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ABSTRACT

Trends for increased vegetation greenness based on
satellite-derived data have been repeatedly pub-
lished for the temperate grassland biome (including
forest steppes) of eastern Inner Asia since 1982.
Although this greening trend has been attenuated
or partially reversed by drought in the early
twenty-first century, linear increases in the Nor-
malized Difference Vegetation Index (NDVI) or
other parameters of vegetation greenness are nev-
ertheless evident when the period since 1982 is
regarded. However, the question arises whether
these trends are part of a long-term trend driven by
climate change, as simultaneously forests in the
region show widespread drought-induced growth
reductions and mortality outbreaks. Therefore, we
hypothesized that the post-1982 greening trend
was neither part of a long-term trend nor
unprecedented. To test this hypothesis, we ana-
lyzed monthly maximum NDVI data from AVHRR
time series and correlated these data with stan-
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dardized tree-ring data of Larix sibirica from two
regions of western Mongolia. We used linear
regression to model the NDVI from tree-ring
anomalies and to reconstruct the NDVI since 1940.
These reconstructions show that the availability of
satellite-based NDVI data coincidentally began
during a dry period of low vegetation greenness in
the early 1980s and was followed by a wet phase in
the 1990s, producing the linear greening trend. No
positive long-term trend in the reconstructed NDVI
was observed from 1940 to 2010. This result rules
out a recent climate change-driven greening trend
for the grasslands and forest steppes of western
Mongolia and calls into question its existence for all
of eastern Inner Asia.

Key words: climate change; productivity; remote
sensing; NDVI; tree-ring analysis; steppe; Siberian
larch (Larix sibirica).

INTRODUCTION

Biome-wide shifts in the productivity of the vege-
tation have been observed in the recent past, which
were attributed to global climate change as well as
fertilization effects of rising atmospheric CO, and
reactive nitrogen levels (Zhu and others 2016).
Large-scale monitoring of vegetation productivity is
typically performed using the Normalized Differ-
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ence Vegetation Index (NDVI) or related vegetation
indices (for example, the fraction of photosyn-
thetically active radiation absorbed by the vegeta-
tion, FPAR) derived from satellite-based remote
sensing data to provide an estimate of vegetation
greenness. ‘Greenness’ largely reflects the density
of chlorophyll and thus encompasses the leaf area
index and vegetation vigor in a bulk parameter
(Anyamba and Tucker 2012). The leaf area is clo-
sely related to the photosynthetic capacity and both
parameters are strong determinants of biomass
production in any terrestrial ecosystem (Kruger
and Volin 2006). Therefore, the NDVI and other
remote sensing parameters can be used to predict
net primary production (Ruimy and others 1994;
Schloss and others 1999; Liu and others 2021).

The Arctic tundra shows a consistent greening
trend due to rapid climate warming at high lati-
tudes (Goetz and others 2005). Arctic greening is
only sporadically interrupted by reverse trends for
browning (Lara and others 2018), which can be
triggered by frost damage resulting from reduced
winter snowpack, insect and fungal infestations, or
fire (Bjerke and others 2017). Boreal forests, orig-
inally expected to benefit from climate warming
throughout their range (Jarvis and Linder 2000),
exhibit a divergent response with increased pro-
ductivity at sites well supplied with water (for
example, most alpine and polar forest lines) and
decreased productivity if water becomes limiting,
which is particularly relevant under continental
climates and at the southern distribution limit of
the boreal forest biome (Beck and others 2011; Tei
and others 2017; Babst and others 2019; Dulam-
suren and Hauck 2021). Buermann and others
(2014) demonstrated that more and more boreal
forests have switched from temperature limitation
to drought limitation as climate warming pro-
gresses. Temperate forests in Europe, Asia, and
North America have also experienced increases in
productivity, which have been attributed to climate
change, eutrophication, CO, fertilization, and al-
tered land-use practices (Gedalof and Berg 2010;
McMahon and others 2010; Pretzsch and others
2014).

Trends of increasing productivity have also been
published for the steppe biome, which represents
temperate, winter-cold grasslands primarily in the
centers of the Eurasian and the North American
continents. Prevalent greening trends across the
steppes of Eurasia and North America were de-
tected by Nemani and others (2003) between 1982
and 1999 and de Jong and others (2012) between
1982 and 2008 using FPAR or NDVI data, respec-
tively. Hicke and others (2002) published an NDVI-

derived greening trend for the North American
steppe region from 1982 to 1998. For the Mongo-
lian—-Chinese steppe region of Inner Asia, several
authors detected greening trends from, respec-
tively, 1982 to 1999 (Zhou and others 2001; Piao
and others 2006), 1982 to 2008 (Guay and others
2014), 1982 to 2015 (Meng and others 2019; Miao
and others 2021), and 1982-2016 (Zhang and
others 2021) based on NDVI data. These repeatedly
demonstrated increases in the NDVI went along
with similar increases in the grasslands and semi-
deserts of Xinjiang (1982-2003; Zhao and others
2011) and the grasslands of the Tibetan Plateau
(1982-2012; Wang and others 2016).

Despite this general greening trend for Inner
Asia’s grasslands, there are spatial and seasonal
differences in the variability of vegetation green-
ness. Greening trends prevail in eastern Kaza-
khstan, in the Mongolian Altai of western
Mongolia, in the northernmost parts of Mongolia
(for example, in the Lake Khovsgol region) as well
as in the eastern Mongolian grasslands (Poulter and
others 2013; Miao and others 2021). In the forest
steppes of the Khangai and Khentei Mountains of
western and central Mongolia, areas of increasing
and decreasing vegetation greenness alternate. In
Inner Mongolia, greening trends are noted mainly
for true steppes and forest steppes, but not for de-
sert steppe (Piao and others 2003, 2006, 2015; Guo
and others 2014; Miao and others 2021). Although
springtime (March to May) vegetation greenness
has increased throughout the steppe and forest-
steppe region of Mongolia, summer (June to Au-
gust) greening was mainly restricted to the Mon-
golian Altai, Lake Khovsgol, and parts of eastern
Mongolia (1982-2010; Poulter and others 2013).
Furthermore, the greening trends for Mongolia and
eastern Kazakhstan have weakened in the twenty-
first century, as shown by comparing NDVI trends
from 1982 to 2009, 1990 to 2009, and 2000 to 2009
(Mohammat and others 2013). This weakening is
attributable to an increased influence of drought on
vegetation greenness, which counteracts positive
effects of temperature and also affects other parts of
the temperate zone outside Inner Asia (Piao and
others 2011, 2014).

