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Abstract

In this study, the effects of altitudinal topographic variables on the spatial distribu-
tion of tree species distributed at timberline and treeline ecotones were investigated
in the Zigana mountains of the Eastern Black Sea Region. The lower and upper limits
of the timberline and the treeline ecotones were defined as mean elevation + stan-
dard deviation (1876 + 424 m, >1000 m). At the upper limit of the treeline ecotone,
limiting the growth period to the summer months (higher average temperatures and
fewer precipitations) increased the drought considerably. The average altitude of Fa-
gus orientalis-Alnus glutinosa was 94 + 2.9 m higher in the northern aspect and Pinus
sylvestris was 53 + 6.1 m higher in the southern aspect. For Picea orientalis, altitudes
of aspects were quite close to each other. Statistical analysis showed that altitude
increases have stricter ecological demands that increase the spatial polarization of
tree species. Correlation analysis showed that F. orientalis-A. glutinosa, which prefers
humid, shady, and low sun-exposed sites, increased this need even more with the
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increase in altitude. While P. sylvestris and P. orientalis increased their spatial distri-
butions in hot-dry and sun-exposed sites with an increase in altitude, this trend was
stronger in P. sylvestris. Although F. orientalis-A. glutinosa and P. sylvestris, which in-
creased spatial polarization, further limited their sites, P. orientalis was more tolerant
than these species. It is expected that this study will make important contributions
regarding how the tree species in the region can adapt to possible climate change.

Zusammenfassung

In dieser Studie wurden die Auswirkungen hdhentopografischer Variablen auf die
raumliche Verteilung von Baumarten, die in der Baumgrenze und den Okotonen der
Baumgrenze verbreitet sind, in den Zigana-Bergen der 6stlichen Schwarzmeerregion
untersucht. Die unteren und oberen Grenzen der Baumgrenze und der Okotone der
Baumgrenze wurden als mittlere Hohe + Standardabweichung (1876 + 424 m) de-
finiert. An der Obergrenze des Okotons der Baumgrenze fiihrte die Begrenzung der
Wachstumsperiode auf die Sommermonate (héhere Durchschnittstemperaturen und
weniger Niederschlage) zu einer erheblichen Zunahme der Trockenheit. Die durch-
schnittliche Hohe des Buchen-Erlen-Waldes (Fagus orientalis und Alnus glutinosa) war
94 + 2.9 m hoher in der Nordseite und die Walder der Waldkiefer (Pinus sylvestris) waren
53 £ 6.1 m hoher in der Stidseite. Bei den Orientfichten-Waldern (Picea orientalis) lagen
die Hohenlagen ziemlich nahe beieinander. Statistische Analysen zeigten, dass Hohen-
zunahmen strengere 6kologische Anforderungen haben, die raumliche Polarisierung
von Baumarten verstarken. Korrelationsanalysen zeigten, dass Buche und Erle feuch-
te, schattige und sonnenarme Standorte bevorzugen und dass sich dieser Bedarf mit
zunehmender Hohenlage noch verstarkt. Wahrend Waldkiefer und Fichte ihre raum-
liche Verbreitung in heif3trockenen und sonnenexponierten Lagen mit zunehmender
Hohenlage verstarkten, war dieser Trend bei Waldkiefer starker ausgepragt. Wahrend
Buche-Erle und Waldkiefer in der raumlichen Ausbreitung eingeschrankt sind, war Fich-
te toleranter gegentiber Standortbedingungen. Diese Studie liefert einen Beitrag, wel-
chen Einfluss Klimawandel auf die Baumarten in dieser Region haben kdnnte.

1 Introduction

In mountainous regions, timberline and treeline are natural borders, where tree spe-
cies struggle to adapt to extreme environmental conditions. These borders, which are
important for both landscape and site conditions (Burga et al. 2004), are the transition
zone between a closed forest in a high mountainous area, a bush, and a meadow in
an alpine area (Kérner & Paulsen 2004, Kérner 2021). It is not a simple forest border,
but it is a transition zone between less or more well-defined two borders (Holtmeier
2009). The upper limit of natural forests with a steep slope and increased stand frag-
mentation and stuntedness is sometimes referred to as the treeline ecotone (Kérner
1998) or more commonly as here the treeline ecotone. The treeline above the tim-
berline defines the border between the subalpine and alpine vegetation regions as
well as the trees that hold on to the highest peaks (Kérner 2003, Kérner 2021). In this
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region, it is possible to see sparse trees and tree islands between forest and alpine
vegetation. The climate in this area is characterized by very windy, long cold winters,
and short summers with rainy and cool weather (Dan et al. 2014).

The position of the tree border does not change randomly around a contour line,
but other topographic variables can predictably determine this location (Bader and
Ruijten 2008). Temperature, sun exposure, and humidity, which affect subalpine and
alpine vegetation distributions, are strongly correlated with topography (Peet 1981,
He et al. 2019). The altitude limit of the treeline is determined by a lack of heat during
the growing season, extreme minimum temperatures in winter, reduced growing pe-
riod lengths, or a combination of these effects (Becwar et al. 1981).

Topography is an almost constant-unchangeable factor among many factors affecting
the forest/tree borders and thus the tree species distribution. Most of the other factors
such as solar radiation, near-surface wind flow, temperatures, soil moisture, the length
and depth of the snow cover, and their effects, the distribution of soil types, and site con-
ditions, in general, are changed and controlled by the geomorphic structure (Broll et al.
2007, Butler et al. 2007). The effects of topography on-site conditions, such as the distri-
bution of soil moisture, may differ under different climates. For example, while the lack of
moisture in the convex topography can be tolerated in a humid climate, in a dry climate
it can result in a more severe drought (Holtmeier & Broll 2005, Holtmeier & Broll 2018).

