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ABSTRACT

Treeline ecotone metamorphosis over time has been a commonplace observation globally. This ecosystem
has significant ecological values and acts as a vital signal for climate change. It is thus necessary to understand
its dynamics. Applications of fine-scale resolution imagery covering the historical and the contemporary
eons are imperative for the mapping and quantification of treeline ecotone changes. These products were
used for treeline ecotones studies in Letka Ori, Olympus, Rodnei and Tatra mountains located along the
European sub-continent latitudinal gradient. The investigation suggests that the treeline positions are
determined by the latitudes, continentality and the mass elevation effect. The images were classified using
object-based image analysis and the results showed satisfactory accuracies (above 80 %). The analysis

revealed non-significant changes in the treeline ecotones.

The treeline ecotones are densely covered at lower altitudes than the higher parts across the study sites.
Linear mixed models were used to analyze the significance of various explanatory variables on treelines,
canopy cover and their changes. The LMMs showed that TPI is significantly correlated with the formation
of treelines while treelines at lower altitudes shifted more than those in higher elevations. Furthermore,
profile curvature was negatively and significantly correlated with canopy cover changes. The marginal
explanatory power of the putative variables on treeline ecotones establishment and their changes suggests
possible effects of other factors not used in the study. In conclusion, the observed canopy cover increase in
treeline ecotones is more due to the crown diameter increase and foliation rather than tree population

increase.

Keywords: Treeline, ecotone, historical, contemporary, latitudinal, altitudinal, shifts.
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1. INTRODUCTION

11.  Background

The high-altitude life zones are distributed globally from tropical to polar zones and occur in continental
and oceanic climates (Singh et al. 2012). Mountains cover 20 % of the Farth’s land surface and are a source
of 50% of water consumed by humans (Fagre 2008). In the last 50 years, high latitudes, as well as high
mountainous areas, are experiencing a greater rise in temperature (Walther et al. 2005). Some researchers
predict high rates of animals and plants extinctions especially in mountains areas being the most vital

hotspots of endemic species (Myers et al. 2000).

Movement of tree limits towards the alpine zones and poleward have been observed across the globe
(Greenwood & Jump 2014) as a result of fast increasing temperatures, and many other factors which are
crucial either alone or in conjunction with climate (Holtmeier & Broll 2005). These factors include, but are
not restricted to, rising mortality at the treeline, vertebrate herbivory, insect’s infestation (Tenow 1996), soil
moisture, seedlings constraint (Malanson 1997), forest clearings and natural disturbances (Holtmeier & Broll
2007). Bader et al. (2008) also claim that with more trees recruited at the upper zones further forest
expansion is observed due to positive feedback. Globally, average altitudinal treeline migration range per
decade has been estimated to lie between 6.1 m (Payette & Filion 1985; Parmesan & Yohe 2003) to 12.2 m
(Chen et al. 2011). The speed of treeline movement is also species-specific (Zhang et al. 2009).

Although south-facing slopes have favorable temperatures, in the northern hemisphere, the treelines may
occur at relatively lower altitudes due to moisture deficiency, as demonstrated in many Mediterranean
mountains with dry summers (de Andrés et al. 2015). This is exemplified by the Sudetes in Central Europe,
where moisture deficiency influences the treelines on the southern slopes (Treml & Chuman 2015).
Generally, scholars have established that temperature is the primary control of tree-line position,
maintenance, and development (e.g., Kullman 2007; Barbeito et al. 2012), just as it is the primary factor
controlling the vegetation distribution globally (Tukhanen 1984). This argument is underpinned by
researchers who have found out forests recruitment above the historical limits of tree growth in tandem

with the observed rise in global temperatures (e.g., Gamache & Payette 2005; Truong et al. 2007).

It is generally known that treeline positions decrease typically towards the north but there exist considerable
variations (Odland 2015). Kérner (1998) documented that, the relationship between latitude and treeline
position is not uniform. The positions decline abruptly between temperate and boreal zones but are constant
between ~32°N and 20°S. It suggests that treeline elevations are determined by other parameters not related

to latitude. This is exemplified by the treeline decreasing trend from the Alps to North Scandinavia
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previously approximated to be 75.6 m per latitudinal increase of one degree however with major regional

deviations from this trend (Odland 2010).

Treelines respond to climate warming through boundary expansion towards higher altitudes and more
northerly latitudes as well as improved productivity and increased canopy coverage (Zhang et al. 2009).
According to the study conducted by Harsch et al. (2009) in 166 open treeline areas, 52.4 % depicted upward
shift, 46.4 % showed no changes in treeline positions, and 1.2 % exhibited downward movements. Lloyd &
Fastie (2002) also observed an increase in treeline position from 1900-1950 and a decrease after 1950 in

some of the Alaska Range sites.

Treeline ecotones are habitats to a vast variety of species with population densities higher than the
communities in areas below and above them (Kérner 2003; Greenwood & Jump 2014). It is thus likely that
migration of vegetation zones will finally result in loss of species and lowering of biodiversity richness
through the elimination of specialized species with small niche tolerance and growth by more common
species from lower elevations (Jump et al. 2012). This is due to the trees outcompeting the alpine species
regarding substrate and space (Grabherr et al. 1994). An example of this case is the 10-30 % reduction of
alpine grassland and heath area coverage due to forest increase in the Urals (Hagedorn et al. 2004).
Additionally, treeline shifting will result in a decline in food resources and medicinal plants (Cresswell &
Hellen 2010).

Treeline advance also has positive impacts on the mountain ecosystem. Increased forest area and density
results into increase carbon storage and sequestration (Peng et al. 2009; White et al. 2000). Moreover, it
provides ecosystem services such as slope stabilization and prevention of erosion (Stoffel et al. 2000).
Treeline modification will influence climate, regionally and locally (Holtmeier & Broll 2007).

The upper edge of tree form existence, commonly referred to as treeline, timberline, treeline limit, tree
species line or treeline ecotone as used in different studies are the most visible forest boundaries (Kullman
1998; Kérner & Paulsen 2004; Kullman 2001). In this study, the uppermost limit of tree existence is referred
to as the treeline whereas treeline ecotone is the transition zone from the highest altitude of closed forest to
the lower boundary of the alpine zone. Treeline ecotone dynamics denotes the changes in the treeline
positions and the treeline ecotones canopy cover between historical and contemporary periods. FAO (2000)
defines a forest as land with more than 10% of tree crown cover and an area of more than 0.5 ha with trees
able to attain a minimum height of 5 m. Young natural stands and all plantations set up for forestry purposes,

but less than 10% crown cover or tree height of 5 m are also included under forests (FAO 2000).

10
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Figure 1 below illustrates a treeline ecotone and its concepts.