The repeated detection of multi-decadal trends
for increased vegetation greenness in Mongolia and
surrounding parts of Inner Asia contrasts with
numerous reports from tree-ring studies evidencing
prevalent declines in annual stem increment and
even the widespread occurrence of drought-in-
duced tree mortality (Dulamsuren and others
2010a, 2010b, 2013; Liu and others 2013;
Khansaritoreh and others 2017a). Tree-ring width
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in Mongolia’s boreal forests has been shown to
correlate with the maximum growing season NDVI
of forested land (Erasmi and others 2021), corrob-
orating that radial stem increment reflects overall
forest productivity. The recent declines in the radial
annual stem increment of trees are linked with
increased summer drought as the result of climate
warming at constant or reduced precipitation (Davi
and others 2006, 2010; Dulamsuren and others
2011, 2013). Only in a minority of cases, especially
at alpine tree lines (D’Arrigo and others 2001;
Dulamsuren and others 2014), forests in Mongolia
benefit from increased temperatures, provided that
low temperatures limit productivity more than
moisture. The prevailing trends for productivity
declines at the southern edge of the boreal forest in
Mongolia and surrounding regions of Inner Asia
are part of a global trend for climate change-in-
duced reductions in the productivity of boreal for-
ests under continental climate (Buermann and
others 2014; Babst and others 2019). The recent
trend for a hotter and drier climate causing this
widespread growth declines in Mongolia was
unprecedented for at least 260 years (Zhang and
others 2020).

Given that forests and grasslands intermingle in
the forest-steppe ecotone between the boreal forest
and the Central Asian steppe biome, the question is
to reconcile the conflicting evidence of predomi-
nantly declining forest productivity inferred from
tree-ring data and increasing vegetation greenness
(including grasslands and forests) from remote
sensing data. Theoretically, productivity trends in
forests and grasslands could diverge due to differ-
ences in tree and grass ecophysiology or different
site conditions in forested and non-forested areas
(Brehaut and Danby 2018). However, published
work linking vegetation greenness in Inner Asian
steppes and to tree-ring data does not suggest that
this is a likely explanation. While Erasmi and oth-
ers (2021) established a relationship between
standardized tree-ring data and the maximum
growing season NDVI in the Larix sibirica-domi-
nated forest steppe of western Mongolia, Liang and
others (2006) found a similar relationship between
tree-ring indices of Pinus tabulaeformis and Picea
meyeri and mean growing season NDVI in the forest
steppe of Inner Mongolia. Poulter and others
(2013) established a positive correlation between
the tree-ring anomalies from various sites across
Mongolia and FPAR anomalies, however, by aver-
aging data from sites that partially contrasted in
climate and climate—growth relationships. Liang
and others (2006) did not use their data for a direct
reconstruction of the NDVI, but inferred from

variations in their tree-ring chronology, which
started in 1850, that the increase in the NDVI ob-
served from 1982 to 2001 was not unprecedented.
Rather, it represented an episode during moisture-
driven decadal oscillations in productivity with a
return interval of 17-20 years, suggesting the ab-
sence of a unique, climate change-driven greening
trend since the 1980s.

Combined with the evidence indicating wide-
spread reductions in forest productivity, the results
of Liang and others (2006) suggest that the signif-
icance of the greening trend since the 1980s, which
has been repeatedly publicized from the steppes of
Inner Asia, should be reassessed. Even though the
existence of this trend is undisputed, we hypothe-
size that it does not reflect a long-term trend, but
results from the coincidence that just by chance the
observation period, for which satellite-based NDVI
data are available, happened to begin in 1982.
Verification of this hypothesis would imply that,
unlike the greening trends observed in the Arctic
tundra or at the northern edge of the boreal forest,
the greening trend of the Inner Asian steppes is
probably unrelated or only weakly related to cli-
mate change. Tree-ring chronologies from eastern
Kazakhstan (Dulamsuren and others 2013), the
Mongolian Altai (Dulamsuren and others 2014;
Unkelbach and others 2021), the Khangai Moun-
tains (Dulamsuren and others 2010a; Khansari-
toreh and others 2017a, 2017b), and to some
extent the Khentei Mountains (Dulamsuren and
others 2010a) reveal negative relative growth ex-
tremes right in the early 1980s around 1980-1982.

Specifically, we tested our hypothesis using tree-
ring and NDVI data from the Mongolian Altai and
the western Khangai Mountains in western Mon-
golia. Although Poulter and others (2013) found a
greening trend in both spring and summer for the
Mongolian Altai, such trend was restricted to spring
in the western Khangai. These different observa-
tions were due to a stronger drought limitation of
the vegetation in the Khangai Mountains (Poulter
and others 2013; Khansaritoreh and others 2017a,
2017b; Dulamsuren and Hauck 2021) than in the
higher Mongolian Altai, where the growth of L.
sibirica is primarily limited by low temperatures
(Dulamsuren and others 2014). Based on Erasmi
and others (2021), where we showed that model-
ing the maximum growing season NDVI with tree-
ring data from L. sibirica forests is feasible, we aimed
to reconstruct the NDVI for several decades prior to
satellite-based NDVI records. Using these recon-
structed values, we wanted to test the hypothesis
that there has been no positive long-term trend for
vegetation greenness since the mid-twentieth
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century, whereas both calculated and modeled
NDVI values have shown an upward trend since
1982. In addition, because Poulter and others
(2013) found no greening during summer in the
Khangai Mountains, we tested the hypothesis that
these contrasting trends for monthly maximum
NDVI values in summer for the two study areas are
visible in the modeled data. With this case study
from two climatically contrasting environments of
western Mongolia, we aimed to draw a general
conclusion as to whether or not a climate change-
driven unprecedented long-term greening trend for
the steppe grasslands of Inner Asia is likely.

MATERIALS AND METHODS
Study Area

The study was conducted in the two major forest-
steppe regions of western Mongolia, that is, the
Mongolian Altai and the western Khangai Moun-
tains (Figure 1). The Mongolian forest steppe is
composed of landscape units with varying propor-
tions of grasslands and forested areas depending on
topography and land-use history (Khansaritoreh
and others 2017a; Erasmi and others 2021). Be-
cause we aimed at modeling vegetation greenness
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in grassland-dominated areas from tree-ring data,
we combined remote sensing data and den-
drochronological data that were sampled from dif-
ferent subunits of our two study regions (Figure 1).
Whereas the tree-ring data were taken from forest-
dominated parts of the study regions, the remote
sensing data were sampled from landscape units
with high share of steppe grassland. Areas used for
remote sensing analysis were thus located 25 km
NNW of the forests used for tree-ring sampling in
the Mongolian Altai and 75 km NNE of the tree-
ring sampling locations in the Khangai Mountains
(Figure 1).

