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ABSTRACT

In this study, a GIS-based large-scale hazard indication map was generated for Çaykara District (Trabzon, NE Turkey) by 
taking the forest into account in the determination of potential release zones. In addition, the forest stands with poten-
tial protection function (FS-PPF) were determined and mapped in terms of defined degrees of protection (high, moder-
ate, moderate-low, low, and very low). In total, 5525 release zones covering 8446 ha were determined in Çaykara District, 
whereas the areas exposed to avalanche hazards covered 22088 ha. In addition, 6629 ha of FS-PPF were mapped, 72% of 
which fell into the high FS-PPF protection class and included pure or mixed coniferous forest stands. Moreover, 22% of 
the entire FS-PPF mapped in the study area fell within the very low protection class. In terms of forest stand types, it was 
revealed that 54% of the FS-PPF against snow avalanches consisted of pure coniferous or coniferous mixed with other tree 
species, 24% were mixed coniferous and broad-leaved tree species (coniferous tree species being predominant), 11% were 
mixed broad-leaved and coniferous tree species (broad-leaved tree species being predominant), and 11% were pure broad-
leaved tree species or broad-leaved species mixed with others. In this study, we have proposed a procedure to depict the 
different degrees of protection provided by the FS-PPF against snow avalanches in order to facilitate functional planning 
goals in Turkish forestry. The results showed that the FS-PPF map could be integrated within forest management plans and 
could be used as a base in the planning of silvicultural operations.

Keywords: Avalanche protection forest, forest stands, hazard indication map, snow avalanche

Introduction

Snow avalanches have significant impacts on recreation, transportation, property, and resource industries in 
snow-covered mountainous areas worldwide (Stethem et al., 2003). For this reason, the increasing importance 
of mapping snow avalanche hazards has been recognized, especially for providing information about the size, 
frequency, and areal extent of potential avalanche danger zones. Avalanche hazard maps are also essential 
tools used by experts in evaluating avalanche risks (Brugnot, 1999). Mapping snow avalanche hazards in the 
European Alps dates back as early as the 19th century (Coaz, 1881; Frutiger, 1980), and today, it is carried out in 
many countries that suffer snow avalanches such as Switzerland, Austria, France, Italy, Germany, Japan, Norway, 
Spain, Slovenia, Canada, and the USA (Oller et al., 2013; Rudolf-Miklau et al., 2015). In fact, the mapping of ava-
lanche hazards and risks, which includes the elaboration of scientific basics and the cartographic representation, 
is generally categorized as hazard (indication) maps, process maps (intensity maps), hazard zone plans, and risk 
maps (Rudolf-Miklau et al., 2015). Hazard indication maps are tools providing a rough overview of which areas 
can expect avalanche danger, and they are the only source of information about the location and spatial extent 
of an avalanche hazard (Rudolf-Miklau et al., 2015). Some examples of GIS-based hazard indication mapping 
in literature are given by Aydın and Eker (2017a), and Bühler et al. (2018a, b). However, the documentation of 
past snow avalanches, including detailed descriptions of their properties (e.g., magnitude, area affected, type 
of damage) and their effects on and interactions with ecosystems are important in hazard/risk assessment. In 
Turkey, around 24 lives have been lost annually due to snow avalanches (based on an incomplete database) 
(Aydın et al., 2014); however, no detailed documentation on avalanches is available. Thus, mapping snow ava-
lanche hazards has become an important phase of snow avalanche work in Turkey. However, in Turkey, hazard 
mapping work does not fall under the responsibility of any specific public institution. Frequent changes have 
been made in the organizational schemes of governmental institutions tasked with hazard mapping, and yet, 
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achieving international standards in this work have not been realized. 
However, in forest areas, the Turkish Forest Service is responsible for the 
hazard and risk mapping of natural hazards (Aydın et al., 2014).