T Tree limit-, |

4

Treeline >4

Treeline ecotone

Forest
VL line =

d = )

Figure 1: A diagrammatic representation of a treeline and a treeline ecotone (Modified from Cansler et al. 2018)

The rate of tree growth declines close to the treeline. A treeline is not always a clearly defined line, but it is
a zone of reduced tree population or heights amalgamated with shrubs. In principle, the sharper
environmental gradients signify higher sensitivity of species and thus a narrower treeline ecotone and more

does the tree border approaches a line (Kérner 2003).

1.2.  Reasons for treeline ecotone changes

Alpine zones are susceptible to invasion by the trees from the treeline ecotone leading into the colonization
of the alpine species by those from the sub-alpine areas. Knowledge of a multitude of factors affecting
treeline growth and regeneration is paramount to the understanding of the treeline dynamics. Advances and
retreat of trees have been observed in many mountainous areas and thus treeline changes have been regarded
as indicators of global warming (Haeberli et al. 2007; Caccianiga et al. 2008). However, Fallis (2013) asserted
that the relationship between temperature and treeline ecotone shifting is too weak due to the effects of
other factors and thus cannot be used as an indicator of climate change. Treelines sensitivity to climate
warming depends on the regional and local topographical conditions and therefore differs in its intensity,
extent and change process (Holtmeier & Broll 2005).

Topographical characteristics resulting from Digital Elevation Models(DEMs) have been utilized commonly
for mountain vegetation modeling as alternatives for field-derived environmental data (Hoersch et al. 2002)
since they highly correlate with temperature, wind flow, nutrients, disturbances, soil moisture, snow depth-
duration and soil types distribution (Holtmeier & Broll 2009). The terrain factors include but are not limited

to topographic position index (TPI), slope, aspect and terrain curvature.
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1.21.  Topographic Position Index (TPI)

TPI, also known as the topographical roughness compares the altitudinal position of each cell in a DEM to
the average elevation of a defined local neighborhood (Mokatram et al. 2015), and thus it is a relative
position. The index is crucial in the identification of landscape boundaries and patterns that may correlate
with soil traits, dominant geomorphic processes, rock type and vegetation (Cooley 2016). The TPI values
close to zero represent areas of constant slope, high positive values represent ridges and peaks while negative
values signify canyon bottoms and valleys. Lower topographical positions are more suitable for woodland
than the higher topographical position. At lower slope positions are more substantial water amounts and
accumulation of organic matter (Clark et al. 1999). Furthermore, firewood extraction, livestock grazing and
other anthropogenic activities tend to be more on the lower positions of the slopes, especially those with

the steepness of less than 7% (Martorell & Peters 2005).

1.2.2. Eastness and Northness

In the northern hemisphere, the south-facing slope receives more solar radiation than the north-facing slope
(Holland & Steyn 1975). South and west facing slopes are drier compared to the north and east-facing slopes
respectively (Mowbray & Oosting 1968). Hence, tree species occur higher in East-facing slope than in the
West-facing slopes due to higher maximum temperatures and lower minimum temperatures on the East-
facing slopes resulting from clear mornings followed commonly by cloudy afternoons (Smith 1977).

Permafrost presence limit treeline movement in the north-facing slopes (Danby & Hik 2007).

Aspect is a directional vector, but in ecology, it is transformed into Eastness and Northness. Large aspect
values can be quite close to small values and hence necessary to be changed into a linear data. Eastness
affects wind intensity, morning and afternoon solar radiation and moisture while Northness influences solar

radiation in summer and winter (Bader & Ruijten 2008).

1.2.3.  Slope angle

A steep slope has a high vulnerability to soil erosion due to a rapid surface run-off leading to soil degradation
(Bareja 2011). Slope angle effects can be active on plant diversity, dispersal, growth and richness mainly
because of its impacts on soil drainage and depth (Boll et al. 2005). Steep slopes are less stable thus inhibiting
soil formation. Flat areas or gentle slopes amasses weathered material which when mixed with water and

mineral nutrients, such areas became amenable for animals, plants and microbe colonization (Nagy &

Grabherr 2009).

1.2.4. Plan and profile curvature

Curvature shows the shape of the slope. It is the quantification of slope curvedness. It is subdivided into
plan and profile curvature. The straight line has a value of 0. A negative value shows concave shape, and
positive values represent the convex shape. However, in other publications, the interpretation of curvatures

is reversed; that is, the positive values represent concave surfaces while the negative values represent convex

12
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surfaces (Blaga 2012). Plan curvature is the curvedness perpendicular to maximum slope direction. It
influences wind, erosion, deposition, moisture, and solar radiation (Bader & Ruijten 2008). On the other
hand, profile curvature is the cutrve in the vertical plane parallel to the maximum slope direction (Abuckley
2010). It regulates water drainage, surface flow rate, deposition and erosion (Tchoukanski n.d.). Concave

shape encourages deposition of soils while convex surfaces promote soil erosion (Amatulli et al. 2017).

1.2.5.  Altitude

Precipitation increases with elevation, and the rate of evapotranspiration decreases with height (Goulden et
al. 2012). Soil depth also decreases with altitudes. With increasing altitude, there is a decline in temperature,
which leads to the disparity in the length of growing seasons in different mountain elevations. The moist air
cools and its moisture holding potential reduces as the warm moist air ascends the windward side of the
massif. The rising air becomes cold and too dry beyond certain elevations thus depressing tree growth (Nagy
& Grabherr 2009). Growth rates may dwindle with an increase in altitude because of the adiabatic effect
(reduced soil and air temperatures), increase exposure to wind, shorter growing seasons and reduced nutrient
supply (Coomes & Allen 2007). Altitudinal variations lead to different vegetation types and forms (Heydari
& Mahdavi 2009).

1.2.6. Tree canopy cover

Trees alter their surroundings and create more favorable environmental settings able to shelter seedlings
and saplings from extreme temperature fluctuations and strong winds (Presas et al. 2009), particularly near
the upper tree border where abiotic disturbances are strong (Callaway 1998). Small-scale feedbacks can
generate stable conditions for vegetation thriving. The abundance of trees favors seed dispersal leading to
more tree establishment. Proximity to trees promotes positive feedback leading to outward expansion of
trees. Trees are also crucial in landslide and avalanche prevention as well as slope stabilization (Bebi et al.

2001)
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1.3. Problem statement

According to Stocker et al. (2013), each of the previous three decades has been consecutively warmer than
the other decades from 1850. Climate change scenarios expect a mean global temperature rise ranging from
0.3 to 4.8 °C by 2100 as compared to 1985-2005 average (Ciais et al. 2013). Consequently, mountains,
especially at higher elevations have experienced more rapid temperature increase as compared to other land

areas (Diaz et al. 2003).

