Authors response to the editor
Dear Jochen Schéngart,

thank very much for your support to manage our manuscript for potential publishing in the journal
Biogeoscience. You can see in the document below, that we have changed a lot — even the title — in
our manuscript since there have been many helpful comments from the reviewers. At least, we asked
a native English-speaking colleague to check the spelling. We have already stated most of our
corrections in the reply to the reviewers and you will find some of again listed below. However, after
first revising line by line the issues mentioned by the 15t reviewer, we afterwards had to rearrange
several parts in the text. This makes the marked changes in the document below quit confusing.
Finally, the manuscript had gained from reworking.

Best regards,
Michael Klinge

General changes:

We have changed the term “ecozone” to “type of boreal forest” and the class “Total ecozone”
to “Total ecosystem unit” throughout the entire manuscript.

We have rearranged many parts of the text to receive a more consistent structure.
Repetitions and less relevant information were mostly deleted. We also tried to shorten the
text. However, we had to insert more detailed description where our statements were
unclear.

Figure 3 it is very important to give the reader a visual idea how the different dataset spatially
fit to each other and how the treeline points and the forest boundary was mapped. We
inserted more relations to Fig. 3 in the text where it was necessary.

Figure 6 was moved to supplementary material.

There is a new order of figures following the text structure.

We changed the Figures about climate data, which shall appear in the supplement material
following your instructions.

We added some information about climate change scenarios at those places, where it was
necessary to substantiate our statements for potential developments in the future.

Specific remarks to changes proposed by the reviewer 1:

- line 54: ...strongly varies in space and time... -done
- line 61-62: soil temperature, soil moisture and soil nutrients might also play a role
- We incorporated this fact with an additional sentence

- line 64-65: usage of the term ‘ecozone’ is confusing. Regarding altitudinal zonation |
suggest to use the term ‘zone’ or ’belt’ (alpine zone or alpine belt), regarding horizontal
zonation | suggest to use the term ‘habitat’ or 'zone’ or another term since the term ‘ecozone
is associated

H

with large-scale units (biomes) such as humid mid-latitudes, dry mid-latitudes etc.

- We changed the sentence and will now consequently use the terms “zone” for
horizontal and “belt” for altitudinal zonation

- line 67: altitudinal zones are not biomes, but zones or belts - changed

- line 85: no comma after et al.



— not changed, because this kind of formatting is demanded by BIOGEOSCIENCE
and
automatically processed by CITAVI

- line 103: either no comma before which or comma after Spot VGT) - changed

- line 105: see line 103 - changed

- line 128-130: language editing — The sentence is not necessary and completely deleted
- line 144: trends of instead of trends for - done

- line 166: showed the NDVI to be well usable.... - done

- line 167: tree biomass of Mongolian forests - done

- line 176: climatically restricted? / suggest to rewrite: ...’is delimited by a constellation of
climatic threshold values’ - That is good, changed

- line 177-178: reflect climate-ecological relationships and limitations - changed
- line 195: highly continental semi-humid - changed
- line 196: with little snowfall - changed

- line 205: ...are arranged in characteristic sequences along latitudinal and altitudinal
gradients

- changed
- line 206: obovata kursiv - changed

- line 207: selectively? Please rewrite this sentence - changed to: .. locally as mountain taiga

- line 211: intra-montane basins - changed
- line 217: the terms playas and takirs should be explained
— | preferred to delete the sentence, because this information is not really necessary
- line 222: forest management - changed
- line 226/227: Please explain the increasing fire susceptibility
- explained by climate warming, permafrost retreat, and insect calamities
- line 241: Fig. 2 - not changed, because directly naming the figure
- line 244: language editing - changed and hopefully better described
- line 259: In the upper elevational zones? - changed
- line 265: tree species maps - changed

- line 268-270: Using this approach the authors should be aware of and should point out that
this is a simplification since the plant species respond to inter-annual variations and extreme
values; plant species do not respond to mean values

- We mentioned this problem following your words; however, in a next step of
research it would be interesting to investigate if it possible to detect single extreme values in
the data, which may play a significant rule for limiting tree distribution. But first it needs to
establish the multi-data analysis like shown here, before to go to deep into detailed analysis,
while the accuracy of the base database does not fit the research problem.

- line 293-294: language editing - changed, sentence shortened

- line 298: multiple comparisons - changed



- line 306-308: Alteration of treelines requires successful recruitment of tree species. The
authors should be aware of the fact that bioclimatic requirements of seedlings and saplings
might deviate to a considerable extent from those of adult trees

- You are right. That this is true, we could see during our last fieldwork in Mongolia. We
wanted to examine why there is such a bad rejuvenation for larch trees like observed 3 years
ago. Now after three rainy and humid summers we found extensive succession and even
larch seedlings inside the steppe. However, from the remote sensing point, we can only
detect adult trees and forests, which must have had sufficient environmental conditions to
survive for a longer period. At the end of this chapter method, we inserted a complete new
paragraph, where we described the ecological problems of forest distribution, human impact,
and the technical limits of the investigation presented here.

- line 332: intermontane basins - changed
- line 335: language editing - changed
- line 340-341: language editing - changed
- line 344: language editing - changed
- line 347-348: language editing - changed
- line 380: blank space - changed
- line 381.: forest distribution or forest stand distribution - changed

- line 433ff: Ulmus trees along water courses in the steppes should also be mentioned here

Ulmus trees play a minor role in our investigation, because they occur at water-favored
places near river and in the basins. Therefore their occurrence is less climate depend and
also the basin region were excluded from treeline analysis. However, we inserted the Ulmus
trees in the introduction to the Study area.

- line 447: intramontane basins - changed
- line 472-473: language editing - changed
- line 474: 2x thus - changed

- line 474-475: hygrophilous instead of water-demanding

not changed because trees are not specific hygrophilous
species
- line 478: which additional factors?
- We can only assume what the additional factor may be: permafrost, water from upper

slope,... The sentence was changed to the meaning that we can identify the position but not
the specific ecological exception of extraordinary forest stands.

- line 479: results instead of tendencies - changed
- line 496: language editing - changed
- line 507: Climatic change will lead: : :. - changed
- line 509: Forest dynamics - changed
- line 510: modelled - changed
- Fig. 5: Map legend: there is no reference to the black line (not all of the readers are familiar
with the borders of Mongolia) - changed
- Fig. 6: Legend: Pinus sibirica - changed
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Abstract

In northern Mongolia, at the southern boundary of the Siberian boreal forest belt, the distribution of
steppe and forest is generally linked to climate and topography, making this region highly sensible
sensitive to climate change and human impact. Detailed investigations on the limiting parameters of
forest and steppe eceurrence- in different ecezenes-biomes provide necessary information for
paleoenvironmental medehlingreconstruction and seenaries-prognosis of potential landscape
change. In this study, remote sensing data and gridded climate data were analyzed in order to
identify main distribution patterns of forest and steppe in Mongolia and to detect driving ecelogical
environmental factors ef-for forest eccurrence-distributionandvulherabilityagainst-envirenmentalt
ehange. Forest distribution and vegetation vitality derived from the normalized differentiated
vegetation index (NDVI) were investigated for the three types of boreal forest present in Mongolia