Similar micro-topography (local) effects on solar radiation, wind, and snow cover may
also vary according to spatial (Holtmeier 2005, 2009). Thus, land features derived from
digital elevation models (DEM) can be used as environmental variables such as local tem-
perature and humidity. Various studies have been conducted for modeling mountain ve-
getation as a function of environmental indicators derived from DEM (Salinger & Mullan
1999, Efthymiadis et al. 2007, Toivonen et al. 2018). Using topographic variables derived
from DEM instead of environmental variables measured in the field is common practice
in modeling mountain vegetation (Abdollahnejad et al. 2017, Chiang & Valdez, 2019).

In most regions of the northern hemisphere, the treeline is formed by conifers (e.g. Pi-
cea, Abies, Pinus, Larix, Juniperus) and locally, by deciduous species (e.g., Betula, Fagus,
Populus, Rhododendron) (Holtmeier & Broll 2010). The aim of this study was to explore
the effects of altitudinal topographic variables on the distribution of tree species (P
sylvestris, P. orientalis, and F. orientalis-A. glutinosa) in the timberline/treeline ecoto-
nes. This study has the following objectives:

i) determination of timberline/treeline position,

i) classification of land cover types (P. sylvestris, P. orientalis, and F. orientalis-A. glutino-
sa, and open space) on Landsat 8 OLI satellite image,

iii) relationships between climate, tree species distributions and timberline/treeline
position and

iv) effects of altitude on tree species distributions.
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2 Material and Methods
2.1 Study Area
The research area is located between 39°20' - 39°47' eastern longitudes and

40°51' - 40°33' northern latitudes in Northeastern Turkey (Figure 1). The study was
carried out in an area of 763.82 kmz2.
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Figure 1: Location and Landsat classified image of study area.

Abbildung 1: Lage und Landsat-klassifiziertes Bild des Untersuchungsgebiets.

In the area where the temperate climate of the Black Sea prevails, the altitude reaches
up to 3071 m in the Zigana Mountains. In the research area, in the forest zone that
continues up to 1700 m altitude, deciduous and coniferous taxa generally compo-
sed of Euro-Siberian elements are dominant. The Picetum zone, resistant to moist,



Altitudinal Topographic Controls on Tree Species Distributions Seite 173

semi-humid winter conditions, is dominant in the area from 900 — 1000 m altitudes
up to the upper limit of the forest zone. The main tree species of this zone is Picea
orientalis and it rarely forms a mixture with species such as Pinus sylvestris, Fagus
orientalis, rarely Abies nordmanniana subsp. nordmanniana, Ostrya carpinifolia, Taxus
baccata, Ulmus glabra. Species such as Ribes biebersteinii, Viburnum orientale, Lonicera
caucasica, Rhododendron ponticum, and Rhododendron luteum are found in mid- and
understories (Uzun 2002). In the alpine zone, tree species such as Betula litwinowii, Be-
tula pendula, Populus tremula, and Acer trautvetteri are also distributed (Palabag 2002).

i(_J_pen space
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P sylvestris

Figure 2: Photographs from the study area.

Abbildung 2: Aufnahmen aus dem Untersuchungsbereich.
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2.2 Data Acquisition and Processing

The Landsat 8 Operational Land Imager (OLI) image and a DEM generated from Ad-
vanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Di-
gital Elevation Model Version 2 (GDEM Ver2) were used in this study. The Landsat 8
OLI image and DEM had a resolution of 30 m. Both the Landsat 8 OLI image and
the DEM were geo-referenced by the supplier (USGS 2000, GLCF 2006). The scene of
Landsat 8 OLI was obtained from USGS (http://earthexplorer.usgs.gov). Earth Explo-
rer imagery archive for the 2019 year. The image was acquired on July 30, 2019. The
cloudiness rate was low (0.52%). The topographic variables and classification of the
Landsat 8 OLI image were obtained using ArcGIS (ESRI 2013).

2.3 Classification and Validation

Landsat 8 OLI satellite image was used as remote sensing data and the forest cover
type map (GDF 2008) was used as ground data in determining the land cover types
in this study. Four land cover types such as deciduous, P. orientalis, P. sylvestris, and
open space were generated from the forest cover type map. In this study, the super-
vised classification algorithm (Maximum likelihood classification) was used for classi-
fication. Maximum likelihood classification (MLC) is the most widely used supervised
classification and is used in a variety of applications (Sisodia et al. 2014). In this classifi-
cation stage, each unknown pixel on the image is assigned to the class with which itis
most similar. Two methods were followed during the comparison of accuracy values
in supervised classification. The first of these is the principle of assigning an equal
number of control points to each control class, and the second is the principle of ran-
domly assigning control points to the control class in cases where there is not enough
space for the classes. In this study, the principle of the equal number of checkpoints
was applied since there was enough space for each land cover type. Ground referen-
ce data (land cover types) was gathered as signatures using Erdas Imagine (2014) for
Landsat 8 OLI satellite image. A total of 100 ground (25 signatures for each land co-
ver type) reference points were determined as signatures for the classification of the
Landsat 8 OLI image. The signatures were taken from homogeneous pixels. Thus, four
different land cover types were classified on the Landsat 8 OLI satellite image. The ras-
ter map obtained as a result of the supervised classification was subjected to accura-
cy analysis with the help of the forest cover type map that was previously created by
ground measurement studies. Total 205 control points using Erdas Imagine software
for land cover types (F. orientalis-A. glutinosa, P. orientalis, P. sylvestris, and open space)
were used to determine the accuracy of the classification method (Figure 3, Table 1).
The pixels on which the points fall on the classified data were selected and the com-
patibility of these pixels with the reference data was examined (Musaoglu 1999). As a
result of the comparison of the selected pixels with the reference data, the classifica-
tion accuracy of the classified pixels was obtained from the classification error matrix
(Sunar and Musaoglu 1998). As a result of the supervised classification applied, the
percentage of total accuracy of the classification and the kappa values that enable
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these accuracies to be evaluated statistically were calculated. The overall accuracy
of classification was 77.6% and the kappa statistics was 0.67 (Table 1). In the mixed
deciduous stands the dominant species F. orientalis, which together with A. glutinosa
represent 87.9% of the stand. Dominant species were determined by using the forest
cover type map. In mixed stand types, the dominant species has the first place in the
stand type code. For example, KnKzc2 is a stand type in the forest cover type map.
Here, Kn: Fagus orientalis, Kz: Alnus glutinosa, c: development stages, and 2: crown
closure (41-100%). The dominant species for this stand type would be F. orientalis.