Treeline migration is a gradual process and may occur in the order of meters per decade. Methods such as
geo-statistics, field observations, dendroecology, and remote sensing have been applied for treeline studies.
Nonetheless, remote sensing is the current widely recognized method for biophysical features assessment
for historical and contemporary eras (Weiss & Walsh 2009). It is acknowledged as a vital tool for viewing,
characterizing, and making decisions related to oceans, land, atmospheric components as well as alpine
treelines (Danby 2011). Aerial photos are the most relevant treeline information remote sensing sources due
to their ability to detect the characteristics of the inaccessible areas, higher resolution and long history which

is suitable for improved change detection (Okeke & Karnieli 2000).

Many treeline studies have focused on the factors predicting treeline ecotone dynamics on individual
mountains. A recent study compared treelines along a latitudinal gradient (Cudlin et al. 2017). Moreover;
there are a few published studies on treelines which used high-resolution Corona imagery, for instance,
Groen et al. (2012) used the recently declassified corona imagery in synergy with the freely available modern
Google Earth images in Osogovo Mountain (Bulgaria) and concluded that these products are suitable for
treeline mapping. This research, thus, advances these studies by adopting these products and using them to
find out the factors affecting treeline ecotone formations and changes along a part European latitudinal
gradient. The study was conducted in four GLORIA sites namely Lefka Ori, Olympus, Rodnei and Tatra

Mountain.

This study will boost the understanding of the future vegetation patterns through evaluation of the species-

habitat interactions enhanced by the GLORIA monitoring initiative and findings.

14
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1.4.

Objectives

The primary objective of this study is to map treeline ecotones and find out the best explanatory factors

explaining their establishment and variations along the European sub-continental gradient. This objective

was divided into three specific aims namely:

1.5.

To detect the current treeline positions and their vertical shifts.
To map and quantify canopy cover changes.

To explain the treeline ecotones and their changes.

Research Questions

From the objectives, several research questions were developed as presented below.

1.

A T A o R

1.6.

What are the current treeline positions in all the study sites?

Are there shifts in treeline positions?

What are the decennial magnitudes of the possible treeline movements?

Are there changes in canopy cover in the treeline ecotones?

What are the decennial canopy cover change rates?

Which putative predictors best explain the treeline ecotones and their changes?

Are the treelines and treeline movements negatively or positively correlated with the independent
variables?

Are the correlations between the canopy cover and their changes with the explanatory variables

positive or negative?

Research Hypotheses

Several hypotheses were constructed in order to answer the research questions and meet the objectives of

the study as shown below.

1.

Treelines have shifted upwards across all the study sites.
Treeline ecotones canopy cover have increased in all the study sites.

Northness, slope altitude, profile curvature, plan curvature, and TPI values correlate negatively and

linearly with treeline ecotones and their changes.

Hastness and historical canopy cover relate positively and lineatly with treeline ecotones and their

changes.
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2. STUDY AREA, MATERIALS AND METHODS

21.  Description of methods

A number of analyses were conducted to meet the research objectives. The first step involved the
orthorectification of the corona images in correcting for geometric distortions. Historical and contemporary
treeline positions were detected and spatiotemporal changes in their positions were quantified. Historical
and recent images were then classified, and decadal canopy cover change per plot detection performed. The
final stage involved the statistical evaluation of the presumed factors structuring treeline ecotones and their

changes. The steps followed are illustrated in Figure 2 below.

- / i Contemporary |
J.-’r Historical Photos |/ [ASTER DEM/ / imagpes ry#

¥

» Orthorectification

F 3

. N - ! Y Ilr i

[Classified historical / / Orthorectified / | Bing map data ;’f

maps / images /
Y h A

Land cover classification | _/Classified contemporary |

& accuracy assessment 47 maps /
=|Change detectionl-.

# A J /Stastical evaluation |

| Normality test / / pararﬂeters

‘Linear mixed eﬁects|

Figure 2: The research workflow
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2.2.  Study Areas

The study sites span across four mountains along the latitudinal gradient, between 35.28 N and 49.62 N,
namely, Letka Ori (The White Mountains) and Olympus in Greece, Rodnei in Romania and Tatra in Slovakia

as shown in Figure 3 below.
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Figure 3: Spatial distribution of study sites as indicated by the red squares.

Lefka Ori (The White Mountains) occupies West of the Crete Island in the Mediterranean climatic zone and
has an orthographic area cover of 42 km? above 2000 m above sea level (asl) (Nyktas 2012). It is composed
of over 15 summits with elevations of over 2200 m, the highest being Pachness rising to 2453 m (Vogiatzakis
et al. 2003). The most upper limit of forest growth on the northern side is 1700 m and 1600 -1650 m on the
southern side with aridity increasing from north to south and from west to east (Pungetti et al. 2008). The
treelines ecotone is dominated by Cupressus sempervirens, Quercus coccifera and Pinus brutia. The White
Mountains is a dolomite massif and rugged marble-rich in karstic structures and rock debris (Pungetti et al.
2008). Grazing is by far the main human impact in the White Mountains and has been intensified due to the
changes in the land use in the lower zones and also the European Union subsidies provided to ameliorate

the rangeland infrastructure such as cisterns and road network (Kazakis et al. 2007).

Olympus Mountain, the highest mountain in Greece, is in the form of a massive limestone covering
approximately 500 km * and has 52 peaks with altitudes ranging from 760 m to 2918 m asl(Geoffrey et al.

1997). The climate in the mountain is influenced by its volume, geographical position, display of slope and
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rocks (Filippidis & Mitsopoulos 2004). The average winter temperature ranges from -20° C to 10° C while
the summer temperatures are 0° C to 20° C, but thete exist exceptions outside these ranges (Filippidis &
Mitsopoulos 2004). The mean annual precipitation is approximately 2000 mm (Styllas 2017). The tree limit
is found at 2500 m and dominated by the Pinus heldreichii appearing in a crawling form (Organization of the

National Forest Management of Olympus 2018).

Rodna (Rodnei) Mountain is in the Northern part of Romania and is amongst the most extended continuous
ridges in the country. The highest summits are Ineu and Pietrosul Rodnei measuring 2279 m and 2303 m
respectively. The substrate in the area is made of the shallow, organic crystalline shale. It experiences mean
annual precipitation of 1200-1400 mm at high altitudes and a temperature range between 0-2 ° C (Kucsicsa
2015). Traditional activities like forest work, grazing and mining are practiced in the region. The transition
area between the forest and the sub-alpine belt is often lowered by human pressure (Kucsicsa 2011) and
thus the treeline is not at its natural limit. The mountain is dominated by Pinus mugo on the treeline ecotone

with an upper edge at 1600 m asl (Kucsicsa 2011).

