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Abstract

Satellite images and digital elevation models pevian excellent database to analyse forest
distribution patterns and forest limits in the mtaun regions of semi-arid Central Asia at the ragio
scale. For the investigation area in the northelen TShan a strong relationship between forest
distribution and climate conditions could be fouAdiditionally areas of potential human impact on
forested areas are identified at lower elevaticeer the mountain border based on an analysis of the

differences of climatic preconditions and presartuorence of forest stands.

The distribution of spruceP{cea schrenkiana) forests is hydrologically limited by a minimumraral
precipitation of 250 mm and thermally by a minimamnthly mean temperature of 5 °C during the
growing season. While the actual lower forest limitreases from 1,600 m asl (above sea level)dn th
northwest to 2,600 m asl in the southeast, the rufgpest limit rises in the same direction fromdQ8

m asl to 2,900 m asl. In accordance with the maidwlirections, the steepest gradient of both tores
lines and the greatest local vertical extent of fiivest belt of 500 to 600 m and maximum 900 m

occur at the northern and western mountain fronts.

The forests in the investigation area are stronggyricted to north facing-slopes, which is a commo
feature in semi-arid Central Asia. Based on theymgtion that variations in local climate condigon
are a function of topography, the potential foredient was analysed with regard to the parameters
slope, aspect, solar radiation input and eleva#idinfour parameters showed a strong relationsbip t
forest distribution, yielding a total potential ést area that is 3.5 times larger than the prdsesst
remains of 502 kf
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1 Introduction

The latitudinal and elevational variation of distirplant associations and geomorphologic landscape
units has been used for a long-time to deduce magienvironmental and climatical conditions in
geosciences (e.g. Humboldt, 1845-1862; Troll, 19B3&6vermann, 1985). Image classification and
GIS-modelling of remote sensing data are standagthads to map landscape elements and their
distribution in remote areas, which are poorly astd@e due to logistic or political difficulties.
Satellite analysis based on automated image prioncesffers a quick and beneficial alternative to
field mapping or manual digitalisation from aeiirmbge (Mayer and Bussemer, 2001). While satellite
images like Landsat data provide excellent infoiomato delineate the spatial forest distribution
(Hansen et al., 2013), SRTM (Shuttle Radar Topdgrdgission) data can be used to examine relief
dependent distribution patterns with a digitalaerrmodel (DTM). The combination of these two data

sets enables high resolution mapping at regioniaical scale.

The geoecologic and climatic environmental settiogstrol the natural distribution of forest stands
(Holtmeier, 2000; Kdrner, 2012; Miehe et al., 2Q08)addition, the actual situation can strongly be
influenced by human activities like logging, firkearing and animal grazing, which decreases the
potential natural forest area (PFA). This often esak difficult to differentiate between naturatfars

and human impact on the distribution of timbereeaar In general, human activity has reduced the
forest area since prehistorical times so that titead forest area (AFA) pattern mostly represest th
minimum of the potential environmental distributisange. However, due to the possibility of
anthropogenic forest management and afforestationglthe last centuries forests may occur at sites

less favourable for natural tree growth.

Due to the highly continental, cold and semi-ariinate in Central Asia, tree growth is mostly
determined by topography parameters. Forest stdm®nd groundwater favoured sites are
predominantly limited to north-facing slopes in tm@untains with an upper and lower forest limit
(Dulamsuren et al., 2014; Hilbig, 1995; Klinge bt 2003; Treter, 1996, 2000).