Forest management plans in Turkey are prepared for periods of 10 or 20 years. The
most important stage in the preparation of forest management plans is the inventory
studies carried out in the field. In the preparation of management plans, a draft fo-
rest cover type is created by using remote sensing data (aerial photography, satellite
images, etc.) before going to the field. At the inventory stage, sample areas are esta-
blished with an interval of 300 x 300 meters and classical inventory measurements
are made in each sample area. Necessary data for each sample area is obtained. Then,
by combining ground measurements and remote sensing data, the forest cover ty-
pes map is produced with the geographic information systems. The produced forest
cover type map is used as base data in all studies related to the forestry discipline
in Turkey. In this study, the forest cover types map was used as ground data in the
supervised classification stage for determining the land cover types on the Landsat
8 OLl satellite image.

Table 1: Confusion matrix of the supervised classification of Landsat image.

Tabelle 1: Konfusionsmatrix der Uberwachten Klassifizierung von Landsat-Bildern.

Reference Data

Class F. orientalis — 2 P. Open  Total User Producer

A. glutinosa orientalis  sylvestris  space Accuracy  Accuracy
F. orientalis - A. glutinosa 46 2 1 1 50 92.0 70.8
P. orientalis 17 76 6 1 100 76.0 86.4
P. sylvestris 1 10 17 2 30 56.7 60.7
Open space 1 4 20 25 80.0 83.3
Total 65 88 28 24 205

Overall classification accuracy is 77.6% and the kappa statistics value is 0.67
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Figure 3: Locations of control points for classification of Landsat image.

Abbildung 3: Standorte von Kontrollpunkten fiir Klassifizierung von Landsat-Bildern.

2.4 Topographic Variables and Data Preparation

The DEM was used to derive the following topographic variables and environmental
indices: altitude, slope, aspect (topographic solar-radiation index, eastern exposure,
and northern exposure), topographic position index, and site exposure index (SEl) (Fi-
gure 4, Table 2). The circular aspect is transformed to a value of one for southwesterly
azimuths, and a value of zero for north- northeast azimuths, obtaining a continuous
variable between 0 — 1 (Roberts and Cooper 1989). Topographic solar radiation index
(Trasp) is calculated by:

1-Cos ((%) (aspect?® — 30)
2

(1)

Trasp =

COS (North Exposure) and SIN (East Exposure) transformations of aspect metrics as-
sume the northeast azimuth of 45° is a maximum and the southwest quadrant can
be an empirically reproduced minimum. The set of variables stated by Stage (1976)
involved slope percentage (s), slope percentage times cosine of aspect (slope x cosi-
ne (aspect®)), slope percentage times sine of aspect (slope x sine (aspect®)). TPl is the
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difference between the altitude of each grid cell in a digital terrain model and the
averaged altitude of a neighborhood defined by circles of arbitrary radius. According
to Weiss (2001), TPl is calculated for a single grid cell by:

TPI = (h - (xh(r))) 2)

where “h” is the altitude of a grid cell in meters above sea level, “x,” is the mean alti-
tude of grid cells in the neighborhood with radius r. The circular aspect is determined
to a north/south axis and is weighted by the steepness of the slope on a value from
-100 to 100 (Balice et al., 2000). SEl is calculated by:

n(aspect — 180)

SEI = slope% cosine 3)
180
where “cosine” is in radians and degrees east of north.
Table 2: Topographic variables and their ecological meanings.
Tabelle 2: Topographische Variablen und deren 6kologische Bedeutungen.
Acronym _ Variables Ecological Importance Description

ALT Altitude Temperature, moisture, CO2  Altitude above sea level (m)
pressure
SL Slope Solar radiation, terrain Slope angle in degrees
stability, soil moisture
TRASP Topographic Solar radiation and north- northeast (the coolest and wettest),
solar-radiation precipitation south-southwest (the hotter-dryer). From 0 to
index 1.
NORTH Northern Summer vs. winter solar Relation to the north (1 to —1)
exposure radiation
EAST Eastern exposure  Morning/afternoon solar Relation to the east (1 to —1)
radiation, wind, moisture
TPI Topographic Soil moisture and erosion, tpi > 0 (ridge), tpi < 0 (valley), tpi ~ 0
Position Index wind exposure (constant slope, flat area, or saddle),
SEI Site Exposure Soil moisture, solar from -100 to 100 from coolest to warmest

Index

radiation

locations,
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Figure 4: Topographic variables.

Abbildung 4: Topografische Variablen.

The position of the treeline was derived from the Landsat 8 OLI image and used to
determine a timberline/treeline ecotone. This ecotone was used to remove altitudes
outside the area of the timberline/treeline. The timberline/treeline ecotones were de-
fined as the mean treeline altitude + standard deviation (Bader & Ruijten 2008). In the
study, a total of 55,133 points were determined systematically (59 x 77 m) in forest
areas (>1000 m). P, orientalis is represented by 27,894 points, P. sylvestris 3,047 points,
and the mixed deciduous forest (F. orientalis-A. glutinosa) 24,192 points.
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2.5 Thornthwaite Climate Analysis

In the study, Thornthwaite climate analysis was applied to the altitudes of the tim-
berline and the treeline ecotones. Thornthwaite method is based on the relationship
between temperature and precipitation and evapotranspiration. According to the
method, the water balance of an area is prepared by using the monthly average tem-
perature, monthly average precipitation, and monthly evapotranspiration values of
that area. Evapotranspiration is calculated using the following formula (Thornthwaite
1948).

10t\*
PE=1.6 (T) G 4)
t 1.514 a2
5 X &)
1
a = (6.75 107")I3-(7.71 105)12+(1.792 102){ + 0.4929 6)
PE : Monthly potential evapotranspiration (cm)
t : Monthly average temperature (°C)

| : Annual temperature index (total of 12 months)
G : Latitude correction coefficient

Kantarci's formula (2005) was used to derive drought index and climate type during
the vegetation period.