Tatra mountain is a mountain range forming a border between Poland and Slovakia. It is the tallest range
and one of the most protected regions of the Carpathians mountain (Grodzki et al. 2003) rising to 2655 m
asl. Human activities in Tatra are much restricted.70 % of the area is forested while 30 % comprises of
meadows, alpine zones and rocks (Svajda et al. 2011). The mean annual temperature increase between 1950
to 2016 in Tatra was 1.30 ® C (Czortek 2018). The mountain experiences yearly average precipitation of 1200
mm and a mean annual temperature of 4° C. The continuous interactions between human impacts and
natural forces have greatly impacted on the Tatra mountain treeline ecotone. As a general rule, the Slovakian
Mountains treelines are not located at their natural limits (Dinca et al. 2017). Pinus mugo covers the treeline

ecotone from 1550 to 1800 m asl (Wiersum 1995).
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2.3.  Data requirements

The study leveraged the Corona satellite imagery and aerial images to retrieve the past treeline positions and
tree canopy cover. Google Earth (GE) images were used to extract the current treeline positions and canopy
cover of the treeline ecotones. Besides, GE images were used in orthorectification of the corona images
with the help of ASTER DEM. Additionally, the DEM was deployed in the generation of the topo-climatic
factors likely to influence the establishment and the spatiotemporal vatiation in treeline ecotones. Image
classification quality was assessed using Bing maps data. Table 7 shows a summary of the data used to meet
the research objectives.

Table 1: Sources and specifications of the data used in the study.

Data Source Spatial Resolution
Corona images USGS 2mand 3.2 m
Contemporary images Google Earth Pro/Bing Maps 32m

ASTER DEM Alaska Satellite Facility 12.5m

Aerial Photos Scanned Photos 1m

24.  Preprocessing

Corona images were orthorectified using ASTER DEM and high spatial resolution google earth images by
applying the third rational polynomial model to remove image distortions and thus enhance direct and
accurate measurements of positions, distances, and areas. The procedure involved the identification of more
than fifty evenly distributed tie points between Google Earth and Corona imagery. Unprocessed Corona
satellite images contain extreme spatial distortions resulting from the absence of camera information,
satellite orientation and position, making their correction extremely challenging (Casana & Jackson Cothren
2013). Sohn et al. (2004) and Schenk et al. (2003) developed two rigorous methods for Corona images
correction and related them with polynomial models of the higher order. Both research teams concluded
that with many control points, the accuracies for the 204 or 3t order polynomial models are comparable to

those of rigorous models.

The images were then draped over the ASTER DEM. Although STRM DEM is a widely used elevation
model, ASTER DEM was preferred for this study since it proves to be a potential tool for mapping
mountainous areas while STRM is more suitable for relatively flat areas as per the comparison
carried out by Isioye & Yang (2013). All the images were then brought to a similar spatial resolution of
3.2 m and the study extents of 4 km long. Images covering the same study site were projected into the same
reference system. The historical imageries were auto-synced to the modern imagery using Automatic Point
Measurement (APM) generator in Erdas Imagine to correct for minor misalignments. RMSE values were

used to evaluate the quality of orthorectification and co-registration.
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The images were successfully orthorectified and their RMSE were 0.03m, 0.01m, 0.02 m and 0.05 m for
Lefka Ori, Tatra, Rodnei and Olympus respectively. These values show that the data were fit for analysis.

Specifications of the images used are shown in Table 2.

Table 2: Details of the imagery nsed.

Study site  Projection Historical image Contemporary image
Acquisition Source Acquisition Source
date date
Lefka Ori WGS_1984_UTM_Zone_34N 1945 Aerial photo 2007 Aerial photo
Olympus ~ WGS_1984_UTM_Zone_34N 1968 Corona 2012 Google FEarth
Rodnei WGS_1984_UTM_Zone_34N 1962 Corona 2011 Google Earth
Tatra WGS_1984_UTM_Zone_33N 1968 Corona 2006 Google Earth

2.5. Treeline movement

Treelines were identified and digitized along the uppermost limit of their existence in both the historical and
the current imagery using the tonal and textural characteristics. Twenty random points were generated along

the historical treelines at a minimum interval of 200 m between two subsequent points.

Using the ASTER DEM, the elevation values of the random points were extracted. To get the treeline
migration direction and distance, aspect map was created from the DEM and their values extracted to the
points to find the current, corresponding aspect value at each of the 20 random points. Lines were then
drawn perpendiculatly to the slope, opposite of the slope aspect at every random point to where it intersects
the current treeline. To do this, 180° was added to the aspect-value at that specific random point. For
example, to draw a line in an exactly opposite direction of a position at an aspect of 230 °, we add 180 °
which is equal to 410° (equivalent to 50 °). With the direction digitization toolbar in ArcMap, lines were

created with a set direction attached to it as illustrated by Figure 4 below.

Snap To Feature »

Direction... Cul-A |

Create a point or vertex at a
4 precise angle or direction.

Length...

Absolute X, V27 B
Delta X, Y... Ctrl+D
Direction/Length... Ctrl+G
Parallel Ctrl+P
Perpendicular Ctrl+E
Segment Deflection... F7
Replace Sketch

Figure 4: Quantification of treeline migration. (a) The icon for determining the direction of shift (b) Setting the direction of

movement
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The elevation value at the point where the shift lines (lines perpendicular to the slope) intersect the current
treeline denotes the contemporary treeline position. The difference between the elevational value at the
points where the shift line intersect the historical and the current treeline indicates the quantity of vertical
change between the two study periods. An example of the resultant treeline shifting map is presented in

Figure 5 below:

Figure 5: A delineated treeline (a) bistorical period (b) contemporary period (c) random points (green) and the shift lines
(yellow)

The mean shift of the random points was derived. They were then converted to a decadal scale by using
the formula below.

Rate of shift (m/decade) = Mean shift ¥ 10

Contemporary date —Historical date
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2.6. Object-based image analysis (OBIA)

Two methods available for extraction of information from the remote sensing data are the object and pixel-
based classification. Although pixel-based classification is a commonly utilized approach for land
classification, it often produces poor classification with high spatial resolution images (Lu et al. 2010). On
the other hand, OBIA has been proven to generate better classification results than the per-pixel
classification with high spatial resolution images (Blaschke, 2010; Lu et al, 2010). Multiresolution
segmentation technique was used to slice historical and contemporary imagery into image objects using the
eCognition Developer software. This method was preferred due to its powerful performance in comparison
with other image segmentation processes (Belgiu & Drdgut 2014). Support Vector Machines (SVM)
classifier within eCognition Developer was implemented to group the image objects into a binary map
containing the treed and non-treed land cover types using brightness value and texture. The SVM was
chosen due to its superiority to the commonly used maximum likelihood approach according to Mondal et

al. (2012). However, other classifiers were not tested to see how they compare with the SVM.