(taiga, subtaiga, and forest-steppe), which cover a total area of 73,818 km?. In addition to the forest
type areas, the analysis focused on subunits of forest and non-forested areas at the upper and lower
treeline, which represent ecological borderlines efsite-conditionsbetween vegetation types. Climate
and NDVI data were analyzed for a reference period of 15 years from 1999 to 2013.With-respectte

for treeline delineation by identifying representatlve sites mostly bridges Iocal forest disturbance like

fire or tree cutting. Moreover, this procedure provides a valuable tool to distinguish the potential
forested area. The upper treeline generally inereases-rises from 1,800 m above sea level (a.s.l.) in the
Nnortheast to 2,700 m a.s.l. in the Seuthsouth. The lower treeline locally emerges at 1,000 m a.s.l. in
the northern taiga and isrisirgrises southward to 2,500 m a.s.l. The latitudinal trend-spatial-gradient
of both treelines turns into a longitudinal trend-one in-on the eastern flank of the-mountains ranges
due to mere-higher aridity caused by rain-shadow effects. Less wital-productive trees in terms of NDVI
were identified by-NBVat both, the upper and lower treeline in relation to the respective
ecozonetotal zene-efboreal forest type area. The mean growing season temperature (MGST) of 7.9-
8.9 °C and a-minimum-ef6-2C-a minimum MGST of 6 °C wasfeune-te-beis a limiting parameter at the
upper treeline but is negligible for the lower treeline-and-the-tetal-ecozenes. The minimum of the
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mean annual precipitation (MAP) of 230-290 mm y! is an-impertanta limiting facterparameter at
the lower treeline but even at the upper treeline in the forest-steppe ecotone;tee. In general, NDVI
and MAP are lower in grassland, and MGST is higher compared to the-the corresponding boreal
forests-inthe-same-ecozenetypes. Anr-One exception occurs at the upper treeline of the subtaiga and
taiga, where the alpine vegetation is+epresented-by-consists of mountain meadow mixed with
shrubs. The relation betweenCemparing- the-NDVI with-and climate data shews-corroborates that
inereasing-more precipitation and higher temperatures generally lead to higher greenness in all
ecological subunits. PAthite-the-MGST is positively correlated with the-MAP of the total area of
ecozenes-oftheforest-steppe-ares, but this correlation turns negative in the taiga-ecozene. Thus-the
limiting factor in the forest-steppe is the relative humidity and in the taiga, it is the snow cover

distribution. The subtaiga represents an ecological transition zone of approximately 300 mm y*!

precipitation, which occurs independently from the MGST.-Nevertheless-highertemperaturestead
ol . e ‘ lyes.

Since the treelines are mainly determined by climatic parameters, the rapid €climate change in Inner
Asia will leads to a spatial relocation of tree communities, treelines and boreal ecezenesforest types.;
However, a deduction of future tree vitality, forest composition, and biomass trends directly from
the recent relationships between NDVI and climate parameters is challenging. Besides human

impact, it must consider bio- and geoecological issues like e.g. tree rejuvenation, temporal lag of

cI|mate adaptat|on and d|sappear|ng permafrost t—h&s—an—m%e#p#etet@q—ef—ﬁu-twe—twe—w-tmﬁy—and

1. Introduction

Due to the highly continental environment in northern Central Asia, Mongolia is subjected to dry and
eeekwinter-cold climate conditions. The landscape and vegetation development is highly sensitive to
changes in temperature and/or precipitation_(Dulamsuren et al., 2010a Gunin et al., 1999b).
aion—The intensity and impact
of climate parameters on vegetation is-strongly varying-varies in space and-time-caused by different
factors like topography, latitude and air circulation.- Corresponding to the change of the-climatic
conditions from cold semi-semi-humid in the north to warm and arid in the south, a latitudinal
zonation of the vegetation occurs, which is modified by an altitudinal zonation in the mountaineus
landseape-(Hilbig, 1995). From north to south, these vegetation belts-zones include taiga, subtaiga;
forest-steppe, steppe, and the Gobi desert. Taiga, subtaiga, and fragmented forests in the forest-
steppe ecotone represent the southern edge of the Eurosiberian boreal forest, whereas the steppes
are part of the Mongolian-Chinese steppe region. The distribution of the different vegetation
beltszones, ecozenesboreal forest types, and treelines is mainly controlled by air temperature,
evapotranspiration, and precipitation (Walter and Breckle, 1994). ButHowever, site-specifiesite-
specific edaphic parameters, fike-including soil temperature, soil moisture and sei-nutrients
availability also play a role;tee. Moisture- conditions are regarded-te-be-a main-key limiting Hmiting
eentrelingfactor controlling ferthe distribution of the-deserts and steppes ecezenes-as well as for
the lower boundary of mountain forests at the transition to drylands. In contrast, thermal conditions
control position of the upper treeline and the alpine ecezene-vegetation belt (Kérner, 2012; Klinge et
al., 2015; Klinge-etal-2003; Paulsen and Korner, 2014). Both, the upper and the lower treelines of
Mongolia’s boreal forests represent an obvious visual boundary between vegetation biemes-zones of
highly different ecological requirements, though their actual state can be strongly influenced by
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The Mmean airtemperature during-of the growing season (MGST) is more relevant for describing the
thermal environment at the upper forest line than mean annual air temperature (MAAT), because
winter temperatures frem-the-nen-growingcold-seasen-only-play-a-are of minor reledin-significance
for tree growth {(Jobbagy and Jackson, 2000); {K6érner, 2012; Kérnerand-Paulsen2004)). To define
temperature conditions at the upper treeline the warmest month isotherm of 10 °C is commonly
used (Walter and Breckle, 1994). For the northern Tien Shan Mountains Klinge et al. (2015) indicated
a minimum monthly mean temperature of 5° C during the growing season.; while—Based-en
worldwide-empiricaldataPaulsen and Korner (2014)-{kérrerand-Pattsen 2004} stated-better
definitionsed forthe-uppertreelineina-global-contextthe minimum MGST of 5.5 to 7.5 °C and the
mean temperature of 6.4 °C during a period of daily temperatures >0.9 °C in a minimum growing

season of 94 days for the upper treeline in a global context.- t—han—t—he—eemmeﬂl-v—eseel—wa%mes%

1994)-A lower treeline occ(-K-H-nge—et—aJ—ZO—l%-)urs in the semi-arid region of Central Asia between
relatively humid mountain regions and arid basins. The forest distribution is generally limited by
annual precipitation, which has its minimum between 300 and 200 mm y* {Walterand Breckle;
1994 (;-Dulamsuren et al., 2010a; Miche-etal;2003+-Holdridge, 1947, M|ehe et al., 2003; Walter and

Breckle, 1994).

short-distances—In the forest-steppe, the spatial dlstrlbutlon of vegetation is hlghly correlated with
relief-terrain parameters (Hais et al., 2016; Klinge et al., 2015). Less solar radiation input causes lower
temperatures and reduces the evapotranspiration pressure on north-facing slopes, leading to higher
humidity, higher soil moisture, and more widespread permafrost. The higher water availability

supports the tree growth eftreeswhich-is-Siberiantarch{Larixsibirice-onmest-of Mengeha’s
forested-area-(Dashtseren et al., 2014). The dominant tree species in Mongolia’s boreal forests is

Siberian larch (Larix sibirica). On south-facing slopes mere-higher solar irradiation input-produces
hydrological conditions which are too dry for the establishment of forests and thus favor steppe
vegetatien-grassland (Bayartaa et al., 20073).

With respect to global climate change, the question of potential shifts in growth conditions arises.
Vegetation indices like the most commonly applied NDVI (Normalized differentiated vegetation
index); which are derived from multispectral satellite images (Landsat, MODIS, Spot VGT), provide
information about the “greenness” and vitality of the vegetation cover. The various investigations on
recent trends of climate and NDVI; which exist for the region of Mongolia state partially diverging
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results (Dashkhuu et al., 2015); {Eckert et al., 2015;} {Miao et al., 2015;} {Poulter et al., 2013;}
{Vandandorj et al., 2015). Instrumental climate data from weather stations in Mongolia are often
discontinuous and time series of climate measurements are not available from mountain areas since
climate stations are located near settlements in the basins. Thus, representative climate parameters
must be modelled by different regionalization processes (Bohner, 2006). Various gridded datasets of
re-analyzed climate parameters with different spatial and temporal resolution_exist, which are mainly
used for climate trend analysis;existe-g—; examples include CRU-TS (Harris et al., 2014), ERA-interim
(Dee et al., 2011), and CHELSA (Karger et al., 2017)(Figures S1 and S2 in the supplement material).
While the quality, origin, and resolution of climate records eenstitute-ene-are potential sources of
uncertainty-faeter, the results and interpretations about the correlations between climate and NDVI
trends occasionally suffer from disregarding the specific bio-ecological restrictions of the different
vegetation zones.