Different definitions have been used for tree- &mebst lines (Kérner, 2012; Kérner and Paulsen,
2004). The treeline ecotone covers three main baynihes at the upper limit of forest distribution
The highest is the tree species line, where tredlisgs occur but no adult trees. The treelindés t
maximum elevation where patches of forest can eatstopographic favoured places. In our
investigation we refer to the forest line, whichdisfined as the limit of closed forest at the upper

(timberline) and lower boundary of forest distriiouat

For the region of northern Tien Shan in China, &aal. (2013) state an upper forest line beginning
with 2,900 m asl in the west, which decreases eadt@own to 2,500 m asl and then rises again to
2,900 m asl in the east. In the north-western Hean Fickert (1998) reports an upper forest line of
2,900 and 2,850 m asl and a lower forest line ¢D@,m and 2,500 m asl, respectively for the

Sailijski-Alatau and Kungeij-Alatau. In the Altai dintains Klinge et al. (2003) found upper forest
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lines increasing eastward from 1,800 m asl to 2,60@sl| and lower forest lines concurrently
increasing from 1,000 m asl to 2,200 m asl while ttertical extension of the forest belt varies
between 400 and 1,200 m.

Tree growth in high mountains is generally restgicby temperature conditions (Haase et al., 1964;
Holtmeier, 2000; Jobbagy and Jackson, 2000; Korp@t?2). The upper forest line is a thermally
determined distribution boundary that is generd#yined by the mean July temperature (Walter and
Breckle, 1994) or the warmest month isotherm of @DAccording to Kérner (2012) and Kdérner and
Paulsen (2004) this parameter is not suitable lipats of the world. This can be seen in Fickert
(1998), who shows that the upper forest line inntbghern Tien Shan coincides well with the 10 °C
July-isotherm, while further south in NW-HimalayadaNW-Karakorum it is connected to the July-
isotherms of 16 °C and 12 °C, respectively. Fordhstern side of the northern Tien Shan Dai et al.
(2013) report a mean temperature of the warmesthmainl0.5 °C at the mean position of the alpine
forest line. Also the mean annual air temperatfd&AT) is weakly correlated to the forest line
because it includes temperatures from the non-grpa&ason which play a minor role for tree growth
(Jobbagy and Jackson, 2000; Kdrner, 2012).

A suitable way to describe the temperature enviemtat the upper forest line is a minimum
threshold value for the mean air temperature duhegyrowing season which is defined as the period
of monthly mean temperatures above 5 °C (Dai 2813; Kérner, 2012; Kérner and Paulsen, 2004).
Based on the strong correlation between soil antemperatures, Korner and Paulsen (2004) state a
global range of 5.5 to 7.5 °C for minimum meantamperature during the growing season. Paulsen
and Koérner (2014) developed a climate-based mautefréeline prediction by defining the growing
season as days with mean temperature above 0.9d¢@ anean temperature of more than 6.4 °C
during that time. For the upper forest line betw2efb0 and 2,920 m asl in the Tien Shan Mountains
in Kyrgyzstan Korner (2012) found a mean tempemtfr6.5 °C during the 155 days of the growing

season (late April until late September).

The forest expansion into dry regions is controbgdgrecipitation and soil water supply (Dulamsuren
et al., 2010, 2014; Kastner, 2000; Klinge et @003. Between the more humid mountain regions and
the arid basins of Central Asia a lower limit ofdst distribution occurs which is termed the lower
forest line. According to Walter and Breckle (1994} forest distribution boundary coincides with a
annual precipitation of at least 300 mm, while Hiolge (1947) proposes 250 mm and Miehe et al.
(2003) foundJuniperus trees in southern Tibet growing in regions witmaal precipitation between
200 and 250 mm. Dulamsuren et al. (2010) statenana precipitation between 230 and 400 mm at
lower elevations for larch forests in northern aedtral Mongolia. In western Mongolia Dulamsuren
et al. (2014) found coniferous forests existingaanhual precipitation near 120 mm, which are

explained by soil water benefits due to the ocaweeof permafrost ice in the soil.
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Everywhere in mountainous areas of the semi-angrirAsian forest-steppe coniferous forests are
restricted to north facing slopes. While the ndating slopes are dominated by larch trdemrix
sibirica) in Mongolia, spruce treg®icea schrenkiana) occur in the Tien Shan Mountains (Dai et al.,
2013; Fickert, 1998; Liu et al., 2013; Wang 20080&). Thus the restriction of conifers to north-
facing slopes in the Inner Asian forest-steppedsbound to certain tree species but rather to the

environmental settings.