2.7.  Accuracy assessment

Random points were created on the Bing images and classes assigned to them based on visual interpretation.
The images were used to provide an alternative to fieldwork data, which is enormously challenging to collect
owing to the limited accessibility of alpine areas (Motley et al. 2018). A total of 90 randomly generated points
were used to assess the accuracy of each classified modern image. For the historical images, a land cover
class was assigned to the randomly generated points by checking their radii of 10m; if it is relatively dark,
then it is tree canopy cover, else non-treed (Platt & Schoennagel 2009). Ninety points were also used for
accuracy evaluation of the historical images. Kappa statistics and overall accuracy within the confusion

matrix were the two parameters used to evaluate the quality of the image classification.

2.8.  Treeline ecotone canopy cover change

Twenty sample plots of 100 m by 100 m surrounding the random points were created along the treelines.
The evaluation of canopy cover change per plot was executed by calculating the area covered by tree canopy
in each sample plot. To do this, image segments generated from eCognition Developer were exported to
the ArcMap. Areas with tree canopy cover were selected from the attribute table and exported to create a
new layer. The layer was then clipped to extract areas covered by tree canopy only within the plots. They
were intersected with the plots to get the area of forest within each plot. This was done for both the historical
and recent images and was assigned a common field. The differences in tree canopy cover within the plots
were obtained. The changes per plot were converted to a decennial scale since the images were acquired at

different dates.
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29.  Statistical analyses

29.1. Generation of factors affecting treeline ecotone dynamics

The relationships between the treeline ecotone and their changes with the terrain factors were analyzed to
evaluate the possible drivers of treeline variations over time in the study areas. The putative predictors were
adopted based on their presumed importance at high altitudes. Explanatory indices used included Eastness,

Northness, slope angle, plan curvature, profile curvature, TPI and the historical canopy cover.

TPI values were derived from creating minimum elevation, maximum elevation and a smoothed DEM raster
using the focal statistics under the Spatial analyst tool in ArcMap. After that, the Raster calculator was used

to retrieve the TPI by following the method used by Ebert (2015) as shown below:
(Smoothed DEM —Minimum DEM)/ (Maximum DEM —Minimum DEM).

The higher the TPI value, the higher the disparity between the cell elevation and the mean elevation giving

the mensuration of the terrain ruggedness.
Eastness and Northness were derived by converting the aspect degrees into radians.
(rad=pi*degrees)/180
pi=3.143

Using the trigonometric functions in ArcMap, the cosine of the aspects in radians were computed to
generate the Northness while Eastness was calculated by finding the sine of aspect values in radians (Roberts
19806). Northness values range between 1(due North) and -1(due South). Similarly, Eastness ranges from
1(directly East) to -1(due West).

The plan and profile curvature raster data were created from the curvature tool in ArcMap, 3D Analyst

toolbox. Two different rasters were produced, that is, plan curvature, profile curvature.

29.2. Normality test

Shapiro-Wilkinson (SW) analysis was used to examine the normality of all the variables using the R program
developed by the R Core Team (2018). The alpha level for this study was 0.05. A paired t-test was used to
check the significant differences in normally distributed data while the Wilcoxon signed rank test was applied

for the hypothesis testing when data were not normally distributed.
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2.9.3. Linear mixed models

Linear mixed models (LMMs) were constructed using the /zer function of the /me4 package in R to identify
the significant predictors of the treelines, canopy cover and their changes. The linear mixed effects were
utilized because they extend the functionality of the simple linear regression by modeling a mixture of fixed
and random effects, particularly when the data is non-independent, low-sample sized and there are many
covariates to be fitted.

Four LMMs were built to identify the critical factors for treeline positions, canopy cover distribution and
the treeline ecotone changes. In the models, slope, TPI, plan curvature, profile curvature, historical tree
canopy cover, Eastness and Northness were used as fixed components while the study sites were considered
as the random effects of the models. Fixed effects are factors expected to have an impact on the response
variable (Hajduk 2017). On the other hand, random effects are commonly grouping factors whose influence
on the dependent variable are frequently not of interest and refer to a diverse hierarchical level of the data.
Historical treeline position, historical canopy cover and the decadal treeline ecotone changes were used as
the response variables. The models were fitted with the use of restricted maximum likelihood (REML)
because their estimates of variance are less biased as compared to the maximum likelihood (Hajduk 2017).
Colinearity was also checked before the interpretation of LMMs results and one of the correlated variables
with a correlation index bigger than 0.5 or smaller than 0.5 was eliminated from the model. The significance
of the independent variables was evaluated by a Wald test using the 4nova function of the car package in R
at 95% confidence level.

The assumptions of the LMMs were also diagnosed before interpreting the results. These included linearity

of variables, the normality of residuals and the homogeneity of variance.
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3.

3.1.

RESULTS

Exploratory data analysis

The initial investigation performed on the data to reveal the characteristics of different aspects inherent in

the study areas revealed variations along the latitudinal gradient. The results are as presented in Figure 6

below.
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Figure 6: Distribution and nature of variables across the study sites: (A) Lefka Ori, (B) Olympus, (C) Rodnei (D) Tatra

The boxplot graphing tools above depicts the centers and spread of variables within and among sites in the

study areas used in statistical analysis. Some of the variables had outliers denoting the existence of extreme

characteristics inherent in the study sites. However, the outliers were not eliminated during the analysis albeit

significantly influencing the outcome of the analyses. The reason for including them is because they possibly

emanated from the variability of distribution rather than systematic or random errors.
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Normality tests conducted for the tree line positions are presented in Table 3 below.

Table 3: Shapiro-Wilk tests values for treeline positions.

Site Altitude (Historical) Altitude Current

W statistic P value W statistic p-value
Lefka Ori 0.96 0.49 0.96 0.48
Olympus 0.96 0.64 0.96 0.52
Rodnei 0.96 0.55 0.97 0.81
Tatra 0.95 0.42 0.96 0.47

Altitudinal positions for the two study periods were normally distributed (T@ble 3) based on the Shapiro-
Wilk test p-values. Further, the normality test outcomes of the tree canopy cover in the plots are shown in
Table 4 below.

Table 4: Shapiro-Wilk tests values for canopy cover

Canopy cover (historical) Canopy cover (modern)

W statistic P-Value W-Statistic P-Value
Letka Ori 0.79 0.0005 0.71 <0.0001
Olympus 0.63 <0.0001 0.78 0.0004
Rodnei 0.98 0.92 0.05 0.05
Tatra 0.63 <0.0001 0.67 <0.0001

Unlike the tree line positions, canopy cover was not normally distributed except in Rodnei mountain.

3.2.  Treeline positions and shifts

3.2.1. Treeline positions

The treeline positions varied from one geographical location to the other. The current mean elevations of

the treelines along a latitudinal gradient were shown using a graph below (Figure 7).
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Figure 7: Variation of the treeline positions along a latitudinal gradient
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Treeline positions are not decreasing with the increase in latitudinal locations but haphazardly distributed
with Tatra Mountain, being further north reaching the highest mean elevation. Rodnei registered the lowest
treeline position despite being close to Tatra Mountain. Olympus Mountain treeline is located at a higher

elevation than Lefka Ori despite being at a higher latitudinal position.