{Batima et al.; (2005) analyzed climate station data and observed an increasing mean-anndatair
temperature{MAAT)} of 1.66-7 °C for Mongolia between 1940 and 2001. {Eckert et al.; (2015) stated
that temperatures have not varied much since the year 2000. {Dulamsuren et al.; (2014) found a
trend to warmer temperature extremes starting around 2000. {Sharkhuu-etal2007and-{Sharkhuy;
2003}-executed-mMeasurements en-of permafrost distribution and active layer development in
Mongolia fermere-than-30-years—Theyfound-show a general trend of permafrost degradation, which
is additionathraccelerating since the 1990s_(Sharkhuu et al., 2007; Sharkhuu, 2003). This is due to
climate warming, but reinforced by a loss of vegetation due-te-caused by livestock grazing in some
steppe areas and tree cutting in the forests. Permafrost degradation is more intense in the Khuvsgul
area than in the Khentei and Khangai Mountains (Sharkhuu et al., 2007).

The trends of precipitation in Mongolia are not spatially uniform-—Hewever-the-ebserved-trend- and
can strongly depend on the specific-period of observation used for climate analysis (Erasmi et al.,

2014; Giese et al., 2007). Batima et al., (2005) found aThis-can-explainthe-differentresulisbetween
N a 0 who an

W

Ha-aHBR-ER
‘)

the-period-from2001to-2011{Eckertetal;—2045)-t-hasbeen negative trend of annual precipitation
in the previeus-period between 1970 and 2001{Batima-etat—2005}. In the driest regions of western
and southern Mongolia hewever-no specific trends occurred at all. Based on tree-ring data,
{Dulamsuren et al.; (2010b) documented increasing drought stress in-for larch trees in the Khentei
Mountains, which they attributed to increasing aridity by rising summer temperatures and
decreasing summer precipitation during the last 50 years. Although trees at the outer boundary of
the forest stands might be better adapted to drought stress, obvious margins of dead trees
surrounding the forest islands are recently found at many places of the forest-steppe. For the period
from 1980 until 2005, {Bayartaa et al.; (2007b) reported a strong increase in burnt forest area in
Mongolia starting in 1996, which was due-te-caused by very dry winter and spring seasons but may
also be combined to weakened governmental management during the period of political transition. A

general tendency of decreasing lake levels during the last decades in two great lakes of interior
drainage in the Gobi with an catchment area south of Khangai Mountains was observed by
{Szuminska; (2016). This lake level decline was associated with trends for reduced precipitation and
increased evapotranspiration resulting from rising temperatures.

{Eckert et al.; (2015) analyzed the general trend effor NDVI in Mongolia during the period between
2001 and 2011 using the MODIS NDVI dataset and found mostly positive trends in northern and
eastern Mongolia, stable conditions in southern Mongolia, and large areas of negative trends in the
northern Mongolian Altai and in the east of the Khangai Mountains. Based on the same dataset and a
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similar period from 2000 to 2012, {Vandandorj et al.; (2015) analyzed the seasonal variation of NDVI
for individual vegetation zones. High variations in-of NDVI occur particularly in the steppe regions
where the vitality and density of grassland is closely related to the amount of annual precipitation
due to low stomatal control of transpiration by the grassland vegetation. Low variations in NDVI
occur in forested regions, since trees exert a much stricter stomatal control of transpiration than
herbs and grasses, and in the sparsely vegetated desert regions. {Poulter et al.; (2013) investigated
the influence of recent climate trends on the forests in Inner Asia by the temporal distribution of a
greening value using specific vegetation indices from remote sensing data and environmental
datasets. They found a trend to earlier greening induced by increasing spring temperatures and
earlier browning associated with decreasing summer precipitation. Based on these relationships they
projected better future forest conditions for Mongolia until 2100. In opposite of these findings,
{Bayartaa et al.; (2007b) reported that climate scenarios would indicate a significant decrease in
forest area and its total biomass for Mongolia until the middle of the 21 Century, which is in
accordance with the recent trends from dendrochronological data from Mongolia (Dulamsuren et al.,
2010a; Khansaritoreh-etat201%~-Dulamsuren-etat-2010b; Bulamsuren-etal;-2014; Khansaritoreh
et al.,, 2017). {Lu et al.; (2014) investigated the applicability of different remote sensing-based
biomass estimation approaches. They found that the biomass estimation method via NDVI te-be-is
sufficient in lew-densitylow-density forests. {Dulamsuren et al.; (2016) showed that-the NDVI to be
well usable to estimate the tree biomass ferof Mongolian forests. The best fit of linear regression
was found between biomass and the mean NDVI of April for the period 1999-2013. This shows that in
addition to the vegetation vitality the NDVI is a valuable indicator for tree biomass in open forest
stands.

With regard to the diverse and in parts contradicting observations on climate and vegetation status,
interdependencies, and recent trends in Mongolia that are reported here, this study investigates the
present distribution of forest areas and its relation to the actual climate and topography based on
high resolution satellite and gridded climate data.

In addition to existing studies, here, the specific impact of climate and-changesin-clmate-parameters
isstudied-at-differentspatiaHevelsrelated to-thezonation-ofecozones different boreal forest types

and ecological subunits is analyzed in order to delineate potential friggersturning points for
environmental changes. The following hypotheses were tested:

o Every ecezene-type of boreal forest is delimited by a eenstellation-efspecific climatic thresheold
valgesenvelopehas-its-own-chimaticrestricted-envirenment. The statistical correlations between
NDVI and climate eendition-parameters in different forest types and at the corresponding
treelines reflect climate-ecological relationships and limitationsreflect-thespecificecological
relationshipsand-timitations.

o TherearedDifferent trends-spatial gradients of climate-induced vitality change detectable-exist
for the-different ecozenes-types of boreal forest. and-especialy-for-This applies in particular to
the treelines as an indicator ferof extreme ecological site conditions.

e Forests and grasslands of the same ecezene-zone of boreal forest type show different trends
spatial gradients and relations to climate-and-NBVA.
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2. The Study Area

Mongolia is situated in northern Central Asia in the transition zone between the Siberian taiga in the
north and the Gobi desert in the south (Fig. 1). Spatialy~-Mongolia extends from 87°45’E to 119°56’E
and from 41°34’N to 52°09’N and covers a total area of 1,562,950 km?. Wide basins of interior
drainage are-spreadoccur en-at elevations between 900 and 1500 m a.s.l. with the lowest areas
below 720 m a.s.l. There are five principal mountain systems in Mongolia: The Mongolian Altai (MA)
in the west (highest peak is Tavan Bogd, 4374 m a.s.l.), the Gobi Altai in the south (Ikh Bogd, 3957 m
a.s.l.), the Khangai Mountains (KaM) in the center (Otgon Tenger, 3964 m a.s.l.), the Khentei
Mountains (KeM) in the northeast (Asralt Kharj khan, 2799 m a.s.l.), and the Khuvsgul region in the
eastern Sayan Mountains (Munkh Saridag, 3460 m a.s.l.). The mountain tops are shaped by
pronounced flat surfaces at elevations between 2500 and 3500 m a.s.l. (Academy of Sciences of
Mongolia and Academy of Sciences of USSR, 1990; Murzaev, 1954)

The climate of Mongolia is eharacterized-by-highly continental with semi-semi-humid, semiarid, and
arid conditions. In wintertime, the Siberian high pressure cell produces cold and dry weather with
fewlittle snowfall and mean temperatures between -15 and -30 °C (Barthel, 1983; Klinge, 2001). The
main rainfall occurs from June to August during the short summer and is induced by westerlies and
cyclone precipitation, with the dry season starting again in autumn. The mean summer temperatures
range between 10 and 27 °C. Mean annual precipitation is lower than 50 mm in the interior basins,
around 125 mm in the southern desert and up to 350 mm in the northern steppes, whereas it

ereases-rises to more than 500 mm in the high mountains. Ihe%e%—a—la%g&am@uai—va%m&en—m

According to the climatic conditions, the vegetation zones are arranged in characteristic sequences
along latitudinal and altitudinal gradients eceurin-a-tatitudinaland-altitudinal-erder(Hilbig, 1995).
Dark mountain taiga with coniferous trees (Lgrixsbirica-Pinus sibirica, Picea obovata, Abies sibirica,
Larix sbirica) occurs as closed forests in northern Mongolia and selective-locally as mountain taiga in
the upper KaM in central Mongolia (Dulamsuren, 2004). The subtaiga ecezene-forest type with
needle and deciduous broadleaf forests (Larix sibirica, Pinus sylvestris, Betula platyphylla) represents
a type of light taiga beneath and surrounding the mountain taiga. In northern Mongolia, the forest
often extends into the valley bottoms and open grassland is restricted to intra--meunrtaineus
montane basins. The vegetation in central Mongolia consists of steppe grasslands in the basins and
forest-steppe in the mountains-area. Smatareas-of grassland-have-been-converted-into-croplands—In
this forest boundary ecotone of semiarid climate conditions,therelief-contrelsthevegetation
patternsand—While-the deciduous conifer forests consisting of Larix sibirica are primarily limited to

north- facmg sIopes—the—seu%hem—s#epes—a%e—ee%Fed—by—sfeeppeA&ge%aﬂen (Treter 1996) The

; ; eg-In the high
mountains, dense aIpme meadow vegetation occurs between forest-steppe and the periglacial zone
of frost debris. The main perennial rivers are accompanied by floodplain meadows and alluvial
forests of Populus and Ulmus pumilla —(Hilbig, 1995).