Tree-ring sampling in the Mongolian Altai was
conducted S and SE of Lake Dayan (48°14'39”-
48°16’3” N, 88°50'17”-88°57°0” E) in the Dayan
administrative subunit (‘bag’) in the Altai Tavan
Bogd National Park in Bayan-Ulgii Province (’ai-
mag’), western Mongolia, 110 km SW of the city of
Ulgii. In the Khangai Mountains, tree-ring sam-
pling was done in the valley of the river Shireegiin
Gol (47°29°11”7— 47°30°37” N, 96°59'20"—
97°13’59” E), about 30 km SSE of the city of
Uliastai and 40 km SW of Mt. Otgontenger in
Zavkhan province. Both study areas are located in
high mountain regions with an elevation of the

52°N

Bayankhongor; Lieon

T
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Figure 1. Study areas in the Mongolian Altai and the western Khangai Mountains. Green dots indicate the position of
tree-ring sampling sites and red circles represent regions across which NDVI values were averaged.
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field sites for tree-ring sampling between ca. 2100
and 2300 m a.s.l. in the Khangai and between
about 2300 and 2400 m. a.s.l. in the Mongolian
Altai. The mountainous forest-steppe landscapes of
the study area are characterized by forests on
north-facing slopes and grasslands on south-facing
slopes and in dry valleys. All studied forests were
monospecific forests of Siberian larch (Larix sibirica
Ledeb.), a boreal tree species that occupies 75-80%
of Mongolia’s forest area (Dulamsuren and others
2016). In addition to forests and steppe grasslands,
the study area in the Mongolian Altai also included
alpine grasslands above the tree line (Figure 1).

Climate

Climate data used in this study were downloaded
from https://climexp.knmi.nl using monthly tem-
perature and precipitation data from the CRU TS
4.04 dataset published by the Climate Research
Unit of the University of East Anglia, Norwich and
the Met Office in Exeter, UK. One-month means of
the Standardized Precipitation Evapotranspiration
Index (SPEL Vicente-Serrano and others 2010)
were obtained from the same database. All data had
a resolution of 0.5° x 0.5° and were downloaded
for the periods from 1901 to 2019 (air temperature,
precipitation) and 1901 to 2018 (SPEI), except for
the Khangai, for which precipitation data were
only available since 1937. Data were obtained for
the grid fields of 48.0-48.5°N, 88.5-89.0°E for the
Mongolian Altai and 47.0-47.5°N, 97.0-97.5°E for
the western Khangai. Furthermore, climate data
were evaluated for major regions of eastern Inner
Asia dominated by varying fractions of true steppe
and boreal forest, the latter occurring in forest
steppes and partly mountain forests. These regions
included the northern part of western Mongolia
(47.0-50.0°N, 88.0-100.0°E) dominated by forest
steppe and steppe, the northern part of eastern
Mongolia with forest steppe, mountain taiga, and
true steppe (47.0-50.0°N, 100.0-120.0°E), the
eastern center of Inner Mongolia with forest steppe
and true steppe (40.0-47.0°N, 115.0-125.0°E), and
the northern part of eastern Kazakhstan with true
steppe, mountainous forest steppe, and mountain
forests (48.0-52.0°N, 72.0-84.0°E). Our study areas
in the Mongolian Altai and the western Khangai
are part of the ‘Western Mongolia’ region in the
climate analysis.

The climate of western Mongolia is highly con-
tinental with low winter temperatures and a rela-
tively narrow precipitation peak in summer. The
strong concentration of most of the annual pre-
cipitation to the summer months is caused by the

stable Siberian Anticyclone, which is usually cen-
tered over Lake Baikal and prevents the inflow of
moist air masses from autumn to spring (Sah-
samanoglou and others 1991). Mean annual and
July temperatures are lower in the more elevated
Mongolian Altai (— 6.4 &+ 0.1, 10.6 & 0.1°C) than
in the western Khangai (— 5.7 £0.1, 11.7 £
0.1°C), whereas January temperatures do not differ
(Altai: — 25.5 + 0.3°C, Khangai: — 25.2 + 0.2°C).
The climate in the whole of western Mongolia is
warmer in summer (July: 14.1 £ 0.1°C) and in
terms of the annual mean (— 4.6 & 0.1°C), but
colder in winter (January: — 26.8 + 0.2°C), as this
region also includes the Great Lake Depression
between the Altai and the Khangai, which is lower
and partly semidesert. Mean annual precipitation is
262 £ 4 mm (Altai), 235 + 5 mm (Khangai), and
233 + 3 mm (western Mongolia). Roughly 20-
25% of the annual precipitation is received in July,
the month with the highest precipitation. By con-
trast, January precipitation is very low at 5 mm or
less.

Tree-Ring Data

Tree-ring series of L. sibirica trees from the Mon-
golian Altai and the western Khangai Mountains
were obtained from wood cores collected in 2010
(Altai) and 2011 (Khangai) from six north-facing
mountain slopes in each of these two regions. The
sampling design for the selection of forest sites used
the natural setting in Mongolia’s forest steppe that
forest stands occur as more or less isolated patches
on the north-facing mountain slopes, leading to a
systematic arrangement of forests in the landscape.
We selected a mountain range in either study re-
gion, where forested north-facing slopes were ra-
ther regularly distributed and selected six stands in
a row per region. The distance between stands was
2.2 £ 0.5 km in the Altai and 3.8 + 0.5 km in the
Khangai. Plots of 20 x 20 m were selected where
wood cores of all trees were collected at a height of
1.3 m above the ground, coring parallel of the
contour lines of the mountain slope. In each forest,
one plot was selected at the forest edge to the
grassland (with the lower plot border being iden-
tical with the usually abrupt forest line). Another
sampling location was selected in the forest interior
50-100 m behind the forest line; at this position, 2
(Khangai) or 3 plots (Altai) were established to
increase the sample size. The interior plots of each
forest stand were not statistically independent from
each other. Tree-ring width was measured with a
precision of 10um on a movable object
table (Lintab 6, Rinntech, Heidelberg, Germany);
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TSAP (Time Series Analysis and Presentation)-Win
software (Rinntech) was used for measurements
and data processing during crossdating, chronology
building, and standardization. Standardization was
based on dividing tree-ring width by moving
averages of the tree-ring series, which preserves
much of the high-frequency variation (Cook and
others 1990). Tree-ring chronologies were built
separately for the study regions (Altai, Khangai)
and the habitat (edge, interior). Furthermore, trees
were divided into four different age classes based
on cambial age at 1.3 m height. These age classes
included trees older than 160 years (‘very old
trees’), 101-160-year-old trees (‘old trees’), 61-
100-year-old trees (‘middle-aged trees’), and trees
no more than 60 years (‘young trees’). Tree-ring
series used for the calculation of mean curves had
‘Gleichldufigkeit” (GL) values above 60%
(P < 0.05) and t-values greater than 3; this ap-
plied to about 90% of the tree-ring series. This way,
several chronologies were built differentiating be-
tween regions, habitats, and tree age, and analyzed
separately for relationships with the NDVI. These
chronologies represent a subset of all chronologies
we had available from the study regions (Dulam-
suren and others 2014).

