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Abstract

Fir species have been threatened by extreme weather and climate conditions in many parts of the Mediterranean Basin.
However, there are almost no studies focused on the mortality of Taurus fir in the Eastern Mediterranean basin and Turkey.
This study aims to quantify the mortality pattern of Taurus fir stands in Hadim Forest Enterprise from 1971 to 2016 and to
assess this pattern considering the long-term trends and fluctuations in the observed climate data. To this end, spatiotem-
poral changes in forest cover were analyzed using historical stand type maps in GIS. Statistical and graphical time-series
analyses were performed on observed climate data. As a result, rapid areal losses were detected in pure fir stands, even
though the annual rate of forestation is 0.5% for the entire forest. More than half of the stands transformed into pure or mixed
stands dominated by black pine. Both fir stands and the entire forest became much more fragmented and drought-induced
deadwood remarkably increased in almost all fir stands. Regarding the climatic analyses, statistically significant increased
trends (p < 0.01) were detected particularly in annual, summer, and autumn mean and average maximum and minimum air
temperatures of the Hadim station; strong decreased trends were observed in all relative humidity series; and rapid warm-
ing in the surrounding region along Hadim was observed. In addition, series of the Aridity Index and the Standardized
Precipitation-Evapotranspiration Index revealed that more arid conditions and significant droughts have dominated the study
district since the 1990s. This period has been characterized mostly by long-term agricultural and hydrological droughts. We
conclude that selective tree mortality events in the Hadim’s forests are likely caused by adverse impacts of observed climate
variations and long-term droughts in the sub-region.

Keywords Abies cilicica - Climate change - Drought indices - Forest vulnerability - Landscape metrics - Ecosystem
structure

Introduction

Increased anthropogenic greenhouse gas concentrations
in the Earth’s atmosphere have substantially changed the
world’s climate. Since the 1950s, the global air tempera-
ture has increased by 0.13 °C every ten years (IPCC 2018).
B4 Can Vatandaglar Climate model projections have revealed that it will further

canvatandas @hotmail.com increase at least 1.0—1.5 °C toward the mid-century (IPCC
2018; Stocker et al. 2013). Besides, water availability will
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global climate challenges (Jandl et al. 2019; Pederson et al.
2014).

Climate-induced tree mortality is one of the frequent
consequences observed in forest ecosystems in response to
global warming (Wang et al. 2020). Many studies report
widespread tree mortalities from different parts of the world
(i.a., Allen et al. 2010; Bolte et al. 2009; Breshears et al.
2009; Gazol et al. 2015; McDowell et al. 2020; Ozcan et al.
2018; Tiirkes et al. 2018). Some researchers highlight that
these phenomena have accelerated in the past decades. Van
Mantgem et al. (2009) and McDowell et al. (2020) attrib-
uted this increase to the climatic changes. Many other stud-
ies showed that certain tree species were more sensitive to
drought. Such species might be subjected to intensive mor-
tality events in the next decades (Allen et al. 2010; Fosso
and Karahalil 2020; Pederson et al. 2014). Norway spruce,
for example, is one of the sensitive tree species to warm and
dry conditions. Bolte et al. (2009) stated that salvage log-
ging operations became widespread in European spruce for-
ests due to a considerable increase in insect outbreaks (i.e.,
bark beetle) as a secondary factor after warming in central
Europe. It is assumed that bark beetle attacks will further
increase in the next decades. Anatolian black pine is another
drought-sensitive tree species native to Turkey. A dendro-
chronological study by Janssen et al. (2018) shows that the
radial growth of black pine has been significantly declining
in the Eastern Mediterranean sub-region of the country since
the 1970s. The researchers attribute this phenomenon to the
increased temperatures and summer droughts experienced in
the region. In another dendrochronological study conducted
in Turkey’s Mediterranean region, high summer tempera-
tures were a significant limiting factor for tree growth of
the same species (Dogan and Kose 2019). The researchers
stated that black pine forests located at their lower distribu-
tion range were more sensitive to climate change than those
in the upper forest zone.