Missing forestsy management and extensive forest use by tree cutting and wood pasture led to
forest degradation and local deforestation in many regions of Mongolia during the last decades
(Tsogtbaatar, 2004). In addition, hazardous forest fires destroyed large forest areas (Bayartaa et al.,
2007b;Hansen-etal;20143; Goldammer, 2002;-Bayartaa-etal2007b-Geldammer; 2007; Hansen et

al., 2013). Although it is supposed that most of the recent forest fires in Mongolia were primarily set
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272 by humans, there haste-be-is an additional ecological exposure to fire susceptibility (Dorjsuren,
273 2009), which derived from climate warming, permafrost retreat, and insect calamities.
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3. Methods

Figure 2 shows Anr-everview-a scheme of the complete analysis process is-iHustrated-infigure2-while
and the single-individual steps are described in detail below. Figure 3 provides visualizations of Fthe

different spatial resolution of the varieus-basic data sets used for the analysis.is-presented-nrfigure3-
The forested area was-+mapped-forof Mongolia and its surroundings was mapped usirg-a-maxirdmn
likelihood-supervised-classification-ef-from 50 Landsat 8 satellite images (spatial resolution 30 m).

Images of the years 2013 and 2014 were used as a baseline, and, in areas of low quality or high cloud
coverage, were supplemented by Landsat 5 images from 2009 to 2011 (spatial resolution 30 m). The
mapping process was-executed-ndividually-forevery-satellitemage-consists inr-of two steps. Initially
a maximum likelihood supervised classification was perfermed-carried out and subsequently the
resulteding forest polygons were visually proofed and manually corrected.

The elevation of the actual treeline was calculated by-from selected points frem-of a digital elevation
model (DEM) ef-taken from SRTM-data (spatial resolution 90 m; Fig. 3c). Points representing the
treelines were established by-using a kernel-model, which evaluates for every pixel covered by forest
if (1) it Hies-en-has a slope of more than 2°, (2) there is any forested area in the surroundings in a
higher or lower position, and (3) there is any woodless area representing the existence of the next
vegetation zone beyond the potential forest boundary to exclude relief related distribution limits.
The specific search parameters for the upper and lower treeline are given in figure 2. {Kérner; (2012)
proposes a minimum vertical range of 100 m from the upper treeline (UT) to the summit to prevent
the summit effect on tree development and to receive a true climatic treeline value. Due to extensive
planation surfaces in the investigation-area of KaM, flatmeuntaintepsin-the widespread alpine zene
belt widespread-occurs with less than 100 m vertical distance between the upper treeline and the
flat mountaintops. Thus, iBuring-the-analysisprecess-it was necessary to reduce the minimum

distance for defining the summit effect in the modelling between-the-uppertreelineand-more-highly
elevated-non-ferested-areasto only 10 m to prevent UT values beyond large alpine areas abeve-the

forestsfrom being excluded. After visual proof and deletion of strong outlying points, a final number
of 7,081 points for the UT and 5,220 for the lower treeline (LT) were used for the spatial
interpolation of the treeline surfaces applying the natural neighbor method (Watson, 1992).
Subsequently, the vertical distance of the treeline surfacess, the area above and below the treeline
were calculated. A buffer of 1000 m around these areas was chosen to represent the treeline
boundary area.;-because this-This distance meets the spatial resolution of the Spot VGT and climate
data (Fig. 3b).

The distribution of the different ecozenes-zones of boreal forest type was adapted from_the
Ecosystems Atlas of Mongolia (Gunin and Vostokova, 2005). At several-places, where the map does
not match the position of the landscape elements represented in the remote sensing data,—Fhus;
these- the spatial deviations were corrected to the positions of the latter. The different vegetation
ecosystem units were generalized to the-main ecevegetation zones (desert, desert steppe, steppe,
forest-steppe, subtaiga, taiga, alpine vegetation). Forests of floodplain areas, which are
hydrologically favored by groundwater, were excluded from this analysis. When-Where forest areas
were found in steppe regions, those parts were changed into forest-steppe. In the upper meuntains
elevation al zenesbelts where the strong disparity between north-facing slopes with forest and
south-facing slopes with steppe dissipates, the areas with slopes covered by forests in every direction
were reclassified as mountain subtaiga. Subsequently, the mapped forest areas were combined with
the ecozenes- vegetation zones to achieve a spatial differentiation between forested area and open
grassland within the total ecezene-ecological uritsunits (TE) of the forest-steppe, subtaiga and taiga.
These three eee;:enes—f—e%est—types of boreal forest comprise the area under mvestlgatlon inthe
present study. : :
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Here, the statistical approach to use ealy¥-one mean value in a period of 15 years (1999-2013) for
every parameter was chosen in order to eliminate annual changes and inter-annual variations, which
derive from phenology and climate variability. Thus, normalized variables representing the mean site
conditions were computed and spatially analyzed, although this is a simplification since the plant

species respond to inter-annual variations and extreme values. NDVI, temperature and solar
radiation are directly-combined-integrated to the MGS. Precipitation during the winter season is
retained in the soil and additionally available during the MGS. The vegetation index from SPOT VGT
satellite data was used for the time span from January 1%, 1999 to December 31%, 2013, which
originally consists of SPOT-Vegetation 10-daily NDVI composites (spatial resolution 1 km, Fig. 3a).
These data were aggregated to monthly values using the maximum value of the three 10 day
composites. Monthly NDVI data were further aggregated to the mean of the growing season from
May to September (MGS-NDVI) for the period 1999 to 2013. We used re-analyzed climate data from
the CHELSA dataset with 30 arc sec resolution (approx. 1 km, Fig. 3b), because it incorporates terrain
parameters and wind effect for better representing climate parameters in the relief (Karger et al.,
2016; Kargeretak;-2017) (Figures S1 and S2 in the supplement material). Monthly data from 1999 to
2013 were averaged to cover the same period as the MGS-NDVI dataset. While mean growing season
temperatures (MGST) were calculated from the monthly means from May to September, the mean
annual precipitation (MAP) represents the average of the total annual sum of the period from 1999
to 2013. The sum of solar radiation input (MGSR; Wh m) for the MGS (day 121-273) was simply
calculated with a GIS-tool based on STRM-DEM data for 2007 and was assumed to be relatively
constant for the observation period 1999 to 2013.

Up to 3000 random points for both, forest and grassland area in the three ecezenes-types of boreal
forest and at the upper and lower forest boundary were chosen for statistical analysis (Tables 1, 2;
Fig—4). The total number of random points was reduced for treeline subunits, which have only a small

spatial distribution to prevent a too large point density. While-the subtaigaisberderingto-the

Areas of the-larger valleys where extensive forest occurs bereath-it—These-areas-below the LT are
excluded from the treeline analysis.