NDVI Data

NDVI data used in this study were taken from the
Global Inventory Modeling and Mapping Studies
(GIMMS) NDVI dataset (NDVI3g; Pinzon and
Tucker 2014). The GIMMS NDVI3g product is one
of several products that were derived from imagery
of the Advanced Very High Resolution Radiometer
(AVHRR) sensor series. The GIMMS NDVI3g data-
set has been shown to have high temporal consis-
tency compared to other available NDVI datasets
and is thus suited for trend analysis (Tian and
others 2015). It consists of biweekly maximum
value composites of NDVI data at a spatial resolu-
tion of 8 x 8 km?®. The NDVI is calculated as the
normalized difference of the spectral reflectance in
the red and near infrared region of the electro-
magnetic spectrum (Tucker 1979). In our study, we
used all available data for the period January 1982
to December 2010 and aggregated the biweekly
data to monthly maximum value composites.
Temporal profiles of NDVI were extracted for the
pixels that cover the two regions. Subsequently,
the temporal data were averaged in the spatial
domain at the level of the two regions (Figure 1). A
total of 105 pixels (6720 km?) in the Altai and 330
pixels (21,120 km?) in the more spacious landscape
structure of the Khangai were included in the

analysis. Due to the spatial resolution of the data,
the pixels mostly represent a mixed signal between
forest and steppe areas. This also reflects the overall
forest-steppe landscape in the two regions.

Reconstruction of Vegetation Greenness

Past vegetation greenness prior to the availability of
remote sensing data was reconstructed using tree-
ring data. Grouping of the tree-ring series after tree
age, habitat, and similarities in growth character-
istics (as assessed by GL and ¢-value) yielded 5 and
16 standardized chronologies from the Mongolian
Altai and the western Khangai, respectively, which
could be used for the reconstruction of monthly
maximum NDVI values. In a first step, a Pearson
correlation matrix was calculated for all combina-
tions of tree-ring indices and monthly NDVI values
for the period from 1982 to 2010 owing to the
availability of remote sensing and dendrochrono-
logical data (Tables S1 and S2 in the Supplemen-
tary Information). These linear correlations were
calculation for both the tree-ring index of the
current year and the year after the NDVI observa-
tion, as lagged growth responses of stemwood for-
mation are common (Dulamsuren and others 2011,
2013; Wong and others 2021). We selected the
most significant linear model with the highest
Pearson correlation coefficient (r) and the lowest P
value per month (NDVI data) and study region to
model the NDVI by ordinary least squares regres-
sion. Regression models with Irl< 0.35 were gen-
erally excluded from further analysis. The goodness
of the fit of the modeling results was assessed by
calculating r and P values, root mean square errors
(RSME) and checking for homoscedasticity. The
resulting regression equations were used to recon-
struct the monthly maximum NDVI series back-
ward to 1940 (in the case of the Mongolian Altai
the selected tree-ring chronology started in 1941).
A longer reconstruction was not intended as the
estimation error is increasing with the length of the
reconstructed time series and because the exten-
sion of the NDVI series by four decades was suffi-
cient to solve our research question. We refrained
from applying a calibration—verification approach
in our reconstruction (Fritts and others 1990; Shi
and others 2020; Wang and others 2021), because
the length of the time series available for recon-
struction made it inadvisable to subdivide the data
for regression analysis. Although we always used
the most significant models from the correlation
matrix reaching back to the 1940s for NDVI
reconstruction, we also reconstructed the NDVI
from models that were almost as significant as the
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best model as an additional control (data not
shown), obtaining very similar results as with the
selected models.

Our objective to reconstruct NDVI data in large
areas of grassland-dominated, but mixed vegeta-
tion differed from other approaches where vege-
tation greenness of forested or grassland-dominated
areas (Liang and others 2006; Correa-Diaz and
others 2019; Erasmi and others 2021) was modeled
on small spatial scales in close vicinity of the tree-
ring sampling sites. It is obvious that covering lar-
ger areas with mixed vegetation reduces the
strength of the correlations and thus details of
high-frequency variation are less well captured by
the model. However, as we were most interested in
the long-term trend and Erasmi and others (2021)
already established close correlation between Larix
sibirica tree-ring indices and grassland NDVI
(though weaker than with forest NDVI) with data
from the Mongolian forest steppe, we accepted the
risk of reduced accuracy in the high-frequency
variation, as we were interested to obtain infor-
mation of the long-term trend from a larger area for
our research question.

Statistical Analysis

Arithmetic means + standard errors (SE) are given
throughout the paper. Statistical analyses were
calculated in R 4.1.3 software (R core team, Vien-
na, Austria). Pearson correlation matrices for the
selection of tree-ring chronologies for NDVI
reconstruction were calculated with the R package
HMisc 4.7-1. Annual temperature and precipita-
tion data were examined for temporal trends using
linear ordinary least squares regression or nonlin-
ear regression fitting the data to an exponential
function. Data were tested for normal distribution
with the Shapiro-Wilk test and for the lack of
autocorrelation of the residuals with the Durbin-
Watson test (R package Imtest 0.9-40) and graph-
ically using the acf function in R stats 4.1.3 before
applying ordinary least squares regression. Since
SPEI data reflect by definition meteorological
events that can be characterized by high temporal
variability and the occurrence of outliers in ex-
treme wet and dry years, we calculated both ordi-
nary least squares regression and robust Theil-Sen
regressions (R package RobustLinearReg 1.2.0) for
the analysis of temporal SPEI trends. Moreover, we
used empirical cumulative distribution functions
(ECDF; calculated in R stats) for SPEI data grouped
by decade for the identification of temporal trends.
Linear trends in modeled and measured data of
NDVI time series were consistently analyzed with

robust Theil-Sen regressions to exclude the
potential influence of outliers. RSME was calcu-
lated with R package Metrics 0.1.4, as was the
Breusch—-Pagan test using R package Imtest (with
P > 0.05 indicating lack of heteroscedasticity).
Cubic splines were calculated with Xact 8.03 soft-
ware (SciLab, Hamburg, Germany).

