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Final response of the authorsto the discussion comments

1. bgd-11-C6532-2014 1% Referee
- Just check the typing of Altai or Altay:

We have changed the word to Altai everywhere énntftanuscript
2. bgd-11-C9231-2015 3 Referee

- The primary information that is lacking in thisarmuscript is methodological detail on the
satellite classification process and reportinghendssociated error. Since the actual forest
area, as determined by satellite classificationt ihe root of the entire analysis, the omission
of error reporting is an oversight, since singleedmage classification is impossible without
significant error.

Answer: For checking the accuracy of the clasdifice we have performed a validation
process by digitizing polygons of forest and nooke$t area. These areas were identified by
the air photos provided as basemaps “Imagery” &mag”. Although the basemaps served
for both the classification and validation, we oficse used different polygons at different
places. We have added a confusion matrix as tataele manuscript and mentioned the
effect of the producer’s accuracy in the text.

- How were the training data collected?

Answer: The training area was manually digitizedloa base of air photos, provided by
ESRI's basemaps “Imagery” and “Bing”. A%ontrol was done by checking the area in
“google earth” and at least the polygons had tavéli to the Landsat Image.

- Were the classes simply forest v. non-forest?
Answer: Yes
- What were the errors of omission and commission?

Answer: For the determination of forest sites threreof omission is 11% and the error
of commission is 0,5%. Around 6% of the forest aeaved for accuracy control. Further
details are shown in the confusion matrix (newedbl

- What are the implications of these errors ondisiermination of forest distribution
patterns/area?

Answer: There can be an underestimation of fonest af up to 11%. This error
depends on the spatial resolution of 30 x 30 nmefliandsat data and occurs predominately
at the borders of the forest patches, where tlesiéleation depends on the quantity and
density of trees in one pixel.

For answering the questions described above, we tlzanged the"2paragraph in the
chapter 3 Methods as followed:

“The determination of the AFA in the investigatiarea was achieved based on a supervised
maximum likelihood classification from multispedtsatellite images (visible light and

infrared channels) of Landsat 7/ETM+ of the 13tpt8mber 2000 (Fig. 3). Aerial photos
provided as imagery and Bing basemaps by ESRIddovehe detection of forest area
reference sites for training and validation of theessifier. Two classes were built and

manually digitised for the classification and validn process. One class represents the forest
areas and the other class includes different kafid® forest landscape. Depending on the
ground resolution of 30 x 30 m one pixel coversdbeurrence of several individual trees so
that small clearings and aisles could have beerghsded. The confusion matrix in Table 1

1



0 Nool hAWDNPE

11

12
13
14

15
16
17
18
19
20

21
22

23
24

25
26

27
28
29
30
31

32
33

34
35
36

37
38
39

40
41

42
43

shows a producer’s accuracy of 89% for forest amghsre ~6% of the forest area were used

for validation. This possible underestimation & threst area of up to 11% mainly occurs at

the borders of closed forest, where the classifinadepends on the quantity of trees inside of
one Landsat pixel.”

- We have completely adapted the proposed chamgegiming cosmetic correction in the
following comments of the referee. Therefore, weelggve only detailed statements, where
further explanation is necessary.

- Line 13: Unclear what is meant by “takes the samease.”

Changed to: While the actual lower forest limitreases from 1,600 m asl (above sea level)
in the northwest to 2,600 m asl in the southebstupper forest limit rises in the same
direction from 1,800 m asl to 2,900 m asl.

- Lines 19-21: | agree that generally speakingABa is a minimum condition of the PFA,
but there are notable exceptions to this rule, wherAFA is in fact greater than the PFA,
due to forest management, forest encroachmenteattdion, etc.

Changed to: This often makes it difficult to difatiate between natural factors and human
impact on the distribution of timbered areas. Inggal, human activity has reduced the forest
area since prehistorical times so that the actuakt area (AFA) pattern mostly represent the
minimum of the potential environmental distributi@ange. However, due to the possibility of
anthropogenic forest management and afforestationglthe last centuries forests may
occur at sites less favourable for natural treevijro

- Lines 8-9: Unclear the meaning of this senteReghaps a word is missing? What is meant
by “a transfer?”

Changed to: However, to identify potential foreists based on those definitions, the
geologic and soil properties have to be comparable.

- Figure 1: Why was this detailed study area setétPlease provide some context for this
study area selection?

Text added: This closed mountain system was chiosenvestigation because it provides
excellent topographic preconditions to clearly aadie the lower and upper boundaries of
forest distribution between the middle and cergeat of Asia. It is filling a gap of

information about forest lines between regionshef Tien Shan mountains in the south and
east, and the Altai mountains in the north (FickE®98; Dai et al., 2013; Klinge et al., 2003).