For each of the three boreal forest types-bearing-ecozenes- (forest-steppe, subtaiga, taiga), first, the
total area (total ecezeneecological unit, TE) is considered, then, the TE is divided into forest (f) and
grassland (s) and further reduced-separated into the 1 km boundary area of both treelines (LT, UT).
This categorization leads to 18 ecological subunits;,which-are-to-beanalyzed-separately. Multiple
comparisons between means were calculated with Duncan’s multiple range test after testing for
normal distribution using SAS 9.4 software (SAS Institute Inc., Cary, North Carolina, U.S.A.). In
addition to the mean values, the standard deviation specifies the variation range of the climate
parameters for every subunit. Pearson and multiple correlation coefficients between NDVI, MAP,
MGST, and MGSR were computed as statistical base for the interpretation of regression
trendsgradients. Due to the high amount of random points, it was opposed to perform a t-test
because the significance level (p-value) is always <0.05. The correlations at the level of the TE are
used to analyze the controlling climatic conditions and the environmental range with respect to the
ecological distributiony of the entire eecezenetype of boreal forest.
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4. Results

4.1 Treeline distribution

The actual total area of Mongolian southern boreal forest was estimated at 73,818 km?
(Dulamsurenetal.,E{Bulamsuren-etal—2016}. The spatiatratie-proportion of forested areas related to
the total ecezene-areas of the ecological units berealforesttype-and inthed -km-boundaries-subunits
at the treelines are given in Table 3. WhiletThe approximate forest proportion for all three ecological
units is 40 %_and the highest proportions occur in the taiga and at all UT. As expected for thean
ecotone ;-How forest densmes occur at—a“—l.—'Fs—anel—m the—'FEef—the forest-steppe, but thls is also true
for LT of all forest types.Fhi

Figure 54 shows the forest distribution, the treelines, the vertical distance of the forest belt, and the

area beyond the treelines in northern Mongolla Ihe—ferest—a%ea—sewmw@-ng—t—he#leﬂgeha#berder

bﬂt—the&beﬁaﬂ—mgen—ﬁuﬁheﬁe—the—neﬁh—ums—eﬂmﬁed—No treellne continuance is |nd|cated in the
southern part of Mongolia due to missing boreal forests in the desert. The treeline distribution in
western Mongolia generally corresponds to the results from (Klinge et al., 2003), who investigated
forest distribution in the Altai Mountains based on topographic maps.

Large areas above the UT occur in the MA, in the southern part of KaM and east of Lake Khuvsgul. In
the KeM areas above the treeline in >2500 m a.s.l. are small. The UTs show a general irerease-rise
from 2200 m a.s.l. at the Mountains in the North of Uvs Nur and from 1800 m a.s.l. south of Lake
Baikal to 2700 m a.s.l. in the southern parts of the MA and the KaM (Fig. 54a). #-At the southwestern
side of the MA the UT inereases-rises steeply from 2100 to 2600 m a.s.l. in a northeastern direction.
In the large mountain systems of the MA and KaM the UT stays in a relative constant altitude
between 2400 and 2600 m a.s.l. Northeast of KaM, the UT has an explicit longitudinal direction and a
UT depression of up to 800 m occurs in the basin of the Selenga River. It was verified using the forest
cover change data of {Hansen et al.; (2013) that the extraordinary low UT in 1800 m a.s.l. is not
related to burnt forest. At large burnt areas, as they occur for example in the northern KaM, it ean
could be expected that the actual treeline is shifted and may not represent the natural limit.
However, small forest patches; which remain vital-et-hydrelogical-faveredsites; still represent the
potential forested area. Relic forest stands provide valuable treeline values in the modelling process
and help to identify areas of human or natural forest disturbance (Klinge et al., 2015; Miehe et al.,
2003)

-Large areas below the LT exist in the great basins and along the main river valleys, but they are also
present in the inter-mountaine basins (Fig. 54b). While the subtaiga is bordering to the meadow-
steppe, the lower treeline seldom occurs in the taiga; because-the precipitationinputinthese
regionsismostly-high-enough-fortreegrowth-and forests extend continuously into the valley
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bottom. Eertherecionof Mongolia—thisi -

smaller inter-montane basins and &ma#epvallevs—whreh—a%e—mm—shadewed—bv—the—swpeenmng
mountains; a Iower forest boundary is still detectable in the I\/Iongollan | innerthern-Mongeohia;

Heweve#a—mstmepuls—shu-pFesent—m—mteﬁmMmﬂ-basms—Concordant with the hereating
intensifying aridity the LT is generally rising southward from 1000 to 2500 m a.s.l. in eastern

Mongolia. The steep-strong gradientrise of >1200-m-the LT height-at the north- and southwestern

edges-slopes of the Altai Mountains is due to the erhanced-capture-convective efrainfall at the
western ranges efthe-Altai-and the inrereasing-eastward intensification of aridity in the MA.

The petential-forested area in-of central Mongolia, which isteft-remains between the resuiting-large
areas beyond the treelines, is small from top-down view. However, the spatial expansion of forests
has a particular vertical component (Fig. 54c). The maximum altitudinal extensien-expansion of the
forest belt reachests-highestameuntof up to 1000 m vertical distance occurs in the northwestern
subtaiga and taiga-regiens. In the mountain forest-steppe of the central MA, the western KaM, and in
the mountains at Lake Khuvsgul, the altitudinal extersien-extent of forests deereases-reduces below
400 m. In the southeastern part of the MA, the UT and LT converge, and-the forest belt thins-out
disappears, se-that-and the mountain steppe directly passes-everleads-passes over into the alpine
zonebelt. Due to the extraordinary low UT, thin forest belts also occur in the area northeast of the
KaM and in the southwestern part of KeM. This can be related to human impact by weed

euttingforest clearing in a more populated region.

Most of Main-precipitation is transperted-by-the-combined to westerlies-westerliesand-, which
produce white-humid condition at the western side of the Altai Mountains.-is-humid- butiln the rain
shadow at the eastern sidethe- éry-in the central MA and in the Valley of the Great Lakes;-whieh-is
located-eastof the- MA are-directlysituated-initsrainshadew dry conditions occur. This causes an
extraordinary high LT and the small vertical extensien-extent of the forest belt in this region (Klinge
et al., 2003). The southern side of the KaM is still arid, but its northern part and particularly the KeM
receive more precipitation coming from the northeast along the Selenga river depression. The tree
species composition of the different eecezeres-boreal forest types and subunits is given in Figure 653

in the supplement materlal SM%%&WG@—%M%%ML@%

4.2 Specific €climate parameters of different-ecozonesboreal forest types

The zonal statistics for the climate parameters and MGS-NDVI in different eecezenes-boreal forest
types and-subunits-are given in Table 1 and the correlation matrix between MGS-NDVI, MAP, MGST,
and MGSR is presented in Table 2. Fig. 54 illustrates the frequency distributions and linear
regressions between these parameters. The average MAP of the TE forests generally inereases-rises
from 266 mm y! in the forest-steppe to 339 mm y!in the subtaiga and 357 mm y! in the taiga (Table
1). Due to the expected hydrological limitation, the MAP at the LT is lower than the respective
average of the TE. This is also true for all forest subunits at the UTs, where the MAP is about 30 mm
vy lower than the mean average of the TE forests. This aspeet-phenomenon is due to the lower
temperatures in higher mountains, which reduce the evapotranspiration pressure.
taterestinglyMoreover, the average MAP at the UT of the forest-steppe is even lower than at the LT.
However, sites with extremely low MAP below 190 mm y! (Fig. 54a) receive must-berelated-to
additional soil water supply. The grassland has predominantly lower saean-average values of MAP
than the forests of the corresponding subunitecological unit. This general trend-relation inverts at the
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UTs of the subtaiga and taiga, while there are nearly equal values at the LTs of the forest-steppe and
taiga.

The average MGST in-at-three-of any TEs are very similar between 11.0 and 11.7 °C. However, the
maximum of 16 °C in the taiga is lower than in the forest-steppe and subtaiga where it is up to 18 °C
(Fig. 54b). While all mean-average values of MGST at the LTs equate to the TE values, the UTs show
frequency maxima of the MGST between 7.5 and 8.9 °C (Table 1). With the exception of the UT in the
subtaiga and taiga, in all subunits, the grasslands have-has similar or slightly higher temperatures as
the forests of the same unit. Fhris-The phenomenon of an inversion of the general trend-atthe UTof
the-subtaiga-and-taiga-oceurs-simultaneously-te-the-MARrelation at the UT of the subtaiga and taiga,
which occurs simultaneously to the MAP,—Here;- is due to a change the-of grassland vegetation.
Alpine shrub and meadow vegetation are supported by the cold and more humid climate and replace
is-notrepresented-by-the mountain meadow steppe.-butby-alpine-shrub-and-meadowvegetation;

which-is-preveoked-by-a-cold-butrmore-humid-climate: The MGST of all TEs and LTs shows similar
frequency distributions with wide value ranges and slightly higher values at the LTs (Fig. 54b).