REsuLTs
Climate Trends in Western Mongolia

Temperature entered an exponential growth in the
late 1970s/early 1980s (Figure 2). The linear in-
crease in mean annual temperature since 1901 has
been 0.18-0.20 K decade™!. Since 1970, tempera-
tures have increased at a rate of 0.38 K decade™ ' in
the Altai, 0.46 K decade™' in the Khangai and
0.42 K decade™! in the entire western Mongolian
forest-steppe region. Annual precipitation in the
Mongolian Altai has increased gently by 3 mm
decade™" since 1901 and 6 mm decade™' since
1970. No trend for precipitation occurred in the
western Khangai or throughout western Mongolia.

A significant trend for increasing aridity, quan-
tified by a decrease in the SPEI in the warmest, but
also rainiest month July, was observed for western
Mongolia from 1970 to 2018 (Figure 3). Similar
tendencies for subareas of the Mongolian Altai and
the western Khangai within this region were not
statistically significant. In contrast to the long-term
trend, western Mongolia experienced a sharp and
significant increase in SPEI values (indicating
wetter conditions) from 1980 to 1998, both for the
entire area and when data from the Altai and
Khangai were analyzed separately. This was
demonstrated by both linear regression (Figure 3a,
¢, e) and the analysis of empirical cumulative dis-
tribution functions (ECDF) where SPEI data were
grouped by decade (Figure 3b, d, f). The linear SPEI
trends were hardly influenced by outliers, but the
result of long-term trends, as becomes evident from
the comparison of the results of linear ordinary
least squares and robust Theil-Sen regressions,
which only showed an outlier effect on the tran-
sient increase in moisture in the 1980s and 1990s in
the western Khangai (Figure S1).

Trends in Vegetation Greenness

The monthly maximum NDVI began at the same
level in March at the end of winter in both the
Mongolian Altai and the western Khangai (Fig-
ure 4). By April and through September, the NDVI
in the Khangai exceeded that of the Altai (reflect-
ing earlier snowmelt at lower elevation and—based
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Figure 2. Trends for (a—c) mean annual temperature and (d—f) annual precipitation for the Mongolian Altai (a, d),
western Khangai Mountains (b, e), and the entire western Mongolian forest-steppe region from 1901 to 2019. Modeled
data at a resolution of 0.5° x 0.5° for the grid fields of a 48.0-48.5°N, 88.5-89.0°E, b 47.0-4/.5°N, 97.0-97.5°E, and ¢

47.0-50.0°N, 88.0-100.0°E (https://climexp.knmi.nl).

on our field observations—taller grassland vegeta-
tion in the Khangai). At the end of the growing
season in October, the maximum NDVI resumed
similar values in both regions.

In the Mongolian Altai, the maximum NDVI
showed significant (P < 0.05) increases between
1982 and 2010 in April, June, and October and a
marginally significant (P < 0.10) trend for in-
crease in May (Figure 4). The March, July, August,
and September NDVI remained constant over the
years. In the western Khangai, significant increases
in the NDVI took place in March, April, and
October. Trends for decreasing maximum NDVI
were found in June and July, whereas no trends of
change occurred in the remaining months (May,
August, and September). The temporal trends for
monthly maximum NDVI were not influenced by
outliers, as the results obtained from robust Theil-
Sen regression (Figure 4) were not significantly
different from results of ordinary least squares
regression (Figure S2).

Peak vegetation greenness was positively corre-
lated with temperature in the Mongolian Altai, but
with moisture (that is, precipitation and SPEI) in
the western Khangai (Table 1). This became evi-
dent from linear regressions between climate vari-
ables and means of monthly maximum NDVI
calculated for the three summer months (June to

August; Table 1), at a point in time when the NDVI
peaked in both study regions (Figure 4).

Reconstruction of the Monthly Maximum
NDVI from Tree-Ring Data

Significant linear correlations between standard-
ized tree-ring width and monthly maximum NDVI
values were found for spring and early summer and
occurred with both tree-ring data of the current
and the following year (Tables S1, S2). Recon-
structions reaching back to 1940 were obtained for
the monthly maximum NDVI of April, May, and
June in the Mongolian Altai (Table 2; Figure 5) and
of March, April, and June in the less highly ele-
vated western Khangai (Table 2; Figure 6). These
relationships were established for a group of mid-
dle-aged trees from the Mongolian Altai (Fig-
ure S3a) and for old and very old trees from the
western Khangai (Figure S3b). Most tree-ring
chronologies selected for modeling derived from
the forest edge and thus the immediate neighbor-
hood of steppe grasslands (Table 2). All these
chronologies had positive growth anomalies in the
late 1990s/early 2000s in common (Figure S3). In
addition, the tree-ring chronology from the Mon-
golian Altai exhibited a multi-year growth depres-
sion from ca. 1980 to 1995.
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Figure 3. a, ¢, e July means and b, d, f empirical cumulative distribution functions (ECDF) of one-month values of the
Standardized Precipitation Evapotranspiration Index (SPEI) for 1970-2018 from a, b the Mongolian Altai, ¢, d the western
Khangai Mountains, and e, f the entire western Mongolian forest-steppe region. Modeled data at a resolution of
0.5° x 0.5° for the grid fields of a 48.0-48.5°N, 88.5-89.0°E, ¢47.0-4/.5°N, 97.0-97.5°E, and e 47.0-50.0°N, 88.0-100.0°E
(https://climexp.knmi.nl). a, ¢, e Linear Theil-Sen regressions (with Theil-Sen correlation coefficient rrg) for 1970-2018
(orange) and 1982-1998 (green). b, d, f Nonlinear logarithmic regressions of ECDF (P < 0.001 forr > 0.91; P < 0.01 for

r > 0.90) for SPEI data grouped by decade.

The linear trends for increase in the recorded
monthly maximum NDVI from 1982 to 2010 for
spring and summer in the Altai and spring in the
Khangai (green lines in Figures 5 and 6) corre-
sponded to similar linear relationships in the
modeled data (orange lines). Nevertheless, the
slopes of the regression lines in the recorded data
were generally steeper than those of the modeled
data. These differences resulted from the fact that,
while the long-term trend and the position of rel-
ative maxima and minima of the NDVI along the
timeline could be modeled well from the tree-ring
data, the amplitude of the high-frequency vari-

ability was less well captured. The amplitude of the
modeled NDVI series was generally lower than that
of the recorded data, resulting in lower residuals,
but sometimes even higher correlation coefficients
in the linear regressions for the modeled data. In
contrast to the Altai (Figure 5c¢), both the modeled
and the instrumental June NDVI exhibited trends
for decreasing vegetation greenness after 1982 in
the Khangai (Figure 6¢).