Snow avalanches also cause serious damage to mountain ecosys-
tems by interacting with their dynamics via a range of scales (Bebi 
et al., 2009). Avalanche disturbances primarily affect subalpine forests. 
Especially when they occur frequently and with substantial impact, a 
forest is either prevented from becoming established or is regularly 
destroyed at an early developmental stage and is, therefore, ineffective 
as a protection forest (Brang et al., 2006). According to the Canadian 
snow avalanche size classification system (McClung & Schaerer, 2006), 
large avalanches with a mass exceeding 104 t and impact pressure 
higher than 500 kPa are capable of destroying 4–40 ha of forest area. 
In other words, forests cannot stop large avalanches from releas-
ing above the tree line and have a limited braking effect. The trees 
may be destroyed through various mechanisms including fracturing 
and overturning, and they may be entrained into the flow (Bartelt & 
Stöckli, 2001; De Quervain, 1978). However, forests have a retarding 
effect on lower-energy small- to medium-sized avalanches releasing 
with a flowing depth of 1–2 m from zones located near the tree line 
(Feistl et al., 2012; Margreth, 2004). Along with the important impact 
of snow avalanches on forest structure and function, forest stands 
can significantly influence the formation, size, frequency, intensity 
(magnitude), and run-out distance of snow avalanches (Bebi et  al., 
2001; Frehner et al., 2005; McClung, 2003). The protective role of the 
forest is most pronounced in the case of forests located inside the 
avalanche release zone (Viglietti et  al., 2010). The presence of trees 
can significantly reduce the formation of avalanches by preventing 
the formation of large, homogeneous snow areas (In der Gand, 1978; 
Schönenberger & Brang, 2004) and acting as obstacles to the snow 
avalanche mass (Brang et al., 2006).

In combination with the impact of the topography on avalanches 
releasing in forests, the protection function of forests is generally 
considered in relation to the forest structure (crown/canopy closure/
coverage, tree/stem density, composition of tree species, and size and 
distribution of forest gaps) (Bebi et al., 2001; Nairz et al., 2015; Teich et al., 
2012; Viglietti et  al., 2010). For this reason, a comprehensive under-
standing of the interactions between forest stand structures and snow 
avalanche formation is essential in forest management planning and 
in making decisions on appropriate silvicultural operations. One of the 
important parameters related to stand structure is crown closure since 
it influences the characteristics of the snow beneath the forest (Viglietti 
et al., 2010). Depending on snowfall intensity and tree species compo-
sition (Motta, 1995), the snow depth in forests is lower than in open 
areas (Pomeroy & Brun, 2001). Up to 60% of the total annual snowfall 
can be intercepted by the boreal forest canopy (Hedstrom & Pomeroy, 
1998; Montesi et  al., 2004). In terms of tree height, which is another 
important parameter, forest stands should be composed of tree spe-
cies two times higher than the snow depth to stabilize the snowpack 
(Saeki & Matsuoka, 1969). McClung (2003) reported that release zones in 
areas covered by vegetation were characterized by a tree height of less 
than 2 m. The protection function of a forest against snow avalanches 
is also connected to stem density and diameter at breast height (DBH) 
(Schneebeli & Meyer-Grass, 1993). Meyer-Grass (1987) and Schneebeli 
& Meyer-Grass (1993) considered a DBH of greater than 16 cm neces-
sary for effective stabilization, whereas a DBH of greater than 8 cm was 
proposed by Frehner et  al. (2005). Gaps are also another important 
parameter to be considered in terms of probability for the release of 
an avalanche within the forest. Bebi et al. (2001) stated that the snow 

avalanche release probability was high in the presence of gaps with a 
width of 15 m or in very open forests (crown closure < 40%) located on 
steep slopes.