The semi-arid climate conditions generate an olvetaficiency of moisture which considerably
influences the elevational forest distribution analy even control the upper forest limit (Liang kt a
2012; Liu et al., 2013; Miehe et al., 2008). A sfieaelief position is combined with particular
climate conditions like temperature, precipitati@vaporation and insulation, which are similar at
comparable sites in the surroundings. For thisamdke relief parameters elevation, aspect, slope
angle and solar radiation input can be used tondefdpoclimatic conditions in mountain regions
(Miehe et al., 2003). However, to identify potehf@est sites based on those definitions, theaggol

and soil properties have to be comparable.

The impact of human activity on vegetation and ey on the forest since prehistorical times is a
permanent question that needs to be proofed tdycthe environmental significance of any actual
forest line (Miehe and Miehe, 2000). Dulamsurenakt(2014) found a considerable anthropo-
zoogenic influence on the actual lower forest linghe Mongolian Altai. For northern Mongolia
Schlitz et al. (2008) showed that the present agiget pattern in the mountain taiga where steppes
occur on south-facing slopes is caused by climatelitions and relief, and is not originating from

human activities.

Human impact on natural forests in Kazakhstan diaek to prehistoric times with nomadism and
animal grazing as lifestyle adapted to the natineshework of the steppe (Karger, 1965; Giese, 1981,
1983). During summertime the alpine meadows andntaou steppes in the upper mountains were
regularly used as pastures for the livestock. Egering Soviet times in Kazakhstan the nomadic
movements were generally adopted by the Sowchag#@y&ven today the alpine pastures are still in
use. Extensive animal grazing prohibits the rejatiem of trees and nomads may expand the

grassland by fire setting.

Spatial models, which are able to predict the diicadly induced forest distribution and especidhg
upper forest line on a global scale by exclusiveding spatial climate data already exist (Paulseh a
Korner, 2014). However, a clear method to empilyadilstinguish the actual forest distribution aisl i
elevational limits for small areas covering a singlountain system and to simultaneously proof the
potential human impact is lacking. In this inveatign we introduce a procedure to solve this proble
based on medium resolution remote sensing dataddition, spatially explicit climate data and tree
growth limiting climate parameters serve to diffarate potential human impact from natural

conditions in the forest distribution.
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2 Study Area

The detailed investigation area Uzynkara ridge atnen mountain range is located in the
northernmost part of the Tien Shan Mountains int@émsia at the border between Kazakhstan and
China (79°-81°E/42°45°-43°45'N) (Fig. 1). Thisoséd mountain system was chosen for
investigation because it provides excellent toppki@preconditions to clearly indicate the lowedan
upper boundaries of forest distribution betweenrttigdle and central part of Asia. It is filling ag

of information about forest lines between regiohshe Tien Shan mountains in the south and east,
and the Altai mountains in the north (Fickert, 19B@i et al., 2013; Klinge et al., 2003). The main
cities in the region are Shonzy and Kegen. The ¢st@pnountain range is part of the catchment area
(CA) of the lli river in the north. While the nogm mountain side is directly drained to the Nier,

the Kegen river in the southern intermountain bdisst flows westward and then turns as Sharyn
river into a northern direction, and the Tekesrivethe southernmost part runs eastward to Chinese
territory. The mountain system is structured by twain ridges, a northern front range (NFR) and a
southern mountain range (SMR), which converge engthist and enclose an intermountain basin in the
west. The highest peak is the Nebesnaja reach@f® 3n asl. A high mountain plateau in ~3,400 m
asl is dropping southward, while the north facitapss are cut steeply by Pleistocene cirques. T,oday

no glaciation but permafrost occurs in the uppetraosas.

The mountain border is tectonically clearly accatg#d against the alluvial fans and fanglomerats in
approximately 1,500 m asl in the North and in 2,000asl in the southern intermountain basin
following west to east trending fault lines. Theuntains mainly consist of metamorphic and volcanic
Carboniferous and Devonian rocks including seveedaeozoic granite bodies. Locally also Permian,

Silurian and Jurassic rocks are distributed.