However, the narrow and uniform frequency distributions of all UTs indicate that the MGST is the
main controlling parameter for forests distribution at the UT with an absolute minimum value of 6 °C.
A considerable portion of MGST at the UTs occurs between 10 and 13 °C, which is marginal in the
forest-steppe and subtaiga but becomes more important in the taiga.

4.3 Relationship between climate and NDVI in different types of boreal forestecezenes

The mean-average values of MGS-NDVI in-of Table 1 show only slight-small variation between the
eeozenes-TE and the treeline subunits. The values rise inerease-from forest-steppe to taiga and are
higher in the forested area compared to the grassland of the same subunit. The inverse trends
gradients-ofrelation between forest and grassland of the same subunit, which occur for MAP and
MGST at the UT of subtaiga and taiga, do not exist for the NDVI. The frequency distributions of MSG-
NDVI for the subunits in the forest-steppe are nearly similar but clearly separated in the other
ecozones-types of boreal forest (Fig. 54c). The UTs have the lowest and the TEs have the highest
NDVI values, which is generally due to less favorable ecological site conditions at the forest
boundaries. In Table 2 most of the TEs show good correlations between NDVI and the climate
parameters (r = 0.44-0.71), with an obvious exception of the MAP in-and the taiga—FE. Linear
regressions of the relief-terrain parameter MGSR are omitted in Fig. 54, because MGSR is only weakly
correlated to the NDVI in all subunits.

In accordance with the correlation coefficients given in Table 2; the linear fitefthe-regressions

between MGS-NDVI, MAP, and MGST (;-which-areshewn-in-Fig. 5)4; illustrates the relationship ard

petentialsusceptibility-of-between the environmental conditions and the types of ecezenes-boreal

forest types-and their eerrespondingrespective treelines. The regression trends indicate a potential

susceptibility of the ecological unit to climate changes. in-climatic-conditions—and-potential
ibility-of

There are mostly low correlations between MGS-NDVI and MAP at most subunits. The only
exceptions are the TE and the LT of the forest-steppe and particular the LT in the forest subunit of
the taiga. However, the gradients of linear regression indicate potential relations between NDVI and
MAP for all LTs and particularly for all subunits in the forest-steppe (Fig. 54a). Both, the correlation
values and the linear regressions between MGS-NDVI and MGST (Fig. 54b) indicate strong
dependencies for all subunits; the UT of the forest-steppe is an exception from this rule, since only
weak correlation was found. However, the steep gradient of the linear regressions at all UTs
accentuates the temperature as the main limiting parameter with increasing influence towards the
taiga. Presupposing that at least precipitation, temperature and solar radiation input control the
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vitality of the vegetation and the treeline distribution but with different intensities for every subunit,
the multi-regression correlations between NDVI and MAP, MGST, and MGSR are generally higher.
However, the combination of the two climate parameters MAP and MGST shows the best
correlations with the NDVI, while the combination of all three parameters only leads to a marginal
improvement (Table 2).

The high positive correlations between MAP and MGST and the high negative correlation between
MGST and MGSR in the TE and at the LT of the forest-steppe indicate a specific environmental
interrelation and potential auto-correlation effects between these two climate parameters in the
semiarid climate zone. This is due to the fact that in the forest-steppe the increasing atmospheric
vapor pressure deficit, which results from higher temperatures, must be compensated by more
precipitation, on the one hand, and by less solar radiation input, on the other hand. However, the
weak correlation between MAP and MGST in all subunits of the subtaiga and taiga indicate a climate
independent factor. This is notably attributable to permafrost distribution as a supplemental
ecological parameter, which is not included in our regression models but modifies the soil
hydrological regime. Regression gradients between MAP and MGST of the TEs change from the
strong positive trend-gradient in the forest-steppe into a less precipitation-dependent trend-gradient
in the subtaiga and then into a negative trend-gradient in the taiga (Fig. 54d). The inereasingrising
MAP produces more humid climate in the taiga and reduces the dependency of makes-vegetation
vitality in the TE less-dependenton precipitation limits. Low temperatures as zonal climatic
parameter become a dominating limit for tree development towards higher latitudes. Concordant to
the transformation of ecological conditions, the physiological constitution of individual trees and the
tree species composition changes from drought-adapted to low-temperature adapted but more
drought sensitive individuals.

5. Discussion

Trees grow and exist for several decades or centuries and establish an autochthonous microclimate
below the canopy, thus forests are representing mean climatic conditions of a longer period. In
contrast, the vitality of annual or perennial grasses and herbs of the steppes and meadows respond
to inter-annual variation in climate conditions and the vegetation density represents small-scale

periods (Bat-Oyun et al., 2016). The treelines represent boundaries of forest distribution at the
ecological limits and it is hypothesized that changes in climate or environmental conditions at these

boundaries lead to an alteration of the treelines. On the one hand forest expansion is-a-complex
precessthatneeds a longer period of favorable conditions for fruetificationseed formation, as well as
seedlings; and sapling establishmentss. The requirements are-can be different from those of
agtmature trees. On the other hand, declines in the forest reduetion-area can be induced by short
hazardous events like drought, freeze, calamities, or fire. Human impact on the forest reduction-area
since prehistoric times is another important influence on the actual treeline (Klinge et al., 2015;
Miehe et al., 2003). AtTreeline might be shifted as the result of changes in is-heta-temporally-fixed
phenomenonanditfellews-climate changes with a certain time lag. Although #-the treeline may not
directly correspond to the aetgal-current climatic envelope for foreste, it represents at least the
minimum of potential forest area-fera-certainperiod. In view toof the ecological relations, the
spatial accuracy of the actual database, and the regional scale of the investigation, it is reasonable to
calculate average values for a longer period to receive representative parameters.

The lower boundaries of the distribution curves (Fig. 54a) and the standard deviation of the-MAP
(Table 1) indicate that an approximate MAP of 190 mm y* can be regarded as the minimum amount
of direct rainfall for tree development in Mongolia. Dulamsuren et al. (2010a) preved-reported an
annual precipitation between 230 and 400 mm for larch trees (Larix sibirica) at the lower forest
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boundary in northern and central Mongolia. For the northern Tian Shan Mountains {Klinge et al.;
(2015) state a minimum MAP of 250 mm for the distribution limit of spruce trees (Picea schrenkiana).

Sites with lower MAP values, occurring in parts of the forest-steppe, are favored by additional soil
water supply from upslope area or melting permafrost ice, which can support tree growth under
these dry conditions where rainfall is insufficient (Dulamsuren et al., 2014). Howeveradditional-sei

reserveir: This explains why {Dulamsuren et al.; (2014)} found coniferous forests in regions with an

annual precipitation of around 120 mm in the i s iaMA.

The annual amount of precipitation is highly varying in the steppes region and the permafrost layer
atds-tecan bridge éry-drought years by accumulating soil water in the soil ice reservoir during mere
humid-moist years (Sugimoto et al., 2002). The vegetation vitality as expressed by the NDVI is
generally lower in the forest-steppe than in the subtaiga and the taiga. This fact preves-reflects the
extreme ecological limitations of forests in the forest-steppe ecotone. Fherecenthractualy-Recently
emerging margins of dead trees around the forest islands are apparently induced by the trend of
increasing temperature, insufficient precipitation, and missing soil water storage from disappearing
discontinuous permafrost.