_ 12 GET @
Tom
/ :The monthly value of the drought index,
GET : Monthly actual evapotranspiration (mm)

Tom : Average monthly maximum temperature (°C)
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2.6 Statistical Analysis

In the research area, the comparison of forest trees for timberline and treeline ecoto-
nes according to topographic variables was performed by variance (ANOVA) analysis.
Relationships between topographic variables and species distributions were carried
out with Pearson correlation analysis. Estimation of the altitudinal distributions of
tree species with topographic variables was determined by multiple linear regression
analysis. SPSS program was used for statistical analysis.

3 Results
3.1 Determination of Timberline/Treeline Ecotones

The maximum altitude in the research area reaches up to 3071 m. In the study, al-
titudes below 1000 m were excluded. The average altitude and standard deviation
were calculated from the remaining borders (1000 m). The lower and upper altitude
limit of timberline/treeline ecotones was defined as the mean altitude + standard
deviation (1876 + 424 m). In this way, the lower average altitude (-std. deviation) was
determined as‘timberline ecotone’and the upper (+std. deviation) as ‘treeline ecoto-
ne’ (Figure 5).
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Figure 5: Altitude and aspect of the timberline/treeline ecotones.

Abbildung 5: Hohenlage und Aspekt der Okotone der Waldgrenze/Baumgrenze.
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3.2 Thornthwaite Climate Analysis

For timberline and treeline ecotones, Thornthwaite (1948) climate analysis was ap-
plied to the data of the Macka-Meryemana (1100 m) meteorological station and To-
rul-Zigana (2050 m) automatic observation station in the Degirmendere watershed
(Table 3). The climate type was determined according to Kantarci (2005). The climate
type of the research area was semi-drought for timberline ecotone and semi-arid/arid
for treeline ecotone.

With the increase in altitude, the annual total precipitation decreased considerably.
Declining precipitation and shortening vegetation period to summer months when
average temperatures are high increased drought. In treeline ecotone, the number
of dry days in the vegetation period increased up to 30 days in August (Table 3). At
the same time, the difference between the maximum and minimum temperatures in
August was quite high (about 20-21 °C). The limiting of the growth period to the sum-
mer months with decreasing rainfall and high average temperatures also increased
the drought. In treeline ecotone, the number of dry days in the growth period increa-
sed up to 30 days in August (Table 3). At the same time, the difference between the
maximum and minimum temperatures in August was quite high (about 20-21 °C).

Table 3: Thornthwaite climate analysis results.

Tabelle 3: Ergebnisse der Klimaanalyse nach Thornthwaite.

Climate Data Timberline Ecotone (1452 — 1876 m) Treeline Ecotone (1876 — 2300 m)
Annual

Average Precipitation (mm) 772.6 —611.7 611.7-450.8
Average Temperature (°C) 7.7-55 55-34
Min. Temperature (°C) (-1.6)-(-3.7) (-37)-(-5.8)
Max. Temperature (°C) 19.8-17.7 17.7-15.5
Growth Period

Duration (Months) (>10 °C) 5-4 4-3

Total Precipitation (mm) 3333-164.9 164.9 - 55.9
Water Deficit (mm) 48.6 —79.2 79.2-1144
Dry Days 15-27 27 -41
Climate Type Semi Arid — Semi Arid Semi Arid — Arid
The Driest Month of Growth Period (August)

Max. Temperature (°C) 30.6 - 28.5 28.5-264
Min. Temperature (°C) 10.1-8.0 8.0-59
Average Precipitation (mm) 28.2-14.8 14.8-1.4
Dry Days T=12 12 -30
Water Deficit 40.9-63.0 63.0 — 88.8

Climate Type Semi Humid — Semi Arid Semi Arid — Severe Arid
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3.3 Land Covers and Environmental Variables

Timberline/treeline area was divided into two ecotones. The areas of the land cover (F.
orientalis-A. glutinosa, P. orientalis, P. sylvestris, and open space) according to these ecoto-
nes are given in Table 4. The total forest area in both ecotones was 152.4 km2. The forest
area in treeline ecotone was lower (10.34%) compared to timberline ecotone (61.67%).
The highest decrease in treeline ecotone was observed in F. orientalis-A. glutinosa and P.
orientalis distributions. In contrast, P. sylvestris distribution showed less decline (Table 4).

Table 4: Area of forest types in timberline and treeline ecotones.

Tabelle 4: Waldflache nach Bestandestypen in den Waldgrenze und Baumgrenze Okotonen.

F. orientalis-A. P P. sylvestris ~ Open Space Total Area  Forest Cover
Ecotones glutinosa (km?) orientalis (km?) (km?) (km?) (%)
(km?)
Timberline 36.5 80.4 7.8 71.5 202.2 61.67
Treeline 5.7 16.0 6.0 240.2 267.9 10.34
Total 42.2 96.4 13.8 317.7 470.1 3242

The distribution of forest trees under different topographic conditions (altitude and
altitude-aspect combination) was determined to detect whether timberline/treeline
ecotones are related to topography (Table 5, Figure 5). For the timberline and the
treeline ecotones, the average altitudes of the tree species (F. orientalis-A. glutinosa, P.
orientalis, and P. sylvestris) according to aspect are given in Table 5. The average alti-
tude of F. orientalis-A. glutinosa was 94+2.9 m higher in the north aspect compared to
the south aspect. While P. sylvestris increased its altitude in the south aspect by 53+6.1
m compared to the north aspect, the average altitudes of P. orientalis in the north and
south aspect were quite close (Table 5).

Table 5: Average altitudes of tree species according to aspect.

Tabelle 5: Durchschnittliche Hohenlagen der Baumarten nach Aspekten.