The MAAT in Almaty (848 m asl) is 8.7 °C and in k&ol (1,744 m asl) which is situated south of
the investigation area 6.3 °C, respectively (Fitk&998). According to Medeu (2010) the mean air
temperature is between -8 and -10 °C in Januanbeatgeen 20 and 24 °C in July. In wintertime the
Siberian anticyclone produces weather conditiorth wold air masses in the basins and warmer air

temperatures above the inversion layer betweer0a@ 1,550 m asl (Giese, 1973).

The majority of precipitation in Kazakhstan comésng with air masses from western and south-
western directions. In the mountains of northemnTshan mainly convective rainfall occurs in spring
and autumn. Additionally cold air masses from nemnthdirections bring precipitation to the northern
Tien Shan in summertime (Bohner, 2006; Lydolph, 709"According to Giese (1973) the annual
precipitation in the basins of the foreland liesamen 100 and 300 mm, in the lower mountains and in
the intermountain basin it is between 300 and 460 m the mountains it increases to more than 800
mm. The precipitation maxima occur in May, Juned amith minor secondary maximum in

September.
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The foreland, basins, and treeless mountain amreagavered by steppe vegetation with forb and
bunch grass (Medeu, 2010). To the drier regiorieemorth it changes to grassland, sagebrush desert
saltwort, and sedge vegetation. The forest belhipaonsists of spruce treeRi¢ea schrenkiana). In

the westernmost part aspen treBep(lus tremula) and in the northeastern part birch treBetla

pendula) additionally occur. On the southern slopes slangas exist also.

The soils are distributed according to the clin@irditions and the vegetation zones (Medeu, 2010).
In the foreland desert soils occur. In the lowenfrranges and in the intermountain basin mountain
steppe soils of castanozem and chernozem typeistrébdted. In the forest belt dark chernozems
which are locally bleached and podzolized occureurfdrest and pheaozem soils exist at meadow
steppe sites. In the high elevations alpine andlpirie soils occur with mountain meadows and

meadow steppes.

Arable land in eastern Kazakhstan is located intfod the mountain ranges on the alluvial fania t
basins and on the foothills in lower elevation.tlis transition zone between the pediments and
mountain ranges the soils are improved by a comteRteistocene loess (Giese, 1983; Karger, 1965;
Machalett et al., 2006). In front of the mountaiorder, the rivers spend the water for irrigation
cultivation on the pediments. On the foothills agtiure is supported by sufficient rainfall as gt
called “Bogar”-Cultivation (Giese, 1983). Accorditgthese requirements the settlements are located
along main valleys at the mountain boundary. Arotidsettlements wood-cutting is pronounced for

construction and fuel.
3 Methods

A schematic workflow of the GIS-analysis procedwi¢h input data, intermediate data, and output
data is presented in Fig. 2. The analysis is dividéo two main processes: The first is workingtlog
relief parameters to estimate the PFA and the seconducts the delineation of the upper and lower
forest lines. The forest lines are defined as tis&ridution boundaries of closed forest stands with
areas larger than 0.5 ha, disregarding single tebésh may represent special environmental places o
remnants of former forests. Trees near the rivérthe valley bottoms were excluded from the
examination because these are groundwater favaitesi which are mostly occupied by deciduous

trees.

The determination of the AFA in the investigatiorawas achieved based on a supervised maximum
likelihood classification from multispectral satedl images (visible light and infrared channels) of
Landsat 7/ETM+ of the 13September 2000 (Fig. 3). Aerial photos providednasgery and Bing
basemaps by ESRI served for the detection of f@mest reference sites for training and validatibn o
the classifier. Two classes were built and manudigitised for the classification and validation
process. One class represents the forest areabeanther class includes different kinds of no $ore
landscape. Depending on the ground resolution ok 3 m one pixel covers the occurrence of

several individual trees so that small clearings aisles could have been disregarded. The confusion

6
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matrix in Table 1 shows a producer’s accuracy 6686r forest areas, where ~6% of the forest area
were used for validation. This possible underedioneof the forest area of up to 11% mainly occurs
at the borders of closed forest, where the clasgitin depends on the quantity of trees insidenef o

Landsat pixel.