Identification of forests having a protective function against snow 
avalanches could be carried out by combining numerical simulations 
of dynamic snow avalanche models and GIS-based methods (Monti 
et  al., 2018). Gruber and Baltensweiler (2004) assessed the protective 
function of the forest within the SilvaProtect project in Switzerland by 
combining automated snow avalanche release area identification algo-
rithms. Teich & Bebi (2009) proposed a risk-based approach to evaluate 
the protective effect of mountain forests against natural hazards in a 
spatially explicit manner. Monti et al. (2018) identified forests with pro-
tective functions by comparing the potential release area determined 
with and without considering the forest. They evaluated the protection 
function of the forest as active or passive protection depending on the 
crown closure. In the latest study within a similar scope, Brožová et al. 
(2020) aimed to determine forest parameters such as tree height and 
crown closure of deciduous and evergreen tree species for avalanche 
simulation using remote sensing data. In addition to the identification 
of forest areas having a protective function against snow avalanches, 
interactions between mountain forests and snow avalanches have 
been assessed (Bebi et al., 2001, 2009; Casteller et al., 2018; Feistl et al., 
2012; Schneebeli & Meyer-Grass, 1993; Teich et al., 2012, 2019). Bebi et al. 
(2001) evaluated 22 forest parameters including tree height (meter), 
percentage of trees with different DBH, crown closure, volume of dead 
woody debris (percentage), etc. using stereoscopic assessment and 
image processing techniques. In one of the latest studies, Teich et al. 
(2019) considered forest stand parameters when evaluating the poten-
tial impacts of forests infested by bark beetle on avalanche formation 
and forest snowpack. 

The establishment and/or maintenance of the protection function of 
a forest stand against snow avalanches require especially crucial and 
complex forest management strategies. However, the determination 
and mapping of the FS-PPF against snow avalanches are prerequisites 
for proper technical and silvicultural maintenance or improvement 
of the protective function in forest management (Monti et  al., 2018). 
Therefore, decision-makers need forest inventories that provide accu-
rate information as their main data resources. The primary objective of 
forest inventory work is to estimate wood availability in specific areas 
(Kangas et  al., 2006). Periodical inventory surveys based on ground 
sampling have been implemented for more than a century (Vidal et al., 
2016). In Turkey, ground sampling surveys for forest inventory work 
have been carried out at 10- or 20-year intervals at the forest enterprise 
level (Kayacan et al., 2016). Today, forest stands are first delineated into 
polygons based on the interpretation of medium-scale (e.g., 1/10000 or 
1/15000) aerial photographs (LeMay et  al., 2008) and then integrat-
ing them with ground sampling surveys indicating measurements of 
individual trees in sample plots. These are used to create vector-based 
maps, called “forest cover maps” or “forest stand type maps”. The com-
mon measurements used in forest inventories for forest management 
plans include DBH, timber volume, basal area, and number of stems 
(Bulut et  al., 2016; Vatandaşlar & Zeybek, 2020). Many of these are 
included in the attributes of forest stand type maps created in a vector-
based format.

The present study included two objectives: (1) the generation of a 
large-scale snow avalanche hazard indication map for Çaykara District 
(Trabzon, Turkey), and (2) the determination of FS-PPF against snow 
avalanches and their classification into different degrees of protection. 
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The study not only identified the FS-PPF against snow avalanches 
using a method similar to that of Monti et al. (2018) but also classified 
them into five protective degrees on the resulting map. Stand maps 
were used in the classification because they included tree species and 
their distribution (pure or mixed), crown closure, and developmental 
stage. The Çaykara District was selected as the study area because of 
its exposure to a multitude of natural hazards such as floods, land-
slides, snow avalanches, and rockfalls and because of its mountain-
ous topography with steep slopes and high elevation. However, snow 
avalanches are the most hazardous events in the region. The region 
is also covered by dense forests and includes the Uzungöl Nature 
Conservation Area, one of the most important nature and tourism 
areas in NE Turkey.

Material and Methods

Study Area
Çaykara District (Trabzon, Eastern Black Sea Region of Turkey), covering 
56581 ha, was selected as the study area (Figure 1). The district includes 
the Uzungöl Nature Conservation Area (Figure 1), one of the most 
important nature and tourism areas in NE Turkey. Uzungöl was declared 
a “Tourism Center” in 1990, and also, with the decision of the Council 
of Ministers, a “Special Environmental Protection Area” in 2004 (Atasoy, 
2010). According to the Turkish Statistical Institute (TUIK), while the total 
population was 38221 in 1965, it fell to 12874 in 2015. Although more 
than 84% of the population of Çaykara District lived in the villages until 
2012, the population of the district and the villages has decreased by 
65% and 70%, respectively, due to significant migration from the region. 
The settlements are scattered due to the topography of the region. In 
other words, the sites suitable for construction and agricultural activities 
are limited. The most suitable locations for settlement and agriculture in 
terms of topography and in terms of generating adequate incomes for 
the economic livelihood of the inhabitants are found around the lake, 
but these also present risks of natural hazards. There is no industrial sec-
tor in the region, and in the past, the population, who were engaged 

in agriculture and/or the forestry sector, preferred to settle in the areas 
surrounding the lake.

