g) and precipitation data from TRMM and
MERRA across biomes and vegetation types in both
IM and MG on the plateau. We found significant
differences in the extent of increasing and decreasing
trends, which were unique in both the decadal
(MODIS, 2000-2012) and the 30-year (EVI2,
NDVI3g) satellite-based VI records. Our results
showed that VI residual trends not explained by
precipitation exhibited a significant negative correla-
tion with increasing trends of total livestock density in
MG but not IM. Finally, we were able to evaluate our
results at different temporal scales and across different
datasets. Our 30-year EVI2 precipitation-adjusted
residual trends helped confirm differential responses
found in the 13-year MODIS EVI record. Our results
suggest that future grazing and land use policies revisit
the current sedentary practices and accommodate
traditional transhumance practices that evolved from
the highly variable climate of the semi-arid steppe on a
case-by-case basis depending on the level of degrada-
tion. There is a need for further investigation into
identifying and isolating the possible socio-economic
drivers of land use change such as urban expansion,
increase in irrigated crop cover or climate drivers like
temperature that might influence variability in precip-
itation-adjusted residual trends.
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