The relief parameters elevation, aspect, slopeigngdand total solar radiation input were derived
from a DTM based on SRTM-data (Rabus et al., 200B)ch was converted to UTM-zone 44 North
with a spatial resolution of 90 x 90 m. The polygari the delineated forest stands were intersected
with the relief parameters in order to investighie relief dependent spatial distribution of foreites

in the study area. In addition, the statistics lbfelief parameters were computed for the totabtigt
area (TSA) to indicate the potential impact of t@phy on the spatial distribution of forest stands
(Fig. 4). The PFA was then identified based onassumption of confidence ranges for all four relief
parameters, which were found responsible for fodéstribution. This range was defined by the
standard deviation (95% confidence interval) froingke frequency distribution of the relief
parameters aspect, slope gradient, and sum of sad&tion input during the mean growing season
(March to November). While these parameters aresygtematically influenced by human impact, the
vertical distribution may have been changed bydbidearing at the lower and upper boundary.

Therefore 99% of the frequency distribution of éhevation parameter was chosen in this case.

Baseline climate data sets for Central Asia, cosmpgi monthly radiation, temperature and
precipitation data in a horizontal resolution d @rc seconds (approximately 1,200 m in longituldina
and 850 m in latitudinal direction) are provided Bghner (2006). The regular-grid climate layers
were estimated using an empirical modelling appgipamhich basically integrates statistical
downscaling of coarse resolution atmospheric figll CAR / NCEP-CDAS reanalyses series)
(National Center for Atmospheric Research / (Nald@enter for Environmental Prediction - Climate
data assimilation system, Kalnay et al., 1996) Giffl based surface parameterization techniques, to
sufficiently account for the topographic heteroggnef the target area. A comprehensive description
of data bases and modelling techniques is giveBdinner (2006) and Béhner and Antonic (2009).
The suitability and precision of the modelling apgorh is discussed in Gerlitz et al. (2013, 2014) an
Soria-Auza et al. (2010).

The frequency distribution of selected climate paaters related to the AFA and the TSA shown in

Fig. 5 was calculated in the same way as descilbede. In contrast to the high resolution of the

SRTM-data the climate data has a resolution ab@uinies lower which leads to a generalisation and
coarser scale of relief positions, where climaiffedences between slope aspects inside the valleys
are averaged. The climate data related to thetfetasds is analysed by the climatic limitationues

for forest development to detect potential humapaah on the forest distribution patterns when

obvious discrepancies occur.
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To outline the actual forest lines it is initialhecessary to segment the relief into small CAsclwhi
represent small side-valleys or slope niches ddvioe convex ridges. This is done by computing the
surficial hydrology regime from the DTM. The sizea CA is given by the threshold value for the
stream definition function, which assigns the mimimnumber of cells to discharge into a specifit cel
to start a depth contour. In this study a valu2@i was found practical for the lower forest lime @
value of 100 was suitable for the upper forest.liflge single CAs generally consist of a part froen t
left and right side of a valley. Having differerspgcts in one segment is expedient to receive erglen

forest line value for one valley section.

After combining the catchment polygons with theefir polygons it is possible to determine the
maximum and minimum elevation values for forestsida a single CA. The calculated values are
spatially allocated as points to the position afst pixels which have the determined forest lineeia
To eliminate the preconditions on the lower folast given by the elevation limits of the relieflgn
those minimum values of forest stands were chosith are more than 50 m higher as the total
minimum value of the CA. The distance between flybdst forest stands and the crest line above has
a special influence on the upper forest line whschalled the “summit syndrome” by Kérner (2012).
Near the summits the local climate conditions sitpsuppress tree growth by stronger wind, reduced
temperature and snow drift. To receive a reasonadlige for the climatic upper forest line and to
eliminate preconditions by relief height, only thasiaximum forest values were chosen which lie
more than 100 m below the total maximum elevatibthe catchment. Finally, the forest lines were

calculated from the remaining points by a natueagnbour interpolation method.
4 Results