The district is covered by dense forests, with broad-leaved forests found 
up to an altitude of 900 m a.s.l., mixed forests at elevations between 
900 and 1300 m a.s.l., and coniferous forests at elevations higher than 
1300 m a.s.l. The typical timberline in the study area is 2200 m a.s.l. The 
average altitude and slope of Çaykara District with its harsh topography 
are 1662 m (ranging from 246 to 3385 m a.s.l.) and 34°, respectively. 
In the region, 49% of the total area is located on slopes between 0° 
and 28°, 48% on slopes between 28° and 55°, and the remaining on 
slopes greater than 55°. The mean annual precipitation of the region is 
1111 mm, and the mean annual temperature is 13.3°C.

The region is exposed to multiple natural hazards such as floods, land-
slides, snow avalanches, and rockfalls. Even though snow avalanches 
are the most hazardous events and frequent phenomena in the region, 
no detailed and systematic documentation of the events has been car-
ried out. The latest event was a deadly snow avalanche on January 10, 
2015, in the Uzuntarla region (Figure 1) that fatally buried five work-
ers employed at the construction site of a hydroelectric power plant. 
Aydın et  al. (2015) prepared a detailed analysis and back-calculation 
modeling of the event. Another important settlement exposed to 
snow avalanches is Yaylaönü village (Figure 1), where the earliest 
recorded avalanche event occurred in the 1850s, causing three fatali-
ties and the destruction of three buildings. Destructive avalanches also 
occurred in Yaylaönü village in 1974, 1981, and 1993. In addition, there 
have been snow avalanches in many places in the study area without 
loss of life, but sometimes with injuries. Snow avalanches are known to 
have occurred in Demirkapı-Dursuoğlu village (Figure 1) in the 1890s, 
in 1955, 1993, and 2011. One snow avalanche event that occurred in 
the 1890s destroyed four houses and caused several injuries, but there 
was no loss of life. In 1955, an avalanche released from the same start-
ing zones injured one person. Small- to medium-sized avalanches have 
been observed almost every year in the region.

Figure 1.   
Location of Çaykara District: (1) Uzungöl Nature Conservation Area, (2) Yaylaönü Village, (3) Uzuntarla Region, and (4) Demirkapı-Dursuoğlu 
Village.
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Snow Avalanche Hazard Indication Mapping
In the present study, the GIS-based avalanche hazard indication map 
generation process (Figure 2) was divided into three basic stages: (1) 
determination of potential release zones, (2) determination of avalanche 
extent with 2D avalanche simulations, and (3) generation of an ava-
lanche hazard indication map.

In the first stage, an algorithm developed by Bühler et al. (2013) was 
used to determine the potential release zones. This algorithm deter-
mines avalanche release zones depending on whether or not forests 
exist in the area. In the present study, potential release zones were 
determined considering the existence of forest stands providing a pro-
tective effect against snow avalanches. A digital map of forest stands (in 
vector format) was obtained from the Trabzon Regional Forest Service, 
converted to a raster format, and then used as an input file in the algo-
rithm. However, this map was first reorganized into two classes (“0” and 
“1”), depending on the forest stand types attribute information in the 
database (crown closure, tree species, and pure or mixed distribution, 
and developmental stage). The criteria for the reclassification of the for-
est stand map were as follows: if forest stand types were equal to set-
tlement or agricultural areas, open forest (gaps in forest areas), stony/
erosional areas, both coniferous or broad-leaved forest stands with low 
crown closure (10–40%) including both pure or mixed broad-leaved 
tree species, young forest stands of less than 8 cm of DBH, and any type 
of degraded forests, the new class value was assigned as “0.” Otherwise, 
the new class value for all remaining forest stand types was assigned 
as “1.” In other words, the value “1” means forested areas considered in 
determining the potential release zones, whereas the value “0” means 
all types of land covers not considered. Reclassified forest stand types 
were then converted into a raster format with 10-m spatial resolution. 
As the main input of this algorithm, a digital elevation model (DEM), 
at a 10-m pixel resampling distance, was generated from the digital 
topographical map at a scale of 1/25000. Other parameters required for 
the determination of potential release zones included relevant topo-
graphic features such as curvature, slope, ruggedness, and elevation 
(Bühler et al., 2013). In the study, the curvature value was incorporated 
with the ruggedness value, and the ruggedness threshold was selected 