Long-term trends for the monthly maximum
NDVI were modeled since 1940 (Khangai) and
1941 (Altai). In contrast to the predominant in-
creases of the modeled and recorded NDVI values
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Figure 4. Recorded monthly maxima of the NDVI from 1982 to 2010 (March to October) for a the Mongolian Altai and b
the western Khangai. Cubic spline approximations (with 50% frequency cutoff) and linear Theil-Sen regressions

Table 1. Linear Correlations of Summer NDVI
and Climate Variables in the Mongolian Altai and
the Western Khangai Mountains

Mongolian Altai Khangai
Temperature 0.40/0.02 —-0.40/0.02
Precipitation 0.08/0.34 0.65/ < 0.001
SPEI 0.03/0.44 0.58/ < 0.001

Pearson correlation coefficients (r) and P values (r/P). Correlations for the seasonal
mean (period June to August) of monthly mean values for air temperature,
precipitation, SPEI and maximum NDVI.

after 1982, no long-term NDVI increase could be
detected for the period from 1940/41 to 2010 (red
lines in Figures 5 and 6). The linear regression lines
for the modeled NDVI of this period always showed
no significant trend for increase or decrease as
estimated with Theil-Sen regression (Figures 5, 6).

SPEI Trends for Eastern Inner Asia

Western Mongolia exhibits similar characteristics of
successive dry and wet periods in the early 1980s

and the 1990s as other major steppe and forest-
steppe regions in eastern Inner Asia (Figure 7). The
July SPEI was negative indicating summer drought
during the short period from 1980 to 1982 in
western and eastern Mongolia, Inner Mongolia,
and eastern Kazakhstan. In all these regions, the
period 1990-1999 represented a wet phase as
indicated by positive SPEI values. The intensities of
both dry and wet phases were highest in western
Mongolia and least in eastern Kazakhstan.
Neither in the Mongolian Altai nor the western
Khangai, dry and wet phases showed a fixed peri-
odicity during the period from 1901 to 2018, based
on July SPEI values (Figure 8). Intervals between
drought minima ranged from 6 to 27 years in the
Mongolian Altai (Figure 8a) and from 12 to
31 years in the western Khangai (Figure 8b). On a
larger geographical scale for all of western Mon-
golia (Figure 8c), drought minima recurred
approximately every 24-28 years in 1922, 1946,
1974, and 2001 over the period from 1901 to 2018.
The twenty-first century was, so far, generally
dominated by low SPEI values in the western
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Table 2. Linear Ordinary Least Squares Regression Equations (y = a + bx) Used for Modeling the NDVI
From Tree-ring Index Data with Pearson Correlation Coefficients (r), P Values, Root Square Mean Error
(RSME), P Value of Breusch—Pagan test (Heteroscedasticity at P > 0.05) and Reference to Used Tree-ring
Chronology (From Forest Edge, FE or Forest Interior, FI) with Number of Sample Trees (N) and Data Selection
for Regression (Tree-ring Index of the Current Year vs. Following Year, 1 Year Lag)

Month a b r P

RSME Breusch-
Pagan: P

Chronology N Data
selection

Altai:
April 0.0601 & 0.0098 0.0285 £+ 0.0105 0.46

May 0.2173 &£ 0.0109 0.0251 £ 0.0117 0.38

June  0.3123 £ 0.0181 0.0573 £ 0.0195 0.49
Khangai:
March 0.1261 £ 0.011
April  0.2912 + 0.031
June 0.4597 £+ 0.022

-0.0529 £ 0.010 -0.71
-0.1060 £0.032 -0.55
0.0535 £ 0.021 -0.43

0.006 0.847 0.55

AEMM-FE 11 Current

year
0.02 0.705 0.34 AEMM-FE 11 Current
year
0.003 0.590 0.43 AEMM-FE 11 Current
year
< 0.001 0.973 0.21 OL2-FE 15 1 year lag
0.001 0.809 0.50 VO4-FE 15 1 year lag
0.009 0.558 0.26 H3V-FI 15 Current
year

Khangai, entire western Mongolia, and to a lesser
extent also in the Mongolia Altai.

DiscussioN

Potential of Tree-Ring Data for NDVI
Reconstruction

Our data show that modeling monthly maximum
values of the NDVI from tree-ring data is feasible
for the Mongolian forest steppe, where mostly
small stands of boreal forest and steppe grasslands
alternate in varying proportions. These results add
to correlations found between the maximum
growing season NDVI and tree-ring anomalies,
which were obtained, like the data of the present
study, from L. sibirica tree-ring data in the Mon-
golian forest-steppe and Landsat NDVI time series
(Erasmi and others 2021). In that study working on
a much smaller spatial scale, it was pointed out that
the correlation between standardized tree-ring
width and the maximum growing season NDVI was
stronger for remote sensing data from forested land
compared to grasslands, which is obvious as both
annual stem increment and forest NDVI are direct
measures of forest productivity. By contrast, the
relationship to grassland NDVI is weakened by the
differences in microclimate between forests and
grasslands (Kelliher and others 1993; Dulamsuren
and Hauck 2008; Briimmer and others 2012).
Moreover, forests and grasslands also differ in their
water and carbon relations, as late-successional
conifers have a more sensitive stomatal regulation

than grasses, which reduces the mortality risk, but
also lowers the carbon gain during dry phases in
the former (James and others 2003; Ponton and
others 2006).

Given the similarities in microclimate between
forest edges and grasslands, it is not surprising that
Erasmi and others (2021) found close correlations
of the maximum growing season NDVI of grass-
lands with tree-ring width from small forests of less
than 0.1 km? size. By contrast, tree-ring
chronologies from large forests with a more pro-
nounced forest microclimate exhibited no correla-
tion with grassland NDVI. This finding of Erasmi
and others (2021) agrees well with the result of the
present study that linear correlations of the
monthly maximum NDVI were mostly found with
tree-ring data from larch trees growing at the forest
edge to the grassland, but rarely with trees from the
forest interior. Liang and others (2006) examining
correlations of the mean growing season NDVI with
tree-ring data in Inner Mongolia speak of relict
trees in the woodland-steppe ecotone, which is also
suggestive of a situation where trees grew under
the influence grassland microclimate. NDVI varia-
tions within grasslands can be explained in part by
the distribution of permafrost, which is expected to
occur downslope of large forest stands (Klinge and
others 2021).