95% Confidence Interval

Species Aspect Mean Std. Error Lower Bound Upper Bound
F. orientalis-A. glutinosa North 1694 29 1688 1700
South 1600 5.2 1590 1610
P. orientalis North 1726 22 1721 1730
South 1727 2.6 1721 1732
P. sylvestris North 1809 6.7 1796 1822

South 1862 6.1 1850 1874
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The distribution of forest trees to aspect groups was different depending on the alti-
tude (Figure 6). P. orientalis showed a homogeneous distribution in the north and
south aspects, whereas F. orientalis-A. glutinosa and P. sylvestris showed an opposite
distribution. While the distribution of F. orientalis-A. glutinosa increased in the north
aspect, P. sylvestris increased in the south aspect (Figure 6).
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Figure 6: Frequency distribution of tree species along an altitude gradient (a) and their average altitude
versus aspect (b).

Abbildung 6: Verteilung der Baumarten entlang eines Seehdhengradienten (a) und deren
durcschnittliche Seehdhe im Vergleich zum Aspekt (b).

3.4 Altitudinal Topographic Controls in The Distribution of Tree Species

To determine how timberline/treeline ecotones are controlled through topographic
variables, the relationships between forest tree distributions and topographic variab-
les were statistically determined. Variance analysis results showed significant diffe-
rences between forest trees according to topographic variables. Tree species were
statistically different (p <0.001) for all topographic variables (SL, TRASP, NORTH, EAST,
TPI, and SEl) in I. and Il. altitude zones (Table 6).

Generally, tree species showed similar ecological features in timberline and treeline
ecotones. F. orientalis-A. glutinosa showed the distribution in more shady, moist, and
less sun-exposed sites according to TRASP, NORTH, EAST, and SEl. P. sylvestris showed
the distribution in warmer, arid, and sun-exposed sites. Compared to F. orientalis-A.
glutinosa, P. orientalis, and P. sylvestris preferred ridge and hilly (TPI) sites. When tim-
berline and treeline ecotones are compared, the topographic differences between
tree species distributions were more pronounced depending on the altitude (Table 6).



Seite 184 Ayhan Usta

Table 6: Variance analysis results.

Tabelle 6: Ergebnisse der Varianzanalyse.

F. orientalis-A. glutinosa P. orientalis P. sylvestris
Timberline Mean SE min max Mean SE min max Mean SE min max
SL 3145b 011 2447 38.52 31.84c 0.13 2541 38.60 28.07a 0.28 5.33 49.22
TRASP 0.29a  0.00 0.07 0.56 042b  0.00 0.24 0.58 0.46c 0.01 0.00 1.00
NORTH 0.34c  0.01 -0.01 0.75 0.15b  0.00 -0.11 0.47 0.00a 0.01 -0.68 0.67
EAST -0.02a  0.01 -0.40 045 0.00b  0.00 -0.29 0.18 0.1lc 0.02 -0.75 1.00
TPI -3.47a  0.63  -46.29 39.83 3.57¢ 043 2522 2672 -270b  1.67  -119.00  116.00
SEI | -17.07a 038  -36.35 1.06 -7.09p 022  -22.82 5.37 0.1le 0.53 -32.88 3230
Treeline Mean SE min max Mean SE min max Mean SE min max
SL 3394c 035 18.22 49.34 24.81a 037 12.88 59.53 28.02b 028 13.49 46.14
TRASP 0.24a 0.01 0.00 0.85 047p  0.01 0.00 1.00 0.65¢  0.01 0.13 1.00
NORTH 0.52¢  0.01 -0.12 1.00 0.08b  0.01 -0.83 0.84 -0.22a  0.01 -0.95 0.54
EAST -0.16a  0.02  -0.92 0.53 -0.02b  0.01 -0.46 0.88 0.05¢  0.01 -0.63 0.71
TPI -6.35a 192 -75.00 13500 34.80c 1.83 -40.00 155.00 16.89b  1.54 -77.00 104.00
SEI | -25.68a 0.54 -49.10 6.28 -393b  0.69  -40.90 39.71 11.29¢  0.66 -27.56 43.33

In timberline ecotone, according to the variables of TRASP, NORTH, and SEl, except
for EAST, F. orientalis-A. glutinosa preferred areas with higher shade and humidity and
less sun exposure. Interestingly, it was observed that F. orientalis-A. glutinosa shifted
the slopes exposed to the west (EAST). In treeline ecotone, the distribution of P. orien-
talis and P. sylvestris increased in areas with warmer-drought and sun exposure. The
increase in P, sylvestris was higher compared to P. orientalis. F. orientalis-A. glutinosa
preferred more sheltered valleys (TPI) compared to P. orientalis and P. sylvestris (Table
6). Pearson correlation analysis was performed for the relationship between altitude
and topographic variables affecting the distribution of tree species (F. orientalis-A.
glutinosa, P. orientalis, and P. sylvestris) in timberline/treeline ecotones (1452-2300 m)
(Figure 6).

Correlation analysis results showed significant relationships between altitude and to-
pographic variables for tree species. In F. orientalis-A. glutinosa, there was a positive
relationship between altitude and SL, NORTH, and a negative relationship between
altitude and TRASP, EAST, TPI, and SELI. For P. orientalis, it was found a positive relation-
ship between altitude and TRASP, TPI, SEl, and a negative relationship between alti-
tude and SL and NORTH. For P. sylvestris, it was found a positive relationship between
altitude and TRASP, TPI, and SEl, and a negative relationship between altitude and
EAST and NORTH (Figure 6). P, orientalis and P, sylvestris showed similar correlations in
many topographic variables (TRASP, NORTH, TPI, and SEI). The correlation coefficients
(except for TPI) obtained from P. sylvestris were higher. These topographic variables
showed negative correlations for P. orientalis and P. sylvestris and positive correlations
for F. orientalis-A. glutinosa (Figure 7).
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Figure 7: Correlations between altitude and topographic variables for species.

Abbildung 7: Korrelationen zwischen Héhenlage und topographischen Variablen fiir Baumarten.

Estimation of altitude variable for tree species with other topographic variables was
determined by regression analysis (Figure 7, Table 7). EAST and SEl for F. orientalis-A.
glutinosa, SL, and TPI for P. orientalis and NORTH, TPI, and SEI variables for P. sylvestris
entered the prediction equation (Table 7).