3.2.2. Treeline movement

Analysis of treeline movement revealed negligible shifts between the historical and the contemporary
periods (Table 5).

Table 5: Mean treeline elevation, shift and latitudinal location of each study site

Site Name Mean decadal shift (m) Latitude Mean treeline position (m)
Historical Current
Lefka Ori -0.81 3529 N 1554 1549
Olympus -0.45 40.09 N 1610 1608
Rodnei 0.61 47.54 N 1396 1399
Tatra -1.84 4917 N 1781 1774

Moreover, the vatiation in treeline positions was visualized using box and whisker plots. Despite the mean
shifts being insignificant, there was a high disparity in the treeline changes within the study sites. The
disparities in the shifts also differed from one mountain to the other with Tatra being the most variable and

Lefka Ori having the least variation (Figure 8).
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Figure 8: Quantities and variations of treeline movements within and across the study sites

Treeline position receded by 0.81 m/decade in Lefka Ori. The highest tree limit in 1945 was at 1744 m and
1736 m in 2007. The maximum decadal upslope shift was 5.97 m although the treeline had a highest
downward migration of -9.52 m. The lowest treeline position was at 1365 m in 1945 but changed to 1387

m in 2007.
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In Olympus, the highest limit of tree growth was at 1857 m as compared to the current position at an
elevation of 1862 m. While the overall migration was a downward movement of 0.45 m decadally, there was
recorded a maximum upward shift of 18.64 m and a downward shift of 14.32 m. The lowest point of the
treeline was at 1425 m in 1968 but dropped to 1416 m in 2012.

Rodna experienced an average shift of 0.61 m/decade. The highest point of tree existence was at 1625 m in
1962 but descended to 1615 m in 2011. The maximum changes in treeline positions were 26 m and 15 m
per decade for upward and downward shifts respectively. The lowest tree limit was at 1171 m in 1962 while
at 1232 m in 2011.

In Tatra Mountain, the overall decadal variation was 0.84 m ascent. The maximum upward migration was a
shift of 17.63 m, and the maximum descent was 20 m per decade. The maximum treeline position did not
change in Tatra between 1968 and 2006. The lowest treeline position was at 1581 m as compared to 1582
m in 2006.

The paired t-test conducted showed a p-value of 0.66, 0.79, 0.76 and 0.45 for Lefka Ori, Olympus, Rodna

and the Tatra Mountains respectively. The values signify insignificant treeline movements.

3.3. Segmentation, classification and accuracy assessment

The image objects resulting from the multiresolution segmentation of the images were generated as shown

in Figure 9 below
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Figure 9: Segmented image samples (a) bistorical (b) current
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The object-based classification of the eight images yielded two classes, that is, tree and non-treed area

(Figure 10) with accuracies =280% in all the study areas as shown in Table 6.

Modern map

Sample point

Historical treeline Classes
Current treeline - Treed
I:l Sample plot Non-treed

Figure 10: Sample classification maps of historical and contemporary images.

The Kappa Index of Agreement (KIA) and overall accuracy derived from each classified map is provided
in Table 6 below:
Table 6: Overall accuracies and Kappa coefficients from the classified images

Site Historical image Contemporary image
Overall accuracy  KIA Overall accuracy KIA
Lefka Ori 88% 77% 92% 84%
Olympus 80% 60% 95% 91%
Rodnei 88% 76% 86% 1%
Tatra 82% 64% 80% 60%

Using the overall accuracy and the Kappa coefficient scheme according to Landis & Koch (1977), the

classification accuracies obtained were satisfactory.

3.4.  Temporal changes in canopy cover

The ecotonal canopy cover analysis reveals an increase in all the study sites. The canopy cover per plot
changes trends are, however, intricate since some areas portray canopy cover decrease, others increase, and
others remained constant. The canopy cover distributions across the study areas were not normally
distributed, except for the Rodnei Mountain. Even after subjecting to different types of data transformation,
they could still not assume a normal distribution. Wilcoxon test was used to evaluate the significance of

changes between the two analyzed periods in all the study areas.
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In Lefka Ori, five plots increased in canopy cover; ten plots did not change while five plots experienced
canopy cover decrease. The overall mean decadal canopy cover increase is 20.81 m?. In Olympus, there was
no change in five plots. These plots had negligible canopy cover in 1968 as well as in 2012. Five plots
reduced in tree canopy cover and ten plots indicated an increase in canopy cover. The overall change
experienced was 51.64 m? per decade. In Rodnei Mountain, there was a decrease in 10 plots and a rise in 10
plots. The total difference was 33.30 m? per decade. Tatra mountain had a decadal tree canopy cover increase
of 241.41 m? per plot. Four plots maintained their tree canopy cover, nine reduced and seven increased.
The Wilcoxon p-values were 0.96,0.18, 0.21 and 0.94 for Lefka Ori, Olympus Rodnei and Tatra respectively.
These values denote insignificant canopy cover changes.

The graph below (Figure 17) summarizes the decadal increase in canopy cover in all the study sites.
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Figure 11: Average decadal canopy cover changes per plot within each site.

It can be noted from the graph that the highest canopy cover increase occurred in the Olympus mountain
and the smallest being at the Lefka Ori. The changes are thus randomly distributed regarding the latitudinal
positions. Besides, the analysis at the local scales showed variation in tree canopy cover change at every

study site as illustrated by Figure 12 below.
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Figure 12: 1 ariation in canopy cover changes within each site
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The Rodnei mountain changes displayed more variation than all the other sites and had no outliers like other

sites.

3.5. Linear mixed effects

The predictors of treeline ecotone variation showed concern of collinearity between altitude and historical
canopy cover with a collinearity index of -0.5 as well as between plan curvature and the profile curvature
with a value of 0.6. Thus, the plan curvature and the historical canopy cover were not used as independent
variables in the models.

The analysis of predictors of historical treeline position revealed a significant positive relationship with the
TPI with a p-value of 0.0002 and an R? of 5% while the elevation was the significant variable negatively
correlated with historical canopy cover (p= 0.001, R?=17.3 %).

The model revealed a significant influence of altitude as the primary variable governing treeline movement
(p= 0.003, R*=11 %). Trees at higher elevations experienced less shifting as compared to those at a lower
altitudinal position.

Table 7 below summarizes the results of the LMM of treeline movement and the predicting variables.