4.1 Relief parameterisation

The total AFA in the investigation area is 502 %k(fig. 3). Frequency distributions of relief
parameters for the AFA are shown in Fig. 4. Thealgradient and solar radiation of the forest stand
show a normal distribution. The values with maximdistribution are 28° for slope gradient and
1,075 kWh/m for the sum of solar radiation input (Table 2)stahan 5% of the forests exist on
southern slopes (SE-S-SW). The curve of the paemaspect has a steeper left slope and a maximum
value in the north-western direction (315°), whishstrongly related to the diurnal air temperature
trend caused by insolation and heating processeégfenent slope directions. This underlines thet fa
that the strong relation of forest distribution gtwpe aspect is caused by natural environmental
conditions. Nomads and woodcutters approach tsfaransformation by logistic problems of access
in the relief, which reduces the pure signal ofvetmn in the data. Climate controls environmental
conditions in a coarser regional scale and is mrgaharper elevational boundaries. The curve ef th
parameter elevation has a shallow left and a gighpslope, which indicates human impact on forest

distribution at the lower boundary. The lower fardgses start at 1,575 m asl and the upper foressl|
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exceed 2,900 m asl so that the maximal verticaadee of the forest limits for the entire investiga
area is 1,325 m (Table 2).

The TSA as equal positions for forests in the mauwnarea were inferred from the forest lines and
represent the total elevation belt from 1,500 aja)@ m asl. Except for the slope gradient diagram,
the flat slope positions <5° were additionally ext#d from the TSA. The resulting TSA area is
approximately 4,975 kfn In regard to the independent frequency distributturves of the relief
parameters in Fig. 4 between forest stands andotiaé TSA no statistical influence of the main

topographic pattern on the forest distributionasedtable.

From the statistical point of view all four reliphrameters control the forest distribution. Themefd

is necessary to check the modelling accuracy ofPfRA received from one single relief parameter
against the combination of all four relief paramgt@able 3). Comparing the modelled PFA and the
AFA four different classes can be built: 1.) PFAtlwWiAFA and 2.) no PFA without AFA are
representing the mapped situation, 3.) PFA withidef, and 4.) no PFA with AFA are representing
the differences between modelling and mapping.€teive a statistical background for the evaluation
of the modelling quality of the delineated PFAijsitonce related to the sum (kA of AFA and the
PFA and twice referred to the total mountain af@dA) of 8,126 knf, when the mountain boundary
to the pediments of the foreland is generally d=fibby the changeover line of the slope gradient at
2.5°. From all four single relief parameters thedelbng based on the slope aspect coincides béist wi
the actual situation, but anyway the combinationatiffour parameters obviously enhances the
prediction accuracy (Table 3). The PFA calculatesinf all 4 relief parameters is 1,825 %iand
therefore 3.5 times larger than the AFA. Fig. 3vehidhe spatial differences between the AFA and
PFA. In relation to the AFA the PFA generally exderto the lower and upper elevations.

4.2 Forest line patterns

Fig. 6 shows the lower forest line in the invediiga area starting at 1,600 m asl in the northvaesk
increasing to 2,600 m asl in the southeast. Vdoiethe lower forest line mostly are derived frame t
lower CAs but there are also many CAs in the higievations of the NFR, where the forest stands do
not reach the valley bottom. This phenomenon magalised by the local relief of tree free flat walle
bottoms, which would be rather a climate than a¢paphic signal. But regarding the lower foreselin
in the second mountain range southeast of thenm@ntain basin and behind the NFR the lower
forest line remains at a higher elevation aroud®@m asl. Here the high lower forest line posii®n
obviously caused by the drier conditions of thex stiadow position, which may also be true for the

upper valleys in the NFR.