- Line 16: Unclear what a “planation surface” isriraps there is a more common term for
this?

Answer: In geomorphology “planation surface” iscaienon known feature. However,
in this study it is necessary to know that thera ikt surface building up the highest portions
of the mountains. Therefore we changed the senenéalowed:

The highest peak is the Nebesnaja reaching 3,682 .nA high mountain plateau in
~3,400 m asl is dropping southward, while the néathing slopes are cut steeply by
Pleistocene cirques. Today, no glaciation but p&ostoccurs in the uppermost areas.

- Line 11: Change “Mai” to “May”; Unclear what isgant by “subordinate” in September.
Does this mean that the precipitation minima ocauSept?

Changed to: The precipitation maxima occur in Maye, and with minor secondary
maximum in September.
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- How was the accuracy assessment conducted? \&tasatiormal sampling
protocol/accuracy assessment of the Landsat alzgsin based on imagery? If so, what were
the results?

Answer: This question was already answered in ldgb@ve. We added a table 1 with a
confusion matrix and described the accuracy asssgsmthe manuscript.

- Lines 8-9: If 99% of the frequency distributiohtbe elevation parameter was used to
delineate PFA, why does Figure 4a (the top pantl glevation) not depict the light versus
dark green?

Answer: The 1% which is left is too small and car® shown clearly in the diagram.
To make this point clearer, we have changed thearapf figure 4 as followed:

Figure 4: Frequency distribution of relief paraarstin relation to actual forest area
AFA (for the diagrams aspect, slope gradient, axtar sadiation input: dark green = standard
deviation 95%, light green = marginal value rangewded from PFA delineation) and total
study area (TSA, brown).

- Results: Page 14678: Lines 12-14: I'm not sua kiiollow the logic that the shallow left
slope of the elevation parameter distribution isnalication of human impact. Wouldn't it be
more plausible to suggest that a steep drop olethside of this distribution would reflect
something other than a biophysical driver?

Answer: Human impact on forest reduction is lesgratled by the parameter
"elevation", it is more controlled by logistic appich of the nomads an woodcutters. At less
accessible land like steep sloped places forestanayr while there is no potential forest
around riverside and main paths of the nomads alumgalleys. This are places which are
subject to more grazing pressure by the livestickontrast, climate control is working in a
more regional scale. Therefore this parameter, hwvhas a strong influence on growth of
large trees, is especially indictable by the slipendence on elevation limits. For a better
explanation of this ideas we added the followingteeces to the results of the manuscript:

Nomads and woodcutters approach to forest tramsfioon by logistic problems of
access in the relief, which reduces the pure sighelevation in the data. Climate controls
environmental conditions in a coarser regionaleseald is creating sharper elevational
boundaries. The curve of the parameter elevatigralghallow left and a steep right slope,
which indicates human impact on forest distributidthe lower boundary. The lower forest
lines start at 1,575 m asl and the upper foresslexceed 2,900 m asl so that the maximal
vertical distance of the forest limits for the eatinvestigation area is 1,325 m (Table 2).

- Line 25: Not clear what is meant by the term “Rigde”. Please clarify.

Changed to: This is explaining the steep gradiéttie upper forest line at the windward
side of the mountain ridges.

- Page 14682: Lines 16-17: The wording of this eece implies that human impacts
influence the elevation parameter. Clearly, thisasthe case. Suggest rewording the
sentence to imply that human impacts are mostye@sibgnized by evaluation of the
elevation parameter, or something along those.lines

Answer: You are right, in that way the sentenamisleading. We have changed it as
followed:

Human impact is recognized by the evaluation efglrameter elevation.
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3. Additional changes of the manuscript:

- A new table “confusion matrix” is inserted as adnto the manuscript. There the numbers
of the following change +1.

Table 1: Confusion matrix showing the accuracy report ofsapervised maximum likelihood
classification (area in ha)l able 2: Statistical values of the relief parameters relatethe forest
distribution.,Table 3: Comparison between of the modelled area valuasgfe relief parameter
classes and of the combination of all four reliafgmeters. (AFA = Actual forest area, PFA =
Potential forest area)

- One literature source was added: Gerlitz et 4420
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Modelling forest linesand forest distribution patternswith remote sensing datain a
mountainous region of semi-arid Central Asia.