as 0.03, meaning that more concave slopes without ridges would be 
selected as starting zones. Minimum and maximum slope values 
were selected as 28° and 55°, respectively, and minimum elevation as 
1000 m, as the lower point of the seasonal snow line for a long-term 
return interval (i.e., 100 years) observed at this altitude. The generated 
potential release zones had their final plausibility checked manually 
and, when necessary, edited by an expert.

In the second stage, for 2D numerical avalanche simulation, the 
same methodology was used with ELBA+ (Energy Line-Based 
Avalanche) software (Volk et  al., 2015). The ELBA+ simulations require 
two parameters: the Coulomb friction (μ) and the velocity-squared 
dependent turbulent friction (ξ). In addition to these two parameters, 
release zones (m2), release height (m), snow density in the release zone 
(kg/m3), and DEM data were the necessary inputs for simulations, with 
entrainment and resistance areas being optional. The release heights of 
the simulations were taken as 150 cm for the assumed 100-year return 
period. Due to the high amount of snowfall in the study area, the entire 
extent of the avalanche was accepted as the entrainment range. The 
entrainment ratio was selected 25 cm, corresponding to the recurrent 
periods of 100 years. Turbulent friction was calculated as a function of 
flow height and roughness while the simulation was being run by the 
software. The Coulomb friction was selected as 0.26 in the release zone, 
0.165 in the track, and 0.33 in the run-out zone. The cut-off value was cho-
sen as 0.1 m which is the default for the ELBA+ software. In the third stage, 
for the formation of the avalanche hazard map from the ELBA+ results, 
the LSHM4ELBA + (Large Scale Hazard Mapping for ELBA+) algorithm was 
used to form the hazard map for the study area (Aydın & Eker 2017a).

Determining and Mapping of FS-PPF
The present study also aimed to determine the FS-PPF against snow 
avalanches. These were actually forest stands situated inside the snow 
avalanche release zones having a specified forest structure in terms 
of crown closure, developmental stage, and composition of tree spe-
cies. Thus, the FS-PPF were determined via the outputs of the algo-
rithm used for establishing potential snow avalanche release zones. 
This algorithm enables release zones to be determined both with and 

Figure 2.   
Generation Process for GIS-Based Avalanche Hazard Indication Map.
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without considering the existence of forests. First, the snow avalanche 
release zones were determined without considering forests and then 
mapped. Next, the snow avalanche release zones were determined 
considering the forests and then mapped according to the forest 
stand types, as explained in the previous section. Following this, the 
snow avalanche release zones considering the forests were removed 
from those not considering forests. The resulting vector data were 
then intersected with the stand maps to obtain the FS-PPF against 
snow avalanches. The workflow of this process is given in Figure 3. The 
resulting forest map was then classified in terms of degrees of protec-
tion against snow avalanches according to the forest stand type forms 
(tree species and crown closure). The degrees of protection were 
defined as five classes: high, moderate, moderate-low, low, and very 
low (Table 1). For the present study, ArcGIS 10.6 software was used for 
data preparation, analysis, and visualization.

Results and Discussion

Results of Snow Avalanche Hazard Indication Mapping
In the first, potential snow avalanche release zones were mapped 
by considering that forests existed in the region. The identification 
of potential release zones is not an easy task but is the precondition 
for hazard indication mapping. In the first automated approaches in 