Table 7: Results of the correlation between the treeline migration and the topographical variables

Fixed effect Estimate Standard error Pr(>|t])
Altitude -0.02 0.005 0.004
Northness -19.0 10.5 0.8
Eastness -1.2 2.1 0.6

Slope 0.1 0.1 0.3

TPI 17.8 13.5 0.2

Profile curvature 0.4 0.8 0.6

The results of the model showing the variation of tree canopy cover as a function of the terrain variables
are also summarized in Table 8 below:

Table 8: Results of the correlation between the tree canopy cover changes and the topographical variables

Fixed effect Estimate Standard error Pr(>|t])
Altitude -0.6 0.3 0. 04
Northness 106.6 552.8 0.9
Eastness -173.8 112.6 0.1

Slope 3.1 4.4 0.5

TPI 913.9 723.3 0.2
Profile curvature -91.7 40.6 0.02

The assessment of canopy covers temporal variation depicted altitude (p=0.05, R*=10 %) and the profile
curvature (p= 0.02, R*=5 %) as the significant predictors of canopy cover changes. When plan curvature
and altitude were used together as independent variables in a model, their synergetic effect showed a

contribution rate of 40 %.
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Model diagnostic results are as presented in Figure 13 below:
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Figure 13: LMMs diagnostics.
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Plots @, b and ¢ show that the residual variance does not seem to be a function of the explanatory variable.
Secondly, plots dand ¢ do not show any visible trend. The correlation test between the residuals versus fitted
values shows a p-value of 1 for both changes. This shows that the variance is homogenous. The normal Q-
Q plots fand g show that the residuals are normally distributed as indicated by the negligible deviations of
residual points from linearity. These diagnostics showcase that the models fulfilled the necessary

assumptions of the linear mixed models.
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4. DISCUSSION

41. Image classification and accuracy assessment

In this study, the overall accuracies for all the classified images obtained from the OBIA method in this
study are higher than 80 %. According to the accuracy values grouping developed by Congalton & Green
(1999), these findings indicate a strong link between reference data and image classifications. These
accuracies are in line with those obtained by previous researchers on OBIA such as Blaschke (2010 ), Maggi
et al. (2007), Hsieh et al. (2017) and Yu et al. (2000). Secondly, the differences in the accuracies of the
panchromatic and Google Earth images are roughly the same. Such high accuracies show that OBIA can be

used to overshadow the shortcomings of pixel-based classification on low spectral resolution images.

The accuracies obtained validates the use of high-resolution imagery for accuracy assessment of
classification images as suggested and used previously by other treeline researchers (Tilahun 2015). The high
accuracies might have also resulted from the consolidation of different land cover types into only two

classes.

4.2.  Treeline positions

The establishment of tree limits in this study is not occurring in a monotonic pattern along a latitudinal
gradient. Temperature decreases gradually with increasing latitude and altitude. As a general rule, a latitudinal
increase of one degree is equivalent to approximately 122 m of altitudinal decrease and 0.55° ¢ of

temperature fall (Lee 1969; Montgomery 2006).

Treelines are expected to decrease with a latitudinal increase; however, on a global scale, there is no strict
correlation between latitude and the treeline distribution (Kérner 1998). Anatolian Valley and Tibetan
Plateau in Fastern Asia are at the same latitude but have treeline positional differences of more than 2000
m (Schickhoff 2005). This observation suggests that the treeline positions are regulated by other climatic
factors unrelated to latitude (Berdanier 2010). Zhao et al. (2014) put forward that mass elevation effect
(MEE) is a primary determinant of treeline positions without which trees could only develop to an elevation
of about 3500 m and the global ecological pattern would be less complex. MEE is defined as the heating
effect of a large mass of a plateau (Shi & Wu 2013). The moving air masses towards a raised terrain cool
forming clouds at the mountain periphery, but the interior parts of the mountain become drier. Isotherms
in the interior of the mountains thus shift to higher elevations (Kérner 2012) creating a more conducive
environment for tree growth and development. Some of the factors responsible for MEE include mountain
area and mountain height. Furthermore, Zhao et al. (2014) also stated that continentality plays a vital role in
the global and hemispherical altitudinal distribution of treelines. Generally, treeline positions have been
found to descend from the continental inland to the island, central parts of huge mountains to the periphery

and from tropical areas to polar regions (Fallis 2013).
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Rodna mountain shows the lowest treeline position and is the lowest of all the study sites although it is at a
lower latitudinal position than the Tatra mountain. Thus, the MEE likely explains the disparity. It is also
possible that latitudinal positions explain the difference. Olympus mountain is taller than the Lefka Ori and
has treelines at higher elevations. Thus, MEE is also the possible decisive factor of the difference in treeline
elevations in these study sites. Tatra mountain is at a higher latitudinal position and shorter compared to
Olympus mountain. Treeline in Tatra is found at a higher altitude. This is due to Olympus being near the
Aegean Sea. This indicates that the continentality could be the main factor distinguishing the treeline heights
in the Tatra and Olympus mountains. Thus, it is likely that treeline positions are explained by the MEE,

latitudes and continentality in these study sites.

4.3. Treeline ecotones and their changes

In this study, treeline ecotones displayed insignificant canopy cover changes as well as upslope expansions.
This is contrary to the observation by other researches that, treeline ecotone infilling and treeline movement
are two common patterns for the mountains in the Northern Hemisphere (Harsch et al. 2009; Bolli et al.
2007). Altitude negatively correlates with historical canopy cover with an index of 0.5 denoting a gradual

transition of canopy cover from a dense to a sparse cover towards the upper edges of the treeline ecotones.

Besides, treeline ecotones distribution and changes do not occur randomly but in a manner that can be
predicted by the topographical variables. Based on the statistical analysis, altitude plays a significant role in
the canopy cover in the treeline ecotones while TPI significantly and positively correlates with treeline
positions. The correlation of TPI with treeline positions points to the restraint of treelines by frost and
waterlogging in depressions and valleys (Dobrowski 2011; Fletcher et al. 2014; Bader & Ruijten 2008) in
contrast with the mid-lower slope positions having higher levels of soil surface wetness than the uplands

(Lookingbill & Urban 2004).

Terrain factors also explain the treeline ecotone changes in the study sites. Altitude was the only significant
factor in the treeline migration predicting 11% of the shifts. The correlation between the upslope movement
and elevation is negative as hypothesized. On the other hand, altitude and profile curvature are the
significant putative predictors of canopy cover changes. They both correlate negatively with the changes.
Concave terrains have a higher tree canopy cover increase than the convex terrains. Individually, altitude
and profile curvature predict 5 % and 10 % respectively. The interactive power of both variables produces
a predictive potential of 40% of the canopy cover variation. The significance of profile curvature and altitude
denotes that there is possibly higher suitability of concave areas at the lower parts of the treeline ecotone

than the ones at the upper edges.