Table 7: Multiple linear stepwise regression models to predict altitude.

Tabelle 7: Stufenweise lineare Regressionsmodelle um Héhenlage vorherzusagen.

Model Variables R? F Estimate SE t Pr(>|t]) Sig.

Constant 0.663  631.462 1453.424 11.022  131.869  <0.0001 -

F. orientalis-  East -492.446 24.064 -20.464  <0.0001 -
A. glutinosa

SEI -14.521 0.496 -29.274  <0.0001 =

Constant 0.693 723.668 2284.215 27.135 82.359  <0.0001 -

P. orientalis SL -19.152 0.888 -21.559  <0.0001 r

TPI 3.861 0.197 19.586  <0.0001 -

Constant 0.378 129.99 1780.798 6.582  270.560 <0.0001 =

P. sylvestris North 2693.644 492.929 5465  <0.0001 -

TPI 1.677 0.198 8.463  <0.0001 -

SEI 61.143 9.771 6.257  <0.0001 -
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Figure 8: Prediction of altitude for forest covers and partial plots (1: F. orientalis-A. glutinosa, 2: P. orientalis,
3:P. sylvestris).

Abbildung 8: Abschdtzung der Hohenlage mittels Waldbedeckungen und Teilparzellen (1: F.
orientalis-A. glutinosa, 2: P. orientalis, 3: P. sylvestris).

4 Discussion

4.1 Factors Limiting Tree Species Distributions and Timberline/Treeline
Position

At the local scale, the timberline/treeline ecotones are of varying thicknesses from ab-
rupt borders with varying spatial shapes to vegetation additions due to tree density
(Bader et al. 2007). These ecotones represent the critical limits related to tree growth
by low temperatures at high altitude tree borders (Korner 2012, Kérner 2021). To de-
termine these critical limits, the study area was divided into two ecotones: timberline
(1452-1876 m) and treeline (1877-2300 m). Landsat 8 OLI satellite image was used
to separate timberline/treeline ecotones and tree species (F. orientalis-A. glutinosa,
P. orientalis, P. sylvestris, and open space). The overall accuracy of classification was
77.6% and the kappa statistics was 0.67. These results were acceptable values for clas-
sification. In the study area, annual average temperatures varied between 7.7 - 5.5 °C
in the timberline ecotone and between 5.5 - 3.4 °Cin treeline ecotone (Table 3). Mini-
mum temperatures decreased to -3.7 °C at the upper limit of the timberline and -5.8
°C at the upper limit of the treeline. Climate is a complete factor affecting the altitude
of the treeline and timberline. In the continental climate ecosystems, the higher tem-
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perature in the growing season allows for the upward distribution of timberline (Peili
etal. 2020). According to average temperatures (10 °C), the growth period decreased
to 4 months at the upper limit of the timberline and 3 months at the upper limit of
the treeline. The maximum altitudes of tree species in treeline ecotone were 2122 m
for P. orientalis, 2238 m for F. orientalis-A. glutinosa, and 2253 m for P. sylvestris (Table
5). The decrease in average temperatures at these altitudes close to the upper limit of
the treeline may increase the sensitivity of trees to dehydration and photoinhibition,
depending on the species.

From physiological studies, near tolerance limits to environmental variables such as
low temperatures, seedlings are more vulnerable than plants settled to the reducti-
ons in carbon gain associated with chronic photoinhibition. Photoinhibition caused
by cold may play a role in limiting the regeneration and hence the distribution of
species in forest boundaries (Ball et al. 1991, Déweler et al. 2021). From physiologi-
cal studies, seedlings located near tolerance limits to environmental variables such
as low temperatures are more vulnerable than resident plants to the reductions in
carbon gain associated with chronic photoinhibition (Ball et al. 1991). Current tem-
perature in timberline/treeline ecotones is often assumed to be the main limitation
for growth (Kérner 2021), but other factors such as local moisture availability, solar
radiation, wind, snow cover, geomorphic processes, and human influence can also
determine forest distribution (Holtmeier & Broll 2005). According to the Thornthwaite
climate analysis, a semi-arid climate prevailed in the timberline ecotone, and a semi-
arid-arid climate in the treeline ecotone. Moreover, the increase in altitude reduced
the total annual precipitation. During the growth period, total annual precipitation
at the upper limit of the treeline (2300 m) decreased to 55.9 mm. The limiting of the
growth period to the summer months (higher average temperatures and lower pre-
cipitations) increased the drought considerably. In treeline ecotone, August (30 days)
month was completely dry during the growing period (Table 3). Photoinhibition can
be encouraged by high or low temperatures that occur in conjunction with high light
(Robakowski et al. 2021). Compared to treeline ecotone, timberline ecotone is a clo-
sed and settled forest structure. The closed forest can prevent seedlings from drying
and damaging through wind, high radiation (Holtmeier 2009), and photoinhibition.
The shade-seedling relationship leads to less photoinhibition (Germino and Smith
1999), important increases in photosynthetic carbon gain during the summer gro-
wing period, development of root growth, improved drought stress, and increased
seedling survival (Smith et al. 2003). In the study, drought during the growing period
(August) in treeline ecotone is an indication that the seedlings may be vulnerable to
drying and death. In this case, tree species are likely to shift to sites where they can
be exposed to wind, high radiation, and less photoinhibition to the extent their eco-
logical tolerance allows for survival.

There was a strong spatial polarization of tree species depending on altitude in the
transition from timberline ecotone to treeline ecotone. P. orientalis showed a homo-
geneous distribution in northern and southern aspects, whereas F. orientalis-A. gluti-
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nosa and P, sylvestris showed an opposite distribution in different aspects. Preferably,
P. sylvestris is distributed in the hottest, driest, and earlier snowless sites. At these al-
titudes, P. orientalis preferred more middle positions, while F. orientalis-A. glutinosa
was dominant in more snow cover and moist soils due to the north aspect. A similar
situation was reported by Kullman (2010). This difference may arise from the unique
ecological characteristics and requirements of tree species that occur in the timber-
line/treeline ecotone, as well as site conditions. Kullman (2010) stated that this diffe-
rentiation also gives a clue about the success of these species from the perspective of
past and future climate changes.