The upper forest line distribution and the areavalibe forest line are shown in Fig. 7. In the NR&
upper forest line at the mountain border starts, 800 m asl in the west and increases to 2,200 m as
in the east maintaining a vertical distance of @0t the lower forest line. From the mountain borde

in the north to the crest line the upper forest lirses to 2,800 m asl and crossing the intermaunta

9
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basin it lies in an elevation between 2,400 an@@ & asl in the SMR. The local vertical distance of
the forest belt reaches its maximum value of mbas 900 m at the northern side of the NFR. On the
southern side and in the SMR the forest belt ig marrow with vertical distances between 50 and 400

m.
4.3 Climate environmental conditions

The environmental conditions were analysed in tesfrfsequency distribution of climate parameters
for the AFA (Fig. 5) and were mapped together wtita AFA (Fig. 8-10). The diagrams in Fig. 5
show the differences between AFA and TSA for dthake parameters except for the MAAT, which

was already excluded as significant forest limitagparameter.

The lowest value class of forest stands for anptedipitation is 250 mm, while the highest potdntia
evapotranspiration is up to 1,100 mm/a.. One tbfrthe AFA lies in areas with a negative potential
water balance (pWB, i.e. the difference betweenahprecipitation and potential evapotranspiration,
cf. Fig. 5) but with a precipitation amount betwe200 and 700 mm/a (Fig. 8). These areas are
specially situated at the westernmost edges anleosouthern slopes of the mountain ranges. While
the westernmost sites are exposed to the westadiieh transport most of the humidity, the southern
slopes lie in the rain shadow but at a higher e¢lenaand therefore the lower forest line is aro660

m higher than on the northern side of the NFR.

In the eastern part of the northern side of the NiWRAFA belt is very small and concurrently the
lower forest line increases to 2,000 m asl, 40Gghdr than in the western part of the NFR. Here the
lower forest line occurs at precipitation of 700 rand at positive pWB of 150 to 300 mm/a, while the
PFA extends more into the lower slope positionscivltiorresponds to the mean values of the regions
described above. This is an indication for a noinrah distribution and points to greater human

influence on forests in this region.

The forest distribution related to mean air temperin July ranges between 7 and 17 °C, with a
maximum around 11 to 12 °C (Fig. 5). ComparingAlr& and PFA with the July-isotherms (Fig. 9),
shows that the upper AFA is mainly bordered byt@e&C July-isotherm, but also extends to the 8 °C
July-isotherm at many places. The upper PFA is gdigealigned to the 8 °C July-isotherm. Fig. 10
shows the distribution of the monthly mean air terapure 5 °C isotherm during the growing season
and the AFA. Except at the westernmost part th€ &sdtherm is above the AFA between June and
September and the upper AFA boundary coincides wighl the 5 °C isotherm of September. The
PFA at the upper forest boundary extends up toptistion of 5 °C isotherm in June, where the
growing season obviously becomes very short aethiggh elevated places. As shown in Fig. 9 and 10
the PFA at the upper limit is overestimated and upper AFA boundary generally has a natural

limitation.

5 Discussion and conclusions
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It was shown that the AFA and the forest lines cioie well with the local climate conditions. At the
lower limit forests are restricted to a minimum aahprecipitation of 250 mm. The upper forest line
is combined to the 10 °C July-isotherm in most @taand to the minimum monthly mean temperature
of 5 °C for the period between June and Septenhibbéne more humid parts of the investigation area
at the western and northern slopes of the NFR fooést lines have a steep gradient and the foedst b
has its greatest vertical extension between 506808dn and locally up to 900 m. This fits well heet
findings of increasing vertical forest extensiomcarrent with increasing humidity and vice versa by
Fickert (1998), Dai et al. (2013), and Klinge et &003) in the surrounding regions. Besides
temperature, rainfall influences the upper foré@s¢ because clouds reduce the air temperature by
shadowing and reflection of solar insulation. Tisi®xplaining the steep gradient of the upper fores

line at the windward side of the mountain ridges.