The importance of concave curvature shows that concave-shaped surfaces are more conducive for canopy
cover increase than the convex terrains. The significance of concavity at high elevations on hill slopes
mirrors terrain shape providing sufficient soil moisture but allowing for drainage, thus inhibiting the negative

impacts of frost or waterlogging on tree growth (Das et al. 2015). Concave areas also shelter trees from
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higher air temperature and windy conditions during the growing season (Hiemstra et al.; Kjallgren &
Kullman 1998), which consequently result in dense canopy growth (Hammer & Walsh 2008). Concave
surfaces also have longer snow cover duration than convex sites (Broll & Keplin 2005) which will be the
source of water during spring (Cermak et al. 2005). Snow cover duration determines the length of the

growing season and the release of nutrients and water which are vital for plant growth (Inouye 2000).

Altitude has an ecological meaning on the temperature and moisture while profile curvature is a significant
determinant of water and erosion or deposition. TPI influences cold-air ponding, water logging and
moisture. In general, it is likely that temperature positively controls tree establishment and changes while
the precipitation is negatively correlated with treeline ecotones in these study sites and their changes as stated

by Kérner (2012).

Global warming is expected to lead to treeline movement to higher elevations and latitudes (Schwab et al.
2018) as well as an increase in canopy coverage. However, there is no significant treeline movement detected
in all the study sites. This may be due to the time lag. Kérner (2012) states that treeline movement cannot
be assessed at a scale of less than half-century due to the time delays related to reproductive, maturity age
and mortality. The time scale between the historical and modern eras in this study are less than 50 years
except for Letka Ori mountain. Moreover, if the trees in the treeline ecotones are in krummbholz form, like
in Lefka Ori, then insignificant changes are foreseeable since they are quite insensitive to climate change

(Dai et al. 2017).

Despite treeline ecotone limit, canopy cover and their changes being predictable by the topological variables,
there remains a large amount of variation which is not explained. The remaining variation might be because
of other topographical factors not used in the model or factors not related to topography. It is also
reasonable that anthropogenic activities shape the treelines in the study areas due to the claim in several
studies that grazing in European mountains depresses treeline ecotones (Dirnbéck et al. 2003; Kuemmerle
et al. 2009). This assertion is furthermore bolstered by the observed uneven distribution of treeline shifting
within the sites. The trees in the ecotones of these mountains are of the Pinaceae family which are also the
dominant species in the Southern, Central and Eastern Europe treelines (Boratyniska et al. 2005). Pinacea
family species are commonly stressed by herbivory (Cherubini et al. 2002; Todaro et al. 2007). Quercus which
is found in the Lefka Ori treeline ecotones shares the same characteristics as the pine species in the Northern

hemisphere (Keeley 2012). This supports the likely contribution of herbivory on treeline ecotone dynamics.

Herbivory in the mountain ecosystems is not only confined to the upper edge of the treeline ecotone but
rather across the ecotone. This can thus imply that canopy cover increase is majorly due to tree crown
diameter increase and foliation rather than growth in tree population. Treeline shifting in some few locations
reflects a few trees which manage to reach the grazing escape height and thus flourished in the ecosystem.

However, this observation needs further investigations for firmer conclusions.

36



MAPPING TREELINE ECOTONE DYNAMICS ALONG A LATITUDINAL GRADIENT USING FINE SCALE RESOLUTION IMAGERY

Significant treeline movement can only occur when establishment, growth and survival of seedlings are
successful (Kambo & Danby 2018). In this study, other site-specific factors which were not accounted for
by the independent variables used could be inhibiting changes. Such factors include but not limited to snow
slides, avalanches, snow creeps, lack of viable seeds, high sapling and seedling mortality, land use changes,
the limited ability of tree species to adapt to new environments, pathogens and diseases, severe wildfires

and nutrient deficiency (Holtmeier & Broll 2017).

There exist probable sources of the uncertainties in this study. The low variance explained by the predictors
used could be due to the small sample size of the data providing lower statistical power. Secondly, lack of
reliable climatic data hindered the analysis of climatic parameters on treeline ecotones and their changes,
especially that temperature is probably the main parameter influencing treeline ecotone formation and
modifications. Historical images quality could also be the possible causes of uncertainties in the analysis.
Identifying tree limits from the images was difficult. Finally, the lack of data on grazing intensity and other

human-induced impacts is also another possible source of uncertainty in the study sites.

Nonetheless, the interplay of a diversity of factors within sites makes modeling treeline ecotone limit, canopy
cover and their changes more complex. This hence calls for a robust statistical analysis incorporating a

multitude of influential variables of treeline ecotone and their alterations.
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5. CONCLUSION AND RECOMMENDATIONS

5.1. Conclusion

Treeline altitudinal limits are not entirely explained by the latitudinal positions but also depends on the mass
elevation effects and the continentality with tall mountains and those farther away from the oceanic
influences having treeline positions at higher elevations.

Canopy cover expansion and treeline upslope migration are quite negligible in the study sites. Contrary to
the obvious expectations of treeline ecotones colonizing the alpine zones, this study proves that treeline
ecotone changes are not ubiquitous. Due to the commonly documented cases of herbivory in the European
mountains, it is reasonable that the increase of canopy cover in treeline ecotones is more likely due to the
increased tree foliage more than tree population increase.

Topo-climatic variables marginally explain the occurrence and variation of treeline ecotones in these study
areas. Lower altitudes of the ecotone are more conducive for treeline ecotone establishment and changes.
TPI negatively correlates with treeline establishment. Furthermore, concave terrains at lower slopes of the
ecotones are more favorable for tree canopy cover intensification. However, there remains a large amount
of variation not accounted for by the variables used in this study. The unexplained gap might be due to
other site-specific factors. Investigation of treeline ecotones and their changes is complicated due to the
intricate interactions among multiple feasible variables within the ecosystem and thus requires multifactorial

statistical analyses.
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5.2, Recommendations

The study endeavored to map and find out factors affecting treeline ecotones and their changes. There
remain quite apparent gaps which could be addressed further. The study found out that latitude,
continentality and MEE are the modulators of treeline elevations in the sites. More sites need to be
considered to make substantial deductions on the effects of these factors at a larger scale. The exploratory
variables used explained a little variation of the treeline ecotones establishment and modifications. For better
understanding, other factors affecting treeline ecotones could be included in the creation of the models to
reveal the factors influencing treeline ecotones along a latitudinal gradient.

Weather stations are found at lower altitudes and sometimes far from the mountains. Even with the
temperature decrease of 6° C per 1000 m upslope, temperature estimations will still be unreliable due to the
effects of microclimate. It is, therefore, expedient that temperature is measured and monitored at the treeline
ecotones. Finally, the study concluded that the canopy increase is mainly due to increased canopy cover
rather than the tree population. However, this claim can be better explained by setting up monitoring sites

where changes in tree population and canopy cover could be monitored.
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