It is thought that some conifers generally suffer more
from tree mortality (Williams et al. 2013) because their
stomata are larger than broadleaved species, which in turn
causes more water loss (Adams et al. 2017; Choat et al.
2018; Wang et al. 2020). While most conifers regulate their
stomatal aperture using high abscisic acid levels during
water deficit (Brodribb et al. 2014), broadleaved species’
stomatal behavior is largely driven by genetic factors related
to Ca**-dependent stomatal signaling. This mechanism
seems to provide broadleaves the ability to resist drought
(Brodribb and McAdam 2013). Among conifers, climate-
induced tree mortality is ubiquitous in some fir species. In
the southern Siberian Mountains, for example, the mortality
of fir was induced by water stress coupled with the insect
and fungi outbreaks. Kharuk et al. (2016) concluded a peri-
odical process triggered by climatic variations based on the
dendrochronological data. The authors state that Siberian fir
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forests may partly disappear from their current distribution
range and are likely to be replaced by more drought-toler-
ant species. In another study, Gazol et al. (2015) analyzed
tree mortality events in silver fir ecosystems across Europe.
They reported a substantial growth decline for Spain and
southern Italy since the 1980s due to water deficit. This find-
ing confirms the Camarero et al. (2011)’s study reporting
similar events in Pyrenean silver fir forests. Moreover, some
projection studies predict a 30% growth decline in circum-
Mediterranean fir forests by 2050 (Sanchez-Salguero et al.
2017). The researchers point out that fir populations cur-
rently subjected to drought conditions will be more vulner-
able to tree mortality, probably resulting in local extinctions.
In particular, the quaternary populations’ refugia located at
the warmer end of the fir distribution range are at great risk.
Abies tazaotana, and A. pinsapo in general, A. cilicica, and
A. cephalonica in their lower distribution ranges, can be
considered among these fir species (Sanchez-Salguero et al.
2017).

As for Turkey, widespread tree mortality events were
reported for Taurus fir (Abies cilicica (Antoine & Kotschy)
Carriere) forests in the last decades (Allen et al. 2010; Aytar
and Hizal 2012; Carus 2010; Oztiirk et al. 2010; Semerci
et al. 2004, 2008). Although the Taurus fir species is native
to Turkey’s Mediterranean region (Janssen et al. 2018), it
gradually shifts near mixed oak stands in central Anatolia
(Keles et al. 2012). Moreover, habitat models point out an
extinction risk for this species due to aridity, especially for
its lower distribution range (Aussenac 2002; NCC 2011).
Based on the long-term dendrochronological data, Akke-
mik (2000) reported that high temperatures in summer and
low precipitation in spring and early summer were major
limiting factors for the survival of Taurus fir. Low radial
growth in the previous year also affected the survival rate
of this species. Bozkus (1986), on the other hand, stated
that the natural distribution range of Taurus fir in Turkey
was vaster in the past than today. The researcher attributed
it to more favorable climate conditions in the region at that
time. He also asserted that large Taurus fir stands had been
subjected to forest fragmentation in the last decades. Such
studies support the idea that Taurus fir cover has recently
decreased in Turkey (i.a., Carus 2010; Semerci et al. 2018).
This is also the case for the rest of the Mediterranean Basin
(Collins et al. 2012). Because of such changes and fragmen-
tation in the forest cover, Taurus fir now naturally grows only
at glacial refugia of the Tertiary flora in different moun-
tainous lands isolated from each other (Sanchez-Salguero
et al. 2017). In this regard, Bolte et al. (2009) suggest that
current and retrospective data about sensitive tree species’
performances (i.e., mortality, regeneration, development)
can be utilized to assess the species’ adaptability to climate
change. However, there is still a lack of information about
how the Taurus fir has been affected by climate-induced tree
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mortality at the forest (landscape) level. Besides, the stand
dynamics of this species have been poorly understood so
far. The scientific knowledge of these phenomena will sup-
port future conservation strategies in the country and the
Mediterranean region, each of which is a climate change
hotspot (Janssen et al. 2018). This is also essential for pre-
paring adaptive forest management plans (FMPs) with an
ecosystem-based multifunctional management approach
(Baskent et al. 2005; Bolte et al. 2009; GDF 2008), which
has been nationally adopted in Turkey in recent years (Asan
2017; GDF 2017).