The proportion between predeminant-open grassland area and forest islands in the southern forest-
steppe changes towards northern latitudes with the expansion of forest area. In the large valleys of
the taiga and subtaiga in northern Mongolia, where trees are apparently less retlimited by water
seareityshortage, a LT does not exist. However, inside the dense woodland of the seuthern-Siberian
taiga, the grassland occurs in intra-mountaineuse basins (Hitbig,1995:- Dulamsuren et al., 2005;

Gunin et al., 1999; Hilbig, 1995). The rain shadow of the surrounding mountains keeps -where
precipitation is-extraordinarily low-&= : and thus

a LT is present. The high correlation of the detected LTs to MAP in the taiga eee%ene—pmves—t—he—mere
natu%al—than—human—mdaeedsuggests a prlmarllv drought induced and not anthropogemc position of
the LT-exi g g ien. This finding
points to a high vulnerability of the trees at the taiga’s LT to climate warming. This conclu5|on is
supported by ecophysiological, dendrochronological, and palynological studies from sueh-areas-the
LT of the mountain taiga of western Khentei (Dulamsuren et al., 2009a; Bulamsuren-etal-2010b);
{Schlltz et al., 2008).

There is a close correlation between NDVI and MGST at the UT is-streng-in the taiga and the subtaiga
regiohs-(Table 2). At the UT of the forest-steppe-regien, precipitation is an additional eeneurrent
limiting factor at higher elevations. While a MGST of 6 °C tends to be the general minimum
temperature for tree growth in the study area, at some places at the UT of the subtaiga, trees occur
at MGST as low as 4 °C (Fig. 45b). AttheselecationsHere, the low MGST is associated with high MAP
of roughly 350 mm y! (Fig. 54d). At+-In the low temperature range between 6-8 °C, the linear
regressions between MAP and MGST at the UT show that; atthese-celd-sites-different MAP
conditions exist simultaneously for the different ecezenes-types of boreal forest (Fig. 54d). In the
forest-steppe at 6 °C MGST, MAP is approximately 200 mm y!, whereas it amounts to €-320 mm y!
in the subtaiga and 400 mm y! in the taiga. This combination between both low precipitation and
temperature is moestextremeextreme at the LT of the forest-steppe. In the range of 6-8 °C MGST,
MAP tends to be below the tree growth minimum of 190 mm y, which emphasizes again the impact
of permafrost, as the permafrost is also associated with low temperatures.

Differing frequency distributions show that the NDVI at the UT and LT is generally lower than in the
TEs of the taiga and the subtaiga, except for the forest-steppe (fFig. 54c). The low NDVI values
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indicate low vegetation vitality. This suggests that forests composing the treelines in the taiga and
the subtaiga and the complete forest-steppe ecotone are exposed to physiological stress. Forests in
the taiga receive generally more precipitation and thus have developed higher stand densities and
are also home to more hydrophilous-water-demanding dark taiga tree species (Dulamsuren, 2004,
2010a). Reports of increased drought stress, reduced stemwood formation, reduced forest
regeneration and increased tree mortality especially in the Larix sibirica-dominated forest-steppe
ecotones of Inner Asia support this conclusion (Dulamsuren et al., 2010a; Bulamsurenetal-2010b;
Dulamsurenetal-2013; Liu et al., 2013).

ExistingRecent results-of-climate modeling-change scenarios prejeet-predict a temperature increase
in Mongolia of merethan-up to 5 °C until the end of the century (Ministry of the Environment Japan,
2015), while the-ferecast-ef-projections for precipitation trends shows spatially differentiationces
between mere-decreasing areuntprecipitation amounts -in the Nnorth and mere-increasinge
armeuntin the southern parts (Sato et al., 2007). Howeverln general, the-climate modelling indicates
also suggests an future increase of summer droughts and a decrease of soil humidity-tee-moisture
(Sato et al., 2007). Simmutaneousiherease-ofprecipitationand-Higher temperatures preduee-yield to
rmere-higher evapotranspiration and hence to less relative humidity, even if a slight increase of
precipitation simultaneously occurs.- Fhis-trend-causes-The consequences of increasing aridity and an
increasing atmospheric vapor deficit are a reduction less-in tree vitality, which finally might lead to
widely increased tree mortality and forest area loss-and-forest-degradation in the forest-steppe,

subtalga and talga—as—wel-l In addition, this trend could Eu-t—u-re—@en%m&e&s—el%a%e—\wmmg—w-t-h

Pmus&#vestns—m—p#aees—ef—the—ﬁe#est-steppe—promote of Pinus sy/vestrls in parts of the Larix sibirica-
domlnated forest-steppe (DuIamsuren etal., 2009b) Fe#est—s—m—t—he—taga—meea%gene%a“—y—me%e

6. Conclusion

Using high resolution remote sensing and climatic data erablestoe-specifi-allows characterizing the
climatic framewerk-envelope of the three ferest-bearingecezones-types of boreal forest in Mongolia
and to indicate-identify hotspots of additional natural or anthropogenic factors-fervegetation
grewth. |t was shown that Biffering-tendenciesintthe NDVI distribution between forest and
grassland of the same_ecological subunits_differ, which are-is mainly controlled by different
photosynthetic activity, vegetation density, and seasonal growth,~were-alse-found. However, with
respect to the small-scale variation of the vegetation and the greund-resolution of the NDVI-data a
spatial overlap producing mixed data values cannot be totally avoided.

t-summary-tThe ecological relationship between climatic parameters and forest or treeline
distribution ean-bewas verified by the NDVI as an indicator for vegetation vitality. -It can be assumed
that But-Hewevertocal site conditions like permafrost distribution, soil parameters and hydrology
may also play an important role for vegetation vitality,-tee. The statistical results on geo-ecological
relations presented in this work are adeguate-suited to be used for pﬁejec—t@n—aﬂeLmodelmg of
potential past, actual, and future forest area-develepmen
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forest greening indices from remote sensing data and stemwood increment found in several places
by Poulter et al. (2013) is combined to increasing summer temperature but also promoted by
additional soil water supply from melting permafrost. However, disappearing permafrost and
increasing drought stress, as projected by climate modelling, entess-drought-toleranttrees-canlead
fo-may cause 5e+bjeet—ha%amceleurs—el+ste#t|en-dramat|c te-forests cover loss in the-future. EGF—&”—L—-FS—&Hd'

elwmg—d%y—yea%s—The e*s%enee—ef—t—he—wdespread occurrence of dead tree margins at-around forest
islands preves-shows that this trend is already ongoing as the result of climate warmingeeneurrentte
the-temperature-increase-during-thelast-decades. Unadapted+tTrees suffering from drought stress

are inereasingh-more vulnerable to insect calamities. The impact of forest fires also increases under

dryer conditions. and-mertalityand-lessresistance-to-many-of therecentforestfires—For all LTs and
for the TE of the forest-steppe, increasing temperatures wilHeadte-are likely to result in increased

tree mortality, the reduction of forested area, and shifting of the LTs.

Research on NDVI trends and climate eharge-development in Mongolia is often lacking detailed
spatial separation of the different ecozenesecological units. Every ecezene-vegetation unit has its
own temporal are-defined ecological environment, which produces different trends-spatial and
temporal gradlents in remote sensmg derlved vegetation |nd|ces Ihe—teeal—elmqatem—and—seﬂ—sﬁe
SrOW ; ies—-Changes
in. A—chllmat+ee cond|t|ons ehange—wnl Iead to more or less vitality butin the limited physiological
range of the individual treess, which are adapted to recent local climate and soil conditions. Forest
dynamics and forest development from the biological point of view means change in the vegetation
structure and biodiversity, which cannot be exclusively modelled by greening indices (Busing and
Mallly, 2004-),_(—M+ae—et—aJ—2—O—15—)—(M|ao et aI 2015; Poulter et al.,, 2013—M+ae—et—34—29-15) Eorfurure

eenyéeFthe—eeeJegmaJ—tFananeﬂs—lt was shown that the creation of a—deta#eédetalled Iandscape

stratification and of smaH-sealedsmall-scaled ecological classifications earcould assist to incorporate
spatial and temporal transitions of vegetation units in environmental modelling-erprejection.
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680 Tables:

681  Table 1: Arithmetic mean + standard deviation of different climate parameters (MAP: Mean Annual
682 Precipitation, MGST: Mean Growing Season Temperature, MGS-NDVI: Mean Growing Season

683 Normalized Differentiated Vegetation Index) and vegetation units (Subunits are TE: Total

|684 EeozeneEcological unit, LT: Lower Treeline, UT: Upper Treeline, s: portion of grassland, f: portion of
685  forest). Within one row, mean values sharing a common uppercase letter, do not differ significantly
686  (P<0.05, Duncan’s multiple range test, dfmoegel = 2).Within one subunit (forest-steppe, subtaiga, taiga),
687  mean values sharing a common lowercase letter, do not differ significantly (P<0.05, Duncan’s

688 multiple range test, dfmode= 5, 13295).