delineating potential snow avalanche release zones, DEMs with quite 
coarse resolutions were used (i.e., 25–30 m) (Maggioni, 2005; Maggioni &  
Gruber, 2003; Maggioni et  al., 2002). As Bühler  et  al. (2018b) stated, 
DEMs with higher resolution (1 to 10 m) enabled to the calculation of 
DEM derivatives such as ruggedness or curvature. These parameters 
are of major importance for avalanche release (van Herwijnen & Heierli, 
2009; Vontobel, 2011). In the present study, DEM with 10 m resolu-
tion was used in delineating potential snow avalanche release zones. 
According to Bühler et al. (2013), the algorithm is able to identify most 
of the potential release zones; however, it should be kept in mind that 
this algorithm neglects weather and snowpack information in delineat-
ing potential release zones. As a result, in total, 5525 potential release 
zones covering 8446 ha (corresponding to 15% of the study area) were 
determined in the area. In addition, potential release zones were also 
determined without considering forests in the area. According to this, in 
total, 8506 release zones were determined in the study area with a total 
area of 18667 ha, which is two times larger than the release areas deter-
mined when considering the forests. The avalanche hazard indication 
map is depicted in Figure 4. According to this map, avalanche hazards 
cover an extent of 22088 ha in the study area. This means that 39% of 
the total area is vulnerable to an avalanche hazard. In the present study, 
avalanche hazard indication mapping was carried out by considering 
forests in the determination of potential snow avalanche release zones. 

Figure 3.   
Determination of FS-PPF: (1) Snow Avalanche Release Zones Determined Without Considering Forests (SARZ_NF), (2) Snow Avalanche Release 
Zones Determined Considering Forests (SARZ_F), (3) Removing SARZ_F From SARZ_NF (DIFF = SARZ_NF-SARZ_F), (4) Intersecting DIFF With 
FOREST Map (INT), and (5) Mapping of FS-PPF.
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A similar approach in avalanche hazard indication mapping was applied 
by Issler et al. (2018) by taking into account both climatic conditions 
and forest cover to eliminate areas with very low release probability. 

According to Bühler et  al. (2013) stated, the best way to validate the 
results of the approach is to compare them with real avalanche events 
which are georeferenced accurately. As there are no official event docu-
mentation procedures and because the existing database-generated 
hazard indication map was overlapped only with known avalanche 
events in the area, the map was observed to be quite compatible with 
the locations of known avalanche events in Uzuntarla and Yaylaönü. 
This overlapping method provided valuable information about the 
validity of the generated snow avalanche hazard indication map. 

However, it should be kept in mind that these events are only very few 
records with accurate georeferencing. But it was the best data available 
to verify the results. The overlapped maps are given in Figures 5  and 6. 
When the snow avalanche hazard situation of Uzungöl was evaluated, 
many potential snow avalanche hazards were observed threatening the 
settlements around the lake (Figure 7).

Results of Determining and Mapping of FS-PPF
In addition to large-scale snow avalanche hazard indication mapping, 
the FS-PPF against snow avalanches were determined, classified into 
five protection degrees according to Table 1, and mapped (Figure 8).  
The resulting map showed, in total, 6629 ha of FS-PPF. In terms of pro-
tection, 72% of pure or mixed coniferous forests with higher than 70% 

Table 1.   
Criteria for Classifying the FS-PPF Protection Degree

Coniferous Tree Species Broad-Leaved Tree Species

I II III IV V VI

Crown Closure (%)

10–40

40–70

70–100

High Moderate Moderate-Low Low Very low

Note: I, IV: Pure stands.
II, V: Mixed coniferous/mixed broad-leaved stands.
III, VI: Mixed stands (coniferous/broad-leaved tree species predominant).

Figure 4.   
Snow Avalanche Hazard Indication Map.
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crown closure were classified as a high degree of protection. In addi-
tion, 18% of forest stands with higher than 70% crown closure were 
classified as a moderate protection degree, whereas 47% of forest 
stands with 40–70% crown closure were also classified as moderate. The 
forest stands that had a low protection degree covered a lower percent-
age (<10%) of the area. While 42% of the forest stands mapped had 
40–70% crown closure, 37% had higher than 70% crown closure (Table 2,  
Figure 9). In addition, Table 3 and Figure 10 show the protection degree 
distribution of forests mapped at different elevations and slopes. 