In the study, an increase in altitude increased the distribution of F. orientalis-A. gluti-
nosa in the northern aspect. The average altitude of F. orientalis-A. glutinosa was 94
m higher in the northern aspect (average 1694 m) compared to the southern aspect
(average 1600 m) (Figure). Bonanomi et al. (2018) determined that the altitude of the
Fagus sylvatica treeline is at a lower altitude (average 115 m) in the southern aspect
compared to the colder northern aspect of the mountains studied here. In fact, ot-
her environmental limitations interact with low temperature to suppress treeline on
south slopes. It has been argued that the presence of precipitation and soil moisture
may limit tree growth in the treeline, particularly on hot slopes (Weiss et al. 2015).
Bonanomi et al. (2018) reported weak negative correlations between treeline altitu-
des and the warmest season of the year, and explosive warming or indirectly sum-
mer drought could be a problem for Fagus sylvatica. The treeline position does not
fluctuate randomly around an altitudinal contour line but depends on other topo-
graphic variables in a predictable way (Bader & Ruijten 2008). In many studies, it has
been emphasized that in addition to climate (Kérner & Paulsen 2004), treeline alti-
tude at the local and regional scale is strongly influenced by topography, landforms,
and geomorphological processes that occur at high altitudes (Holtmeier & Broll 2012,
Malanson et al. 2011). In cases where the treeline is limited by geomorphological res-
trictions, these factors may be more important than the climate in determining tree-
line altitude as they directly control tree formation and growth (Leonelli et al. 2011,
Macias-Fauria & Johnson 2013).

4.2 Altitudinal Topographic Controls in Tree Species Distributions

Variance analysis results showed that tree species were statistically different (p<0.001)
in the timberline and treeline ecotones according to all environmental variables (SL,
TRASP, NORTH, EAST, TPI, and SEl) (Table 5). In general, differences between species
were similar in timberline and treeline ecotones. The altitude increase, in other words,
in the transition from timberline to treeline, tree species had stricter ecological de-
mands to increase spatial polarization. In both ecotones, F. orientalis-A. glutinosa pre-
ferred more humid (TRASP), shady (NORTH and EAST), and low insolation (SEI) sites.
In the transition from timberline to treeline, the averages of topographic variables
in F. orientalis-A. glutinosa changed from 0.29 to 0.24 in TRASP, from 0.34 to 0.52 in
NORTH, from -0.02 to -0.16 in EAST, and from -17.07 to -25.68 in SEI. This change sho-
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wed that, except for EAST, F. orientalis-A. glutinosa shifted to much more shady, moist,
and far less sun-exposed sites. The presence of a positive relationship between alti-
tude and NORTH and a negative relationship between altitude and TRASP, EAST, TPI,
and SEl in the correlation analysis performed for both ecotones also supported these
results. F. orientalis desires a warm-cool climate zone with balanced precipitation dis-
tribution, high relative humidity, and low-temperature extremes (Atalay 1983, Ansin
& Ozkan 1997). A. glutinosa is adapted to a wide temperature range and is relatively
frost tolerant. It requires a high-water availability combined with atmospheric humi-
dity for growth and development (Durrant et al. 2016). Statistical analysis showed that
F. orientalis-A. glutinosa increased the tendency to shift to the west (EAST) depending
on altitude in treeline ecotone. These species can cope with low temperatures in sett-
led sites (timberline) where crown closure is good. However, in open areas (treeline)
where there is no crown closure, the survival of these species becomes difficult. The-
se species can tolerate or prevent freezing for short periods, but long-term freezing
is critical for growth. However, seedlings are more susceptible to dehydration and
photoinhibition caused by strong radiation (EAST), especially in the morning, when
photosynthesis is not fully functional after cold nights (Ball et al. 1991, Germino &
Smith 1999). In F. orientalis-A. glutinosa, exposure to the west aspect may affect its
distribution due to the growing period drought-sunshine duration. In the study area,
the fog layer that shows up in the afternoon covers the upper altitudes (1500-2000 m)
of the basin (Karadeniz 1999). Due to fog, sun exposure is prevented to some extent.
F. orientalis-A. glutinosa, which increase their distribution in shady and humid areas,
preferred more sheltered middle and lower slopes than P. orientalis and P. sylvestris
species, which prefer higher slopes and hilly areas. While TPI value of F. orientalis-A.
glutinosa was -3.47 in timberline ecotone, it declined to -6.45 in treeline ecotone. A
negative correlation was found between F. orientalis-A. glutinosa distribution and TPI
in the correlation analysis based on altitude. Also, a significant positive relationship
was found between altitude and SL. The relationship between altitude and TPl and
SL showed that, depending on the altitude, F. orientalis-A. glutinosa species preferred
more sheltered and humid sites. This is expected for F. orientalis-A. glutinosa species.
It was previously stated that the limiting of the growth period to the summer months
(higher average temperatures and lower precipitations) increased the drought con-
siderably. The presence of precipitation and soil moisture may limit tree growth and
thus species distribution at the treeline, especially on warm slopes (south aspect)
(Weiss et al. 2015). The number of dry days in the growth period, which decreased to
3 months at the upper limit of treeline ecotone, was 41 days in total. F. orientalis-A.
glutinosa are expected to shift to lower slopes that are more moist, shady, and have
higher soil water availability (deeper soil). In fact, that EAST and SEl variables are in-
cluded in the equation in the estimation of altitude by regression analysis is import-
ant. In the mountain and arctic tree borders of the Northern Hemisphere, coniferous
trees grow near the border of their ecological range. They have adapted to low tem-
peratures, short growing seasons, and harsh conditions during the winter months
(Seo et al. 2010). Furthermore, roots of the treeline-associated conifers can penetrate
rocky undergrounds, allowing for the utilization of water sources in deep and wet soil
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layers (Valentini et al. 1994). Although P, sylvestris increased its average elevation in
the southern aspects, Porientalis did not show an apparent aspect trend. P. sylvestris
was on average 53 m higher in the southern aspect compared to the northern aspect
(Figure). The average altitudes of P. orientalis in the northern aspect and southern
aspect were very close to each other. Across its wide distribution range, P. sylvestris
grows naturally in a variety of sites, and as a pioneer species, it is well adapted to
nutrient-poor soils and can readily regenerate after major natural or human distur-
bances (Gardner 2013, Matyas et al. 2004). It usually grows in sunny and partially sha-
ded, generally nutrient-poor (Farjon 2010) areas. In both ecotones, P. sylvestris and P.
orientalis increased their distribution in warmer and drier (TRASP, NORTH, and EAST),
sun-exposed (SEl) sites.