Subunit Forest-steppe  Subtaiga Taiga
MAP (mm y?)

TEs 266162 Aa 339+70 Ba 357+69 Ca

TE;s 256163 Ab 309168 Bbe | 33173 Cb

LT 251+60 Ac 294160 Bc 292+56 Bc

LT, 253162 Abc | 286157 Bd 290+53 Bc

UTs 231+52 Ad 305+72 Be 333180 Chd

UT; 22754 Ae 314173 Bb 339+80 Cd
MGST (°C)
TEs 11.0+2.1 Aa | 11.7+2.3Ba | 11.1+1.4Ca
TE;s 11.6£2.5Ab | 11.7#2.7Ba | 11.1+1.7Ca
LT 11.5£2.2 Ab | 12.1+2.6 Bb | 11.5+1.7 Ab
LT, 12.1+2.3 Ac | 12.842.4Bc | 11.7+1.6 Cc
UTs 8.4+0.8 Ad 7.9+1.2 Bd 8.9+1.3Cd
UT; 8.4+0.9 Ad 7.5+1.2 Be 8.5+1.3 Ce
MGS-NDVI
TEs 0.51+0.08 Aa | 0.60+0.08 Ba | 0.63+0.06 Ca
TEs 0.47+0.08 Ab | 0.55+0.09 Bb | 0.55+0.09 Cb
LTs 0.46+0.08 Ab | 0.54+0.08 Bc | 0.58+0.09 Cb
LT 0.44+0.08 Ac | 0.51+0.08 Bd | 0.55+0.08 Cc
UTs 0.44+0.06 Ac | 0.47+0.07 Be | 0.51+0.09 Cd
UT, 0.42+0.07 Ad | 0.44+0.08 Bf | 0.47£0.09 Ce

689

690
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691  Table 2: Correlation matrix showing Pearson and multiple correlation coefficients (r) between NDVI,
|692 climate, and relief-terrain parameters for different ecezenes-types of boreal forest and ecological
693 subunits. (MAP: Mean Annual Precipitation, MGST: Mean Growing Season Temperature, MGS-NDVI:
694 Mean Growing Season Normalized Differentiated Vegetation Index, MGSR: Mean Growing Season
|695 Solar Radiation Input, subunits are TE: Total EcezeneEcological unit, LT: Lower Treeline, UT: Upper
696  Treeline, s: portion of grassland, f: portion of forest)

Subunit |Forest-steppe Subtaiga Taiga | Forest-steppe Subtaiga Taiga |[Forest-steppe Subtaiga Taiga | Forest- Subtaiga Taiga
MGS-NDVI / MAP MGS-NDVI / MGST MGS-NDVI / MGSR steppe

TE¢ 0.58 044 0.22 0.49 0.62 0.55 -0.15 -0.24  -0.09

TE, 0.57 0.38  0.19 0.49 0.55 0.57 -0.26 -0.17  -0.18

LT¢ 0.53 033 051 0.56 0.52 0.60 -0.09 -0.20 -0.18

LT, 0.55 039  0.39 0.61 0.52 0.46 -0.29 -0.29 -0.30

UT; 0.34 011 034 0.31 0.59 0.71 0.22 019 0.08

UT, 0.42 0.10 0.33 0.25 0.55 0.66 0.15 0.17  0.08
MGS-NDVI / MAP ; MGSR MGS-NDVI/MGST ; MGSR MGS-NDVI / MAP ; MGST MGS-NDVI / MAP ; MGST ; MGSR

TE¢ 0.58 047 0.24 0.51 0.62 0.56 0.62 071  0.64 0.63 0.72 0.65

TE, 0.58 041  0.26 0.50 0.56 0.58 0.62 0.67 0.68 0.63 0.67 0.68

LT¢ 0.53 036 0.52 0.59 0.52 0.60 0.60 056  0.72 0.63 0.57 0.72

LT, 0.56 043 042 0.61 0.52 0.50 0.64 0.58  0.57 0.65 0.58 0.58

UT; 0.36 024 0.35 0.37 0.60 0.71 0.43 0.62 074 0.45 0.64 0.75

UT, 0.42 021 034 0.30 0.56 0.66 0.47 0.58  0.69 0.47 0.59 0.69
MAP / MGSR MGST / MGSR MAP / MGST

TE¢ -0.23 -0.16  0.05 -0.54 -0.48  -0.29 0.50 0.16 -0.18

TE, -0.29 -0.05 0.01 -0.67 -0.42  -0.26 0.47 0.00 -0.28

LT¢ -0.22 -0.21  -0.16 -0.46 -047 -0.24 0.63 023 020

LT, -0.37 -0.29 -0.41 -0.58 -0.44  -0.23 0.65 024 012

UT; 0.25 -0.18  0.01 0.05 0.11 0.04 0.12 -0.11 0.8

697 UT, 0.20 -0.10  -0.05 0.00 0.12 0.16 0.11 -0.15  0.17

698

699  Table 3: SpatialratiesProportion of forest area (f) and total area of different ecozenes-boreal forest
700  types and corresponding treelines. (TE: Total EecezereEcological unit, LT: Lower Treeline, UT: Upper
701  Treeline)

702
areakm? | TE T % LT LTe % | UT  UTr %
Forest-steppe 62,678 17,983 28.7| 17,275 3,894 225 | 3,525 1,822 51.7
Subtaiga 87,648 38,747 44.2 | 7,558 2,135 28.2| 3,168 1,341 42.3
Taiga 31,710 17,088 53.9| 1,234 401 325| 949 495 522
Sum 182,036 73,818 40.6 | 26,067 6,430 24.7 | 7,642 3,658 47.9

703
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706  Figure 1: The vegetation zones of Mongolia (modified from Gunin and Vostokova, (2005) and Landsat
707 8 supervised classification).
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710 Figure 2: Processing workflow for treeline delineation, NDVI and climate analysis.
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Figure 3: Examples for the spatial resolution of the different data: (a) mean growing season NDVI
1999-2013, (b) mean growing season temperature 1999-2013, (c) upper and lower treeline boundary
from Landsat and SRTM data.
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beneath the lower treeline, f.b.l.t. = forest below the lower treeline)
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b) Mean growing season temperature (MGST)
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c) Mean growing season NDVI (MGS-NDVI) d) MAP / MGST
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723 Figure 54: Mean annual precipitation (MAP) and mean air temperature during the growing season
724  (MGST) related to the mean growing season NDVI of random points of different ecezenes-ecosystem
725  units (values averaged for the investigation period 1999-2013). The straight lines are representing
726  the linear regressions between climate parameters and NDVI. The distribution curves represent the
727  frequency of random points (%). Dashed lines represent forest values (f); continuous lines represent
728  grassland values (s); yellow colors represent lower treeline values (LT); green color represents upper
729  treeline values (UT) and black colors represent the total ecezene-ecological unit values (TE). Vertical
730  grey dashed lines indicate the deduced minimum values for tree growth.
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732 Supplement material:
733
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734 Figure S1: Comparison of mean annual precipitation sums from two different datasets (CHELSA V1.2)
735 and (WorldClim V.2) for Mongolia. Both climatologies show similar patterns on the macro

736  geographical scale, but deviate on the micro scale. Note that these two datasets also differ in their
737  temporal extent (Worldclim: 1970-2000, CHELSA: 1979-2013).
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Figure S2: Annual precipitation along an elevational gradient in the region of Ulaanbaatar, Mongolia.

To produce the scatterplot the values within the specific precipitation and elevation rasters shown
have been used.
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Figure S3: Tree species composition in the boreal zone of Mongolia and in the subunits of three
different types of boreal forest. The tree species distribution was adapted from Data provided by
NAMHEM, Ministry of Nature, Environment and Tourism, Mongolia (2009)
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