Michael Klinge”, Jurgen Bohnét StefanErasmiErasmt”

Yinstitute of Geography, University of Géttingen, l@thmidtstr. 5, D-37077 Géttingen, Germany,
mklingel@gwdg.de

JInstitute of Geography, University of Hamburg, BesstraRe 55, D-20146 Hamburg, Germany,
boehner@geowiss.uni-hamburg.de

Correspondence to: M. Klinge (mklingel@gwdg.de)

Abstract

Satellite images and digital elevation models previan 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 northeln TShan a strong relatisimip 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 limireases from 1,600 m gslbove sea leveih the
northwest to 2,600 m asl in the southeast, the ujppest limittakesthe-same-courgeses in the sam

directionfrom 1,800 m asl to 2,900 m asl. In accordance withmain wind directions, the steepgst

gradient of both forest lines and the greatestl leedical extent of the forest belt of 500 to 68tand

maximum 900 m occur at the northern and westermmadu 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 distiplant associations and geomorphologic landscape
units has been used for a long-time to deduce magienvironmental and climatiéalconditions 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

(Hansen et al., 2013), SRENIShuttle Radar Topography Missiafgta can be used to examine reli

images like Landsatdata provide excellent information to delineate spatial forest distributionL
f

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, fireearing 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 prehistorigatimes so that the actual forest area (AFA) patteostlyrepreserithe

)

minimum of the potential environmental distributivsange However, due to the possibility o

anthropogenic forest management and afforestatiomgal the last centuries forgsinay occur at
placesiteswhichareless favourable for natural tree growth

Due to the highly continental, cold ardmi-aridiy climate insemtarid-Central Asia, tree growth is
mostlydeterminedestrictedta-by topography parameters. Forest stands beyond gratadfavoured

sites are predominantly limited to north-facingpae in the mountains with an upper and lower forest
limit (Dulamsuren et al., 2014; Hilbig, 1995; Kliagt al., 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 baynlthes at the uppdimit of forest distribution
limit. The highest is the tree species line, wheregeeellings occur but no adult trees. The treeling is
the maximum elevation where patches of forest cdst et topographic 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¢D@,m and 2,500 m asl, respectively for the

Sailijski-Alatau and Kungeij-Alatau. In the AltaMountains Klinge et al. (2003) found upper foreIst

6
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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 therMa1
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 lipatts 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 enviemtnat 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 (19%94i} 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 existingaanual 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 thisamedke relief parameters elevation, aspect, slope
angle and solar radiation input can be used tondefdpoclimatic conditions in mountain regions
(Miehe et al., 2003). Howeveas;transterofo identify potential forest sites based on those definitiors,

the geologic and soil properties have to be confppara

The impact of human activity on vegetation and ey on the forest since prehistorigatimes 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 natinemhework 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 Sowchae@ysnrti-Eventoday the alpine pastures alle
still in use. Extensive animal grazing prohibite tiejuvenation of trees and nomads may expand the

grassland by fire setting.

Spatial models, which are able to predict the diicadly induced forest distribution and especidhig
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 a@tnken 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)This closed mountain system was chosen [for

investigation because it provides excellent topplgi@preconditions to clearly indicate the lowedah

upper boundaries of forest distribution betweenntiddle and central part of Asia. It is filling @y

of information about forest lines between regiohshe Tien Shan mountains in the south and east,
and the Altai mountains in the north (Fickert, 19P&i et al., 2013; Klinge et al., 2003). The majin

cities in the region arklain-citiesareShonzy and Kegen. The complete mountain rangerisopthe

catchment area (CA) of the lli river in the noftihile the northern mountain side is directly draine
to the lli river, the Kegen river in the southentermountain basin first flows westward and thendu

as Sharyn river into a northern direction, andTbkes river in the southernmost part runs eastteard
Chinese territory. The mountain system is structimgtwo main ridges, a northern front range (NFR)
and a southern mountain range (SMR), which convergige east and enclose an intermountain basin

in the west.The highest peak is the Nebesnaja reaching 3,653l high mountain plateau in

~3,400 m asl is dropping southwaskh

the—Nebesnaja—reaching—3;652m—dsbrth-, while the northfacing slopes are cut steeply by
Pleistocene cirquesre-cutinto-thdriigh-mountain-plateawhere-Today no glaciation but permafrost

occursin the uppermost areas

The mountain border is tectonically clearly accat#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 seveedheozoic 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 nemthdirections 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
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mm. The precipitation maxima occur in MaJune, andvith minor secondarynaximumsuksrdinate

in September.