The aim of this study is to describe the mortality pat-
tern of Taurus fir species by analyzing the spatiotemporal
changes in forest cover under the responsibility of Hadim
Forest Enterprise between the years 1971 and 2016. The
study area is a prominent region in Turkey for the natural
distribution of this species (Bozkus 1986) and the obvious
impacts of climate change, such as increasing temperatures
and the increased stress on water resources (Tayang et al.
2009). For this, spatial and tabular information from tem-
poral FMPs and their associated data (e.g., historical stand
type maps, forest inventory information, logging statistics)
were analyzed in a GIS environment. Moreover, long-term
trends and variations in the climate data were thoroughly
examined using statistical tests. Through this study we aim
to find answers to the following research questions: (i) Which
forest stands have been most affected in Hadim over the past
45 years between 1971 and 20167 (ii) What proportion of
Taurus fir forests has been lost in this period at the land-
scape level? (iii) How has the ecosystem structure changed
over time? and perhaps most importantly (iv) Does climate
change have an impact on the possible changes in the Taurus
fir forests? It is believed that having this information will
make it easier for natural resource managers to mitigate the
negative impacts of climate change on forest ecosystems of
fir. It may also help to understand these ecosystems’ struc-
ture and combat biodiversity losses, both in Turkey and in
other Mediterranean countries.

Materials and methods
Study area

The study area, Hadim Forest Enterprise, is located 100 km
south of Konya Province (Turkey), with a total area cover-
age of about 90,290 ha (Fig. 1). It is on the north border of
Antalya Province, showing a typical Mediterranean climate
(GDF 2016). According to the Turkish Meteorological Ser-
vice (TMS 2016), differences in air temperature through-
out the year are considerable. Precipitation mostly falls in
the cold months. The high topography includes mountain-
ous lands, with a mean terrain slope of 36%. The altitude

ranges between 850 and 2500 m asl. The main tree spe-
cies in the forest are Anatolian black pine (Pinus nigra J.F.
Arnold subsp. pallasiana (Lamb.) Holmboe), Lebanon cedar
(Cedrus libani A. Rich.), Taurus fir (Abies cilicica), juniper
(Juniperus foetidissima Willd., Juniperus excelsa M. Bieb.,
and Juniperus drupacea Labill.), and oak (Quercus sp.).
They form pure or mixed stands depending on site condi-
tions. Besides, maple (Acer sp.), Oleaster-leaf pear (Pyrus
elaeagnifolia), and plane (Platanus sp.) individually exist
in the study area. Magquis, a typical Mediterranean shrub
formation, is common on degraded lands, especially at
lower altitudes (GDF 2016). Regarding land use/land cover
(LULC) classes, about one-third of Hadim Forest Enterprise
consists of forestlands. However, half of them are degraded,
with a canopy cover of less than or equal to 10%. Degraded
grasslands, openings (e.g., rocky areas and bare lands), agri-
cultural lands, settlements, and water bodies are other LULC
classes sorted in descending order by area coverage. Local
communities generally engage in agriculture, animal hus-
bandry, and forestry (Bozkus 1986; GDF 2016).

Geodatabase development

A GIS database was developed for compiling multiple data
from different periods in one place. Temporal FMPs and
their stand type maps belonging to the planning years of
1971, 1993, and 2016 were used (GDF 1971, 1993, 2016).
Additionally, climate data from surrounding meteorological
stations and several official statistics were among the data
sources utilized in the present study. The specification of the
multi-source data can be seen in detail in Table 1.

First, we scanned the historical maps of Hadim Forest
Enterprise and registered them into 1/25000-scaled topo-
graphical maps using the affine transformation method with
Universal Transverse Mercator (UTM) projection. Then,
registered maps were visually digitized on-screen. Finally,
stand type codes on historical maps were entered into the
corresponding attribute tables of GIS geodatabase based
on the national forest management guidelines (GDF 2017).
Table 2 shows the stand classification and coding system
used in this study and by the Turkish General Directorate
of Forestry (GDF).

The current stand type maps can be directly transferred to
the GIS database since they are presented in digital format.
However, tabular data from the management plans such as
standing volume, deadwood volume, and volume increment
were manually entered into attribute tables at the stand type
level. Thus, spatial (graphical) and non-spatial (tabular)
information on the study area were integrated into a single
geodatabase in ArcGIS 10.2 software (ESRI 2012). In addi-
tion, official statistics for wildfire and salvage logging opera-
tions were also collected at the landscape (forest enterprise)
level (Table 1). As for the salvage logging records, we only

@ Springer



64

European Journal of Forest Research (2023) 142:61-89

432000

Site condition

’ 1 Good (high
S productivity)

- Poor (low

productivity)
Degraded forest
without data
Non-forest lands

D Boundaries

Fig. 1 Location of Hadim Forest Enterprise with growing site condition

focused on the infected fir species since the insect outbreak
was considered a secondary factor after drought stress for
the region (Allen et al. 2010; Semerci et al. 2018).