Accordingly, the elevation values of the mapped protection forests var-
ied between 1000 and 2358 m a.s.l. In terms of mean elevation values, 
the forests with a low degree of protection were located at lower eleva-
tions (1332 m a.s.l.) relative to the other protection degrees because 
the forest stand type forms included pure or mixed broad-leaved tree 
species. The forests with a very low protection degree were located at 
a wide range of elevations, ranging from 1000 to 2213 m a.s.l. because 
that class of protection degree included all types of forest stand forms 
with 10–40% crown closure. In terms of mean slope degree, all forest 
protection degree classes were located on slopes of greater than 33°. 
Schneebeli and Bebi (2004) also stated that avalanches in forests are 
released mostly on slopes greater than 30° as a function of the forest 
stand structures. It was observed that the mean slope inclination of for-
ests with a protective function decreased from a high degree of protec-
tion to a low protection degree. This information is crucial in planning 
silvicultural operations with regard to treatment techniques and their 
costs. In terms of forest stand types, results showed that 54% of the 
FS-PPF against snow avalanches were of pure or mixed coniferous tree 
species, 24% of mixed coniferous and broad-leaved tree species, 11% 
of mixed broad-leaved and coniferous tree species, and 11% of pure or 
mixed broad-leaved tree species (Figure 11).

In the present study, the protection degree of the FS-PPF was catego-
rized in five classes (from high to very low) considering the forms of for-
est stand types including information on crown closure and tree species 
and their distribution (pure or mixed). The protection degree classes of 

Figure 5.   
Comparison of Avalanche Hazard Map With the Uzuntarla 
Avalanche (For More Detail, Aydın et al., 2015).

Figure 6.   
Comparison of Avalanche Hazard Map With the Yaylaönü Avalanche of 1981 (For More Detail, Aydın et al., 2014).
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forest stands considered in this study, of course, can be modified and 
defined in different ways depending on the other criteria. Furthermore, 
the classification procedure proposed here did not include other forest 
parameters such as developmental stage, DBH, tree/stand height, stem 

density, distribution of tree types inside the forest stand, etc. Even if this 
classification procedure did not directly consider other forest param-
eters, some were considered indirectly. For example, the three classes 
of crown closure (%) in Turkey (i.e., 10–40%, 40–70%, and 70–100%) are 
defined as the proportion of a stand covered by the crowns of live trees 
having a DBH of greater than 8 cm. In addition, tree species were consid-
ered only as broad-leaved and coniferous. The attribute tables of digital 
forest stand maps used in Turkey do not include detailed information 
on tree number, stem density, tree or mean stand height, etc.; however, 
these details can be found in forest management plans. If such detailed 
information could be added to the attribute tables of the digital forest 
stand maps used in Turkey, a more comprehensive determination of 
the FS-PPF could be conducted. In this study, no field measurements 
of forest stand parameters were carried out. The aim was to determine 
the potential protective forest function using the fewest number of 

Table 2.   
Summary of FS-PPF

Protection Degree under Crown Closure Area (ha) %

10–40% 1403 21

  Very Low 1403 100

40–70% 2807 42

  Moderate 1313 47

  Moderate-Low 1281 46

  Low 213 7

70–100% 2419 37

  High 1738 72

  Moderate 424 17

  Moderate-Low 121 5

  Low 137 6

Total 6629 100

Figure 8.   
FS-PPF Categorized in Five Protection Degree Classes.

Figure 7.   
Avalanche Hazard Situation of Uzungöl.
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forest parameters with available data in the fastest way possible. The 
proposed method allows the mapping of only the forest stands located 
inside potential snow avalanche release zones, and consequently, no 
information is given about the situation of forests located inside ava-
lanche track or run-out zones. Further comprehensive research could 
be conducted to evaluate the interactions of snow avalanches with for-
est stands within the avalanche track or run-out zones.

Conclusions and Recommendations

In the present study, a GIS-based large-scale snow avalanche hazard 
indication map was generated for Çaykara District (NE Turkey) where 
snow avalanches are frequent events. For this purpose, avalanche 

release zones were first determined using an algorithm based on topo-
graphic parameters such as slope, elevation, ruggedness, etc. This algo-
rithm also allowed us to assess whether the presence of forests could be 
effective in averting avalanches in the area. In the present study, poten-
tial release zones were determined with regard to forest stands having 
a specified structure. Avalanche hazard zones were then determined by 
running a 2D snow avalanche simulation with ELBA+. The hazard map 
produced in this way highlighted areas that could be vulnerable to ava-
lanches and could be extremely useful in multiple applications, includ-
ing the planning of new infrastructure. Over the last decade, crucial 
land-use changes have been observed resulting from both increases in 
the population (although this is not the case for the study area) and the 
transformation of the agriculture-based society to one that is service-
based. Plans for future research could aim to evaluate the interaction of 
snow avalanche hazards with these land-use changes in the region that 
have been putting pressure on the forest areas.