Our reconstructions from tree-ring chronologies
are capable of modeling linear multi-decadal trends
for monthly maxima of the NDVI of forest-steppe
landscapes that include both forests and grasslands.
The models have their limitations at emulating the
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Figure 5. Recorded NDVI (period 1982-2010; green
color) and NDVI reconstructed from tree-ring data
(1941-2010; red) from the Mongolian Altai for a April,
b May, and ¢ June. Cubic spline approximations (with
80% frequency cutoff). Dotted lines represent Theil-Sen
robust linear regressions (in red for the complete
reconstruction, orange for reconstructed data from 1982
to 2010, and green recorded data from 1982 to 2010).

amplitudes of interannual NDVI variability. The
large areas covered by the remote sensing data in
our models (which was necessary for our research
question) and the coarse pixel size certainly limited
the models’ accuracy. In addition, the aforemen-
tioned differences in water and carbon relations
between forests and grasslands are also a likely
explanation for this weakness of our model.
Grasslands maintain high transpiration rates even
during drought until soil moisture is depleted (Zha
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Fig. 6. Recorded NDVI (period 1982-2010; green color)
and NDVI reconstructed from tree-ring data (1940-2010;
red) from the Khangai Mountains for a March b April,
and ¢ June. Cubic spline approximations (with 80%
frequency cutoff). Dotted lines represent Theil-Sen
robust linear regressions (in red for the complete
reconstruction, orange for reconstructed data from 1982
to 2010, and green recorded data from 1982 to 2010).

and others 2010). This strategy allows them the
maintenance of high carbon assimilation and thus
high productivity boosting the NDVI, because the
grassland vegetation can efficiently utilize the high
solar irradiation, which is characteristic of such
weather conditions. Late-successional trees, how-
ever, reduce stomatal conductance (Dulamsuren
and others 2009) and are consequently less pro-
ductive lowering positive NDVI extremes. Yet, un-
der prolonged drought conditions, the grasses’



No Signs of Long-term Greening Trend in Western Mongolian Grasslands 1137

1.5

1.0

0.5

w
a 00
%) C
-05 |
L I 19012018
10k I 1980-1982
Y I 1990-1999
45 L L | I
c o £ S o8 5
O O O O (=) Q +
n O » O £ o w 2
o < © < c © =
; o w o o W w©
= b= b= N
©
N4
Region

Figure 7. July means (+ SE) of one-month values of the
Standardized Precipitation Evapotranspiration Index
(SPEI) for the periods 1901-2018, 1980-1982, and
1990-1999 from western Mongolian (mainly forest
steppe; 47-50°N, 88-100°E), eastern Mongolia
(including forest steppe, mountain taiga, true steppe;
47-50°N, 100-120°E), Inner Mongolia (forest steppe,
true steppe; 40-47°N, 115-125°E), and eastern
Kazakhstan (true steppe, mountainous forest steppe,
mountain forests; 48-52°N, 72—-84°E). Modeled data at a
resolution of 0.5° x 0.5° (https://climexp.knmi.nl).

aboveground parts increasingly yellow and die,
thereby reducing the NDVI. Larches and other late-
successional conifers, however, usually maintain a
green canopy during drought, which protects for-
ests from NDVI declines in a similar range to that in
grasslands. These differences between forests and
grassland certainly interfere with modeling the
amplitude of the interannual variability of the
maximum NDVI values for grasslands from tree-
ring data, but do not confound multi-decadal
trends, because both the maximum NDVI of forests
and grasslands in the forest steppes of Inner Asia is
primarily controlled by climate (and by moisture in
particular) (Prospatin and others 2008; Meng and
others 2020).

In the Mongolian Altai, positive tree-ring
anomalies were associated with high NDVI values.
Since annual stem increment in this region is
known to be limited by low summer temperatures
(Dulamsuren and others 2014), this result suggests
that the grasslands were limited by the same factor.
Low temperatures in such high mountain envi-
ronments are known to be generally limiting for
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Figure 8. July means of one-month values of the
Standardized Precipitation Evapotranspiration Index
(SPEI) for 1901-2018 from a the Mongolian Altai, b
the western Khangai Mountains, and the entire western
Mongolian forest-steppe region. Modeled data at a
resolution of 0.5° x 0.5° for the grid fields of a 48.0—
48.5°N, 88.5-89.0°E, b 47.0-4/.5°N, 97.0-97.5°E, and ¢
47.0-50.0°N, 88.0-100.0°E (https://climexp.knmi.nl).
Cubic spline approximations (with 20% frequency
cutoff; red lines) and Theil-Sen robust linear
regressions (black lines).

vegetation productivity (Xu and others 2016),
affecting it both directly and indirectly through low
nitrogen availability and by controlling the dura-
tion of the snow-free season (Rixen and others
2008; Smith and others 2012). In contrast to our
results, Poulter and others (2013) found drought-
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limited net primary production on the landscape
level, modeled from FPAR, in a region with tem-
perature-limited L. sibirica forests in western Mon-
golia. In the western Khangai, tree-ring anomalies
and NDVI values were negatively correlated, while
negative correlations of the NDVI with summer
temperature and positive correlations with precip-
itation and SPEI pointed to a drought-limited veg-
etation greenness productivity on the landscape
level, consistent with the widespread drought lim-
itation of larch forests from the Khangai Mountains
(Dulamsuren and others 2010a; Poulter and others
2013; Khansaritoreh and others 2017a, 2017b).
Drought limitation is typical of steppe grasslands
either alone or in combination with temperature
and nitrogen limitation (Knapp and others 2001;
Guo and others 2014; Li and others 2020; Miao and
others 2021). The simultaneous drought limitation
of forests and grasslands in the Khangai raises the
question why the slopes of the regressions model-
ing the March and April NDVI from standardized
tree-ring width were negative (Table 2). This
apparent contradiction can be resolved by consid-
ering that high springtime NDVI values are signif-
icantly influenced by early snowmelt. Early
snowmelt, in turn, increases the risk of drought
stress later in the growing season in boreal forests
(Parida and Buermann 2014) increasing the prob-
ability of low annual stem increment. This matches
with the negative NDVI trend found for June in the
western Khangai, which is consistent with negative
trends established for this area in the remote
sensing studies of Mohammat and others (2013)
and Poulter and others (2013).