The comparison of the AFA with climate data revealstrong relation between the distribution
patterns at the upper boundary but divergencesraicthe lower boundary. This indicates human
impact on the forests at the mountain borders mirdjfthe lower forest line, while the upper forest
line represents the natural condition. Accordintjiig PFA derived from relief parameters at lower
elevations indicates additional area for more pmdénatural forest. The PFA at the upper boundsiry
overestimated by highest forest stands occurrifgvatclimate favoured places, because we used the
total vertical distance of forest distribution agedief parameter instead of the standard variation
presuming that extensive logging may also occurthia alpine meadow pastures. GlS-analysis
combined with multispectral satellite images andMDiE well suited to determine forest lines and
potential forest areas for semi-arid regions incal to regional scale. For forest line delineaitos
necessary to eliminate elevation values which asgricted by the relief conditions and do not
represent climatic limitations. DTM-derived religfarameters slope aspect, gradient and solar
radiation serve well as indicators for the climagrmvironment in the investigation area and help to
transfer environmental settings to other placahénbroader study area. Human impact is recognized
by the evaluation of the parameter elevation. Tioeeea forest line evaluation with respect to the
general climatic conditions has to be performedisethe parameter elevation is incorporated ingo th
spatial delineation process of the PFA. In condsthe proposed workflow is a helpful method for
the evaluation of the potential forest distributenmd the delineation of human impact. It can beluse

to indicate local climate variability, for lands@pnalysis and for effective reforestation planning
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2

Table 1: Confusion matrix showing the accuracy report ofghpervised maximum likelihood

classification (area in ha)

Classification data Sum Producer’s  Omission
Forest No forest | reference accuracy error
Reference Forest| 2,696.7 333.6 3,030.3 0.890 0.110
data No forest 14.7 76,426.2 76,440.9 0.9998
Sum classification| 2,711.4 76,759.8 | Total Sum of Overall
User’s accuracy]  0.995 0.995 test data accuracy
Commission error]  0.0054 79,471.2 0.996
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Table 2: Statistical values of the relief parameters relatethe forest distribution.

Maximum distribution

Total distribution

95% of the distribution

Parameter Unit

value range range
Elevation m asl. 2500 1575 - 2900 1925 - 2775
Aspect degree horizontal 315 (NW) 0-360 260- 70
Slope gradient degree vertical 28 0-62 12-38
Solar radiation input kWh/m2 1075 450 - 1550 800- 1325

17



1 Table3: Comparison between of the modelled area valusisgfe relief parameter classes and of the

2 combination of all four relief parameters. (AFA =tfal forest area, PFA = Potential forest area)

Relief parameter: Elevation Solar radiation input Slope gradient Slope aspect All 4 parameters

Site classification km? % FAmp %TMA| km?  %FAmp %TMA| km? %FAm %TMA| km> %FAmp %TMA| km®>  %FAm %TMA
3.) PFA without AFA 5358.7 914 65.9 4791.2 90.5 59.0 | 4279.9 89.5 52.7 | 3850.5 885 47.4 1323.6 725 16.3
1.) PFA with AFA 502.0 8.6 6.2 480.5 9.1 5.9 483.8 10.1 6.0 474.2 109 5.8 446.7 245 5.5
4.) No PFA with AFA 0.3 0.004 0.003 215 04 0.3 180 0.4 0.2 279 06 0.3 554 3.0 0.7
2.) No PFA without AFA 2265.2 27.9 2832.9 349 | 33444 41.2 | 3773.6 46.4 | 6300.7 77.5
Sum of all classifications which

represent the actual situation 2767.2 34.1 3313.4 40.8 | 3828.3 47.1 | 4247.8 52.3 6747.4 83.0

% FApp=Percent portion of the total actual and potential forest area
3 % TMA = Percent portion of total mountain area with 8126 km?
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Figure 1. Map overview showing the detailed investigatioeea(rectangle) in Central Asia
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Figure 2: Workflow of DEM and satellite image processingi&termine the spatial forest

distribution patterns in semi-arid Mountain systesh€entral Asia in a high resolution scale.
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