The foreland, basins, and treeless mountain aneagavered by steppe vegetation with forb and
bunch grass (Medeu, 2010). To the drier regioriteemorth it changes to grassland, sagebrush desert
saltwort, and sedge vegetation. The forest belbiya@ionsists of spruce tredBi¢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@teditions 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 fandia 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 aghiure is supported by sufficient rainfall as #gee
called “Bogar™-Cultivation (Giese, 1983). Accordit@these requirements the settlements are located
along main valleys at the mountain boundary. Arothsettlements wood-cutting is pronounced for

construction and fuel.
3 Methods

A schematic workflow of the GlS-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 workingtiog
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 tebpésh 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 investigatiaea wasperformed-byasaachieved based on &

supervisedmaximum likelihoodclassificationby-the-maximum-likelihoodnethoedbased-en-faom
multispectral satellite imagévisible light and infrared channelgps-of Landsat 7/ETM+ of the 13

September 2000 (Fig. 3). Aerial photos provideihemery andBing basemaps by ESRI served for
the detection of forest areaference sites for training and validation of thessifieraceuracy-centrol

10
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Two classes were built and manually digitised fa tlassification and validation process. One class

represents the forest areas and the other cladsdasc different kinds of no forest landscape.

Depending on the ground resolution of 30 x 30 mpuxrel covers the occurrence of several individual
trees so that small clearings and aisles could haee disregardedhe confusion matrix ifftable 1
shows a producer’s accuracy of 89% for fordatsificationgualityareas where ~6% of the fores

areaservedvere usedor validation. This possible underestimation loé tforest area of up to 119

[=)

mainly occurs at the borders of closed forest, whie classification depends on the quantity afstr

D

inside of one Landsat pixel.

The relief parameters elevation, aspect, slopeigmgdand total solar radiation input were derived
from a DTM based on SRTM-data (Rabus et al., 208Bjch was converted ter-UTM-zone 44
Nnorth prejectionwith a spatial resolution of 9f-x 90 m. The polygons of the delineated forast

stands were intersected with the relief parameétesder to investigate the relief dependent spatia
distribution of forest sites in the study area.alidition, the statistics of all relief parametersrev
computed for the total study area (TSA) to indidie potential impact of topography on the spatial
distribution of forest stands (Fig. 4)he PFA was then identifiedBased on the assumptiari
confidence ranqema{—a{—theseuplaee%ﬁhe‘m all four relief parameter&rew%a%@%net—range

ffiedT'his range was defined by

—h

the standard deviation (95%onfidence intervaglfrom single frequency distribution of the relig

parameters aspect, slope gradient, and sum of saadation input during the mean growing season
(March to November). While these parameters aresysiematically influenced by human impact, the
vertical distribution may have been changed by dbearing at the lower and upper boundary.
Therefore 99% of the frequency distribution of éevation 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 apgipaghich basically integrates statistical
downscaling of coarse resolution atmospheric fiddEAR / NCEP-CDAS reanalyses series) and
GIS based surface parameterization techniques, ufficiently account for the topographic
heterogeneity of the target area. A comprehens@geription of data bases and modelling techniques
is given in Bohner (2006) and Bohner and Antor@@g@009. The suitability and precision of th
modelling approach is discussed in Gerlitz et201@ 2014 and 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 climaiftedences between slope aspects inside the valleys

are averaged. The climate data related to thetfetasds is analysed by the climatic limitationues
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for forest development to detect potential humapaat on the forest distribution patterns when

obvious discrepancies occur.

To outline the actual forest lines it is initiallecessary to segment the relief into small CAsclvhi
represent small side-valleys or slope niches ddiole convex ridges. This is done by computing the
surficial hydrology regime from the DTM. The sizeaCA is given by the threshold value for the
stream definition function, which assigns the mimmnumber of cells to discharge into a specifit cel
to start a depth contour. In this study a valu@@ was found practical for the lower forest limel @
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 afsth 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 chostith are more than 50 m higher as the total
minimum value of the CA. The distance between ilgadst forest stands and the crest line above has
a special influence on the upper forest line whscballed the “summit syndrome” by Korner (2012).
Near the summits the local climate conditions ghpsuppress 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 teosiaximum 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 natueaginbour 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. Theslgradient 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 (Tallg). Less than 5% of the forests exist cI)n
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 processesferent slope directions. This underlines thet fa
that the strong relation of forest distribution gwpe aspect is caused by natural environmental

conditions.Nomads and woodcutters approach to forest transfitamby loqistic problems of accegs

in the relief, which reduces the pure signal ofvatmn in the data. Climate controls environmenial

conditions in a coarser regional scale and is kr@aharper elevational boundarige curve of the

parameter elevation has a shallow lgfipeand a steep right slopewhich may-indicates human

12
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impact on forest distributioby-weed-cuttingat the lower boundary. The lower forest lines sdﬂrtl
1,575 m asl and the upper forest lines exceed 2y9@8I so that the maximal vertical distance of the

forest limits for the entire investigation ared 825 m (Table2).