Limitations by Biological Differences
Between Forests and Grasslands

Modeling grassland greenness with tree-ring data is
based on the fact that the vitality of both grasslands
and forests is controlled by moisture and tempera-
ture (von Fischer and others 2008; Dulamsuren
and Hauck 2021). Nevertheless, there are also
biological differences between grasses and trees
limiting the commonalities and weakening the
relationship between tree-ring width and grassland
NDVI. An important factor potentially weakening
this relationship is that trees may shift their carbon
allocation priorities between different organs more
than grasses. Although the difference in the tran-
spiration characteristics between late-successional
conifers and grasses is fundamental, rooting depth
is another factor that affects moisture utilization by
plants (Kelliher and others 1993). This certainly
exerts an effect on resource utilization of large, old

trees with extensive and deep rooting systems
compared to grasses (Kuiper and Coutts 1992;
Dodd and others 1998; Zanetti and others 2015).
Yet, for younger trees and grassland species, rooting
depth is not fundamentally different. In general,
many grasses in the steppe biome have deep root
systems (Nippert and Holdo 2015; Walter and
Breckle 2021) and can efficiently lower plant water
potentials to maintain water uptake from drying
soils (Knapp 1985). In this respect, steppe grasses
are not necessarily inferior to boreal conifers like
Larix sibirica, which are able to rapidly lower their
water potential due to high cell wall rigidity and
active osmotic adjustment (Dulamsuren and others
2009). Chenlemuge and others (2013) analyzed the
vertical fine root distribution in the forest steppe of
the Mongolian Altai and found of Larix sibirica and
non-tree fine roots up to a depth of 80 cm, al-
though the decline of fine root mass with depth
was steeper in grasses and herbs than larch. Thus,
the soil depths from which water is used overlaps
between young to middle-aged trees and steppe
plants. In contrast to North American prairies,
Mongolian grasslands are strongly dominated by C;
grasses (Still and others 2003); hence, differences in
the photosynthetic pathway do not attenuate for-
est—grassland parallels in the response to climate in
Mongolia’s forest steppe.

Another limitation arises from the different
growth phenologies for stemwood and grassland
biomass. Most stemwood in boreal forests is formed
in the early growing season (Rossi and others
2016), but summed up in an annual parameter as
tree-ring width. Grassland aboveground biomass,
which is captured with the NDVI, however, is
produced throughout the growing season, as long
as climatic conditions are favorable. The restriction
of stemwood production to spring and early sum-
mer explains why we only found significant cor-
relation with monthly grassland NDVI values from
March to June, but not later in summer, which
limits our conclusions to trends for vegetation
greenness in spring and early summer.

The Greening Trend in Western Mongolia
as an Artifact of the Observation Period

From 1982 to 2010, we were able to model the
widely known linear trend for increasing vegeta-
tion greenness from our tree-ring data. In the
Mongolian Altai, significant increases in the model
maximum NDVI were observed for April to June in
agreement with the results of Poulter and others
(2013), who found increasing FPAR values (1982-
2010) in spring and summer in this region. In the
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western Khangai, significant models showed posi-
tive NDVI trends since 1982 for March and April,
but (confirm the second hypothesis) a negative
trend for June, again in line with Poulter and
others (2013), because increases in FPAR in the
same period were only found in spring, not sum-
mer. By this congruence, our plot-based field data
corroborate the existence of the post-1982 greening
trend that has been documented by satellite data.
However, our data do not suggest that this greening
trend is part of a long-term trend for increasing
vegetation greenness. Rather, the linear increase
since the 1980s has its onset in a temporary period
of low vegetation greenness in the 1980s, which
was followed by a positive anomaly in the 1990s
and 2000s.

Looking back over the four decades prior to the
1980s, it becomes evident that neither the depres-
sion in vegetation greenness in the 1980s nor the
subsequent increase was unprecedented since
1940. In fact, the reconstructed maximum NDVI
values showed decadal to multi-decadal positive
and negative anomalies, which followed no or only
a very weak negative long-term trend between
1940 and 2010. Our interpretation that the post-
1982 vegetation greening is not part of a long-term
trend is consistent with a decelerated increase or
even transient decline in NDVI values in the late
1990s and 2000s across much of Mongolia, Inner
Mongolia, and Kazakhstan (Mohammat and others
2013; Zhang and others 2021). Our conclusions
support concerns of Pan and others (2018) that
calculating linear trends from series of the NDVI or
similar indices sometimes does not fully capture the
situation and thus can lead to misinterpretation.

The Putative Absence of a Climate
Change-Driven Greening Trend
in Eastern Inner Asia

The coincidence of the observed vegetation green-
ing in eastern Inner Asia since the early 1980s with
the transition of warming trends into the expo-
nential phase around the same time (Figure 2) was
suggestive of the occurrence of a climate change-
driven greening trend in Inner Asia’s steppes and
forest steppes as in the Arctic tundra. However,
whereas the greening trend in the Arctic persists
and was unprecedented (Berner and others 2020),
both properties cannot be attributed to the post-
1982 vegetation greening in western Mongolia.
While we could substantiate this with our NDVI
reconstructions for western Mongolia (confirming
our first hypothesis), our results even question the
existence of a climate change-driven, persistent

greening trend for the entire Inner Asian grassland
and forest-steppe regions. We do not have data to
answer this question, but similar sequences of
drought summers in the early 1980s and subse-
quent wet phases in the 1990s in important parts of
eastern Inner Asia (Figure 8) suggest the absence of
a long-term trend might be general. This conclu-
sion agrees with the conclusions by Liang and
others (2006) for Inner Mongolia. While these
authors suggested a return interval for dry and wet
phases of about 17-20 years based on data reaching
back to 1850, our data are less robust in this regard,
starting in the 1940s and showing no regular
periodicity for either the Mongolian Altai or the
Khangai. Whether the recurrence of dry and wet
phases every 24-28 years for the larger region of
western Mongolia reflects a long-term oscillation
remains to be scrutinized.

The post-1982 Inner Asian greening trend is a
good example of the need to be cautious in
attributing current climatic variability and resulting
productivity fluctuations or mortality surges in
grasslands or savannas to climate change, because
these ecosystems can be subject to substantial
fluctuations due to decadal or multi-decadal cli-
mate oscillations even without the contribution of
climate change (Sala and others 1992; Tilman and
El Haddi 1992; Fensham and Holman 1999).
Nonetheless, climate is warming rapidly, and both
interannual and seasonal variability in precipita-
tion is increasing in the Inner Asian steppe region
due to climate change (Sloat and others 2018),
suggesting that the already inherently high vari-
ability in vegetation greenness of Inner Asia’s
grasslands and forest steppes could increase further.
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