In Turkey, since the first management plan in 1917, the forest man-
agement planning system has evolved in terms of management 
approaches, moving away from a conventional planning approach 
in which management objectives during the planning process were 
concentrated on silviculture and utilization of forest resources without 
consideration for forest values/functions. In Turkey, these include three 
main categories: economic, ecological, and social values/functions. 
Beginning in 1998 and continuing to the present, planning has taken a 
functional approach, in which forest management units are separated 
according to forest values including, in addition to the three main cat-
egories, many different functional sub-categories varying from timber 
production to the esthetic (Yolasığmaz, 2004 for details). According 

Figure 9.   
Distribution of Protection Degree of Forest Stands Under Crown 
Closure (%).

Table 3.   
Elevation and Slope Features of FS-PPF

Protection Degree Classes Min Elevation (m) Max Elevation (m) Mean Elevation (m) Min Slope (°) Max Slope (°) Mean Slope (°)

High 1019 2160 1664 26 51 36

Moderate 1000 2358 1678 26 49 35

Moderate-low 1000 2008 1481 27 56 34

Low 1002 2109 1332 27 48 33

Very low 1019 2212 1562 27 50 35

Figure 10.   
Mean Elevation and Slope Degree of Forest Protection Degree Classes.
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to this functional planning approach in Turkey, the forest objective 
referred to as “avalanche prevention” is defined under the sub-category 
of “erosion prevention” in the main category of “ecological forest val-
ues”. However, in past forest management plans in Turkey, no actual 
forest areas were known to have been planned with the objective of 
avalanche prevention. According to forest management regulations 
in Turkey, forest management plans are prepared using a participa-
tory approach. In the planning of forest management, forest functions 
are determined via GIS and remote sensing techniques. Even if there 
is an avalanche prevention objective in the functional forest planning 
approach and even if the forest management regulations exist as the 
main road map for the forest manager, neither a snow avalanche hazard 
map nor a map produced for delineating the FS-PPF has been consid-
ered in preparing forest management plans in Turkey. The methodol-
ogy of the present study is simple and acceptable for determining the 
FS-PPF against snow avalanches, and the resulting map could easily 
be integrated within management plans in Turkey. To date, no study 
in Turkey has proposed a method for determining the forests that are 
potentially protective against snow avalanches. However, Aydın and 
Eker (2017b) proposed a similar GIS-based method for mapping forests 
providing a protective function against rockfalls in Turkey. 

When planning silvicultural operations in forest stands, the FS-PPF can 
also be used in making decisions depending on the protection degree. 
If a forest stand has a high degree of protection function against snow 
avalanches, silvicultural operations could be planned with the aim of 
avoiding the degradation of the actual structure of that forest stand. It 
should be kept in mind that these forest stands are located inside snow 
avalanche release zones and are mostly located at higher elevations 
(>1000 m a.s.l.) and on steep slopes (28°–55°). In other words, these 
stands are already located under harsh topographical conditions. If a 
forest stand has a moderate or moderate-low degree of protection, sil-
vicultural operations could be planned to avoid degradation of the for-
est as well as to improve the structural characteristics of the forest stand 
to strengthen its potential protection function. If a forest stand has a 
low or very low degree of protection, then silvicultural operations could 
be planned to improve its long-term protection function by combining 
snow avalanche support structures (e.g., snow bridges, tripods, poles, 
etc.) depending on a benefit-cost analysis carried out if necessary. Of 
course, it should be noted that forest management/silvicultural opera-
tions and mitigation of snow avalanche hazards are both crucial and 

complex tasks. Thus, the output of this study could serve as a base map 
for a number of large-scale operations in forestry and snow avalanche 
studies.
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