The averages of topographic variables in P. sylvestris changed from 0.46 to 0.65 in
TRASP, from 0.00 to -0.22 in NORTH, from 0.11 to 0.05 in EAST, and from -0.11 to 11.29
in SEI. However, the averages in P. orientalis changed from 0.42 to 0.47 in TRASP, from
0.15 to 0.08 in NORTH, from 0.00 to -0.02 in EAST, and from -7.09 to -3.93 in SEl. This
change showed that both species shifted to much warmer and drier sites. Moreo-
ver, it was another consequence that P, sylvestris was able to adapt to more arid and
sun-exposed sites. The reason for this can be the drought during the growing period
in the treeline ecotone. From these results, it can be understood that P. sylvestris is
better than P, orientalis at tolerating summer drought. In correlation analysis, the pre-
sence of a positive correlation between altitudes of P. sylvestris and P. orientalis and
TRASP and SEl and a negative relationship between NORTH supported this situation.
Although these two species showed similar correlations, the correlation coefficients
obtained in P. sylvestris were higher. However, the presence of a negative relationship
between the altitude increase in P. sylvestris and EAST was another evidence of this.
Members of the Pinus genus were found to be highly tolerant of seasonal drought
(Rundel & Yoder 1998, Sarris & Mazza 2021). Pine is the most competitive and inva-
sive, shade-intolerant species in relatively dry, exposed, and snow-poor subalpine
sites. During the early Holocene, Pine occurred at the highest treeline towards the
alpine tundra in most places. The treeline peaked with the Little Ice Age decreased to
its lowest post-glacial level after thousands of years of oscillatory climate cooling, and
it was reported to have reached at least 500 m higher about a century ago (Kullman
2010). This is conclusively demonstrated by the remains of radiocarbon-dated fossil
trees preserved in peat and lake sediments (Kullman & Kjallgren 2006). In the area
where the study area is located, there are P. sylvestris stand remains (Trabzon-Akcaa-
bat and Trabzon-Sirmene-Camburnu beaches), which descended to the coast after
the glacial age and still survive.

It has been reported that it is rarely encountered in the relatively arid parts of the
mountains facing inward, although P. orientalis prefers high humidity in high moun-
tain climates and with abundant precipitation in summers (Saatcioglu 1969). P. orien-
talis generally prefers sites that have adequate and stable snow cover, mobile soil
water, and are tolerant to early summer drought (Schmidt-Vogt 1977). Rarely, it is
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prominently found in dry places with thin and wavy snow cover. It is subject to severe
and prolonged seasonal soil freezing or frequent freeze-thaw cycles. Picea individuals
often survive these difficult periods and recover when more favorable conditions re-
turn (Kullman 2007). P. sylvestris and P. orientalis, which prefer hot and drier areas, in-
creased their distribution in the upper slope and hilly areas in the transition from tim-
berline to treeline. P. orientalis's TPI value increased from 3.57 in timberline ecotone
to 34.80 in treeline ecotone. P, sylvestris's TPI value increased from -2.70 in timberline
ecotone to 16.89 in treeline ecotone. The presence of a positive relationship between
the distribution of P. orientalis and P. sylvestris and TPl in the correlation analysis based
on altitude also supported this. The fact that these species increase their distribution
on the upper slopes and hilly areas, which may reduce the moisture availability in the
soil, despite the summer drought, indicated that they are more resistant to strong
winds. With regression analysis, altitude was estimated by SL and TPI in P. orientalis
and NORTH, TPI, and SEl in P, sylvestris (Table 7). This estimate showed that when tran-
sitioning from timberline to treeline ecotone, P. sylvestris preferred hot-arid, middle,
and upper slopes, whereas P. orientalis preferred lower slope (ridge flats) sites in hilly
areas. In addition, it is ecologically important to enter the sun exposure (SEl) variable
into the estimation equation in the regression analysis due to F. orientalis-A. glutinosa
and P. sylvestris species showing an opposite correlation. Local topography's expo-
sure to incoming solar radiation, snowless season length, humidity conditions, tem-
perature, and the strongest contrasts in vegetation can be expected in high moun-
tainous regions (Holtmeier & Broll 2017). Solar radiation increases further vegetation
stress with summer drought (Sabaté et al. 2002, Wang et al. 2019).

5 Conclusion

The effects of altitudinal topographic variables on the distribution of tree species
(P. sylvestris, P. orientalis, and F. orientalis-A. glutinosa) in the Zigana mountains were
investigated in this study. The lower and upper altitude limits of timberline/treeli-
ne ecotones were defined as mean elevation + standard deviation (1876 + 424 m).
At the upper limit of the treeline ecotone, the limiting of the growth period to the
summer months (higher average temperatures and lower precipitations) increased
the drought considerably. The altitude increases have stricter ecological demands
that increase the spatial polarization of tree species. F. orientalis-A. glutinosa further
increased the need for humid, shady, and low sun-exposed sites with the increase
in altitude. While P. sylvestris and P. orientalis distribution increased in hot-dry and
sun-exposed sites with an increase in altitude, this trend was much higher for P. syl-
vestris. Although F. orientalis-A .glutinosa and P. sylvestris, which increased spatial po-
larization, further limited their sites, P. orientalis was more tolerant than these species.
This study is expected to present important contributions to how tree species in the
region where the effects of climate change will be observed can adapt to this change.
Also, this study provides important ideas for future works in the Zigana mountains.
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