The TSA as equal positions for forests in the maunst 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 distrisutturves 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 paramet@able23). Comparing the modelled PFA and tl're
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.€teirve a statistical background for the evaluation
of the modelling quality of the delineated PFAisitonce related to the sum (A 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 dfilby 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 (Tablg3). The PFA calculated from all 4 relief parametirsl,825 ki and
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 invediigaarea starting at 1,600 m asl in the northwaest
increasing to 2,600 m asl in the southeast. Vdaiethe 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 forestlin
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 driekimateconditions of the rain shadow position, which mégoade 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

13
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in the north to the crest line the upper forest lirses to 2,800 m asl and crossing the intermaunta

basin it lies in an elevation between 2,400 anO@8 asl in the SMR. The local vertical distance of
the forest belt reaches its maximum value of mbas 1900 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

evapotransplratlon is up to 1,100 mm@he—d#e#enee—between—annual—p#eetp&aﬂen— nd
)One third of the AFA lies in

areas with a negativeotential water balance (pWB, i.e. the differenetween annual precipitatio

and potential evapotranspiration, cf. Fig. BWB-with-valdes-below 0-mmia(Fig—But with a

precipitation amount between 300 and 700 mm/a @JgThese areas are specially situated at the

westernmost edges and on the southern slopes ofdbetain ranges. While the westernmost sites are
exposed to the westerlies which transport moshefrhumidity, the southern slopes lie in the rain
shadow but at a higher elevation and thereforéativer forest line is around 600 m higher than an th
northern side of the NFR.

In the eastern part of the northern side of the NIRRAFA 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 positionscwitiorresponds to the mean values of the regions
described above. This is an indication for a nownr@ distribution and points to greater human

influence on forests in this region.

The forest distribution related to mean air temperain 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),
itcan-be-seahowsthat the upper AFA is mainly bordered by the 10Jdy-isotherm, but als
extends to the 8 °C July-isotherm at many pla€es.upper PFA is generallycembined-with-the 8 C
Jubyrisethermaligned to the 8 °C July-isotherrRig. 10 shows the distribution of the monthly mean

air temperature 5 °C isotherm during the growirgss@ and the AFA. Except at the westernmost part

the 5 °C isotherm is above the AFA between June September and the upper AFA boundary
coincides well with the 5 °C isotherm of Septem@dre PFA at the upper forest boundary extends up

to the position of 5 °C isotherm in June, where dh@wing season obviously becomes very short at
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these high elevated places. As shown in Fig. 91énthe PFA at the upper limit is overestimated and

the upper AFA boundary generally has a naturatdtian.
5 Discussion and conclusions

It was shown that the AFA and the forest lines ciie 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 @faand to the minimum monthly mean temperature
of 5 °C for the period between June and Septentbéine more humid parts of the investigation area
at the western and northern slopes of the NFR foodst lines have a steep gradient and the fordst b
has its greatest vertical extension between 50B80dn and locally up to 900 m. This fits well bet
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 thelww~windwardside of the mountain ridges.

The comparison of the AFA with climate data revealstrong relation between the distribution
patterns at the upper boundary but divergencesraacthe lower boundary. This indicates human
impact on the forests at the mountain borders modjfthe lower forest line, while the upper forest
line represents the natural condition. Accordintig 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 andMDiB well suited to determine forest lines and
potential forest areas for semi-arid regions incal to regional scale. For forest line delineatfias
necessary to eliminate elevation values which asdricted 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 climagitvironment in the investigation area and help to
transfer environmental settings to other placahénbroader study area. Human impagatecognized
influences-mainhpy the evaluation of thgparameter elevation. Therefore a forest line evalnavith

respect to the general climatic conditions has dopbrformed before the parameter elevation is

incorporated into the spatial delineation procdg¢h®PFA. In conclusion, the proposed workflovais
helpful method for the evaluation of the potenfmlest distribution and the delineation of human
impact. It can be used to indicate local climatealality, for landscape analysis and for effective

reforestation planning.
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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 12: Statistical values of the relief parameters relatethe forest distribution.

Table 23: Comparison between of the modelled area valusigfe relief parameter classes and of
the combination of all four relief parameters. (AEA\ctual forest area, PFA = Potential forest areq)
Figure 4: Frequency distribution of relief parameters ilatien to actual forest area AFAo(

the diagrams aspect, slope gradient, and solaatradiinput:dark green = standard deviation

95%, light green = marginal value range excludedhfPFA delineation) and total study area
(TSA, brown).
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