Spatiotemporal analyses

After geodatabase development, a series of GIS tools and
functions, including overlay, reclassification, generaliza-
tion, field calculator, summary, raster clip, aspect, slope,
and zonal statistics, were used for quantifying the landscape
structure and analyzing the possible spatiotemporal changes
in it. The landscape structure of Hadim Forest Enterprise
was analyzed in ArcGIS using the FRAGSTATS add-on both
at the class- and the landscape level (McGarigal et al. 2002).
The number of patch, the mean patch size, the largest patch
size, and the mean edge length metrics were used as quanti-
tative indicators of landscape fragmentation. Their units and
brief explanations are given in Table 3.

Areal transitions among the significant forest covers
were documented by several stand parameters, such as
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species mix and canopy cover between the three planning
periods covering 1971 to 2016. For this, many stand types
were generalized into one LULC class in the stand type
maps. For example, all stands consisting of fir species were
aggregated into one multipart polygon for documentation
in the transition matrix. Similarly, non-forested areas were
aggregated into one class.

The formula proposed by FAO (1995) was used to better
understand forest dynamics changing over time. Accord-
ingly, the annual rate of forestation is calculated using
Eq. (1) between the years 1971 and 2016. Within this
framework, special attention was paid to forest covers,
consisting of Taurus fir species rather than other LULC
classes. By doing so, the tree mortality pattern of fir for-
ests was documented in detail.

(0

where q is the annual rate of forestation (percentage
per year), A, and A, are the forest cover at times t, and t,.
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Table 1 Different types of data sources used in the study

Data type Data source Date Spatial resolution The purpose of use
Spatial data Stand type map from the FMP 1971 Vector data with minimum shape Areal statistics, forest cover change,
covering 1971 to 1993 area of 1 ha growing site, and fragmentation
analyses
Stand type map from the FMP 1993 Vector data with minimum shape Areal statistics, forest cover change,
covering 1993 to 2016 area of 1 ha growing site, and fragmentation
analyses
Stand type map from the FMP 2016 Vector data with minimum shape Areal statistics, forest cover change,
covering 2016 to 2035 area of 1 ha growing site, and fragmentation
analyses
Forest inventory data from the FMP 1971 Stand level Structural change, and standing
covering 1971 to 1993 deadwood analyses
Forest inventory data from the FMP 1993 Stand level Structural change, and standing
covering 1993 to 2016 deadwood analyses
Forest inventory data from the FMP 2016 Stand level Structural change, and standing
covering 2016 to 2035 deadwood analyses
Digital Elevation Model 2016 173-m cell size Slope, aspect, and elevation analyses
Natural and artificial regeneration 1971-2016 Vector data with minimum shape Analyzing the impact of forest man-
sites area of 1 ha agement on fir stands
Climate data from the Hadim, Kara- 1960-2018 Vector data with point feature Analyzing the impact of climate
man, and Mut stations change on Hadim’s forests
The Standardized Precipitation- 1960-2020 0.5° gridded cells Analyzing the impact of long-term
Evapotranspiration Index droughts on Hadim’s forests
Non-spatial data Salvage logging statistics 2007-2018 Landscape level Extracted deadwood volume, analyz-
ing the impact of forest manage-
ment on fir stands
Wildfire statistics 2007-2018 Landscape level Analyzing the impact of wildfires on

Hadim’s forests

Table 2 Stand classification scheme used in Turkey (GDF 2017)

Stand parameter Criterion Code Definition Class interval
Tree species Dominant species in stand G Fir sp. -

S Cedar sp. -

Ck Anatolian black pine -

Ar Juniper sp. -

Mn Macedonian oak -
Canopy cover Percent of ground covered by tree canopies (%) B Degraded 1-10

1 Loosely-covered 1140

2 Moderate-covered 41-70

3 Fully-covered 71-100
Stand developmental stage Average diameter at breast height (DBH) (cm)* a Regeneration <8.0

b Poletimber 8.0-19.9

c Thin-tree 20.0-35.9

d Medium-tree 36.0-51.9

e Large-girth-tree >52.0

(*) Only the trees > 8 cm in DBH (merchantable tree size) are recorded during inventory surveys

In Eq. (1), positive q values indicate forestation, whereas

negative values indicate an areal loss.

Kriging interpolation method was used for producing
the climate types map described in the next subsection. The

method was based on the ordinary Kriging with a spherical

semi-variogram model. We used a variable search radius

with a number of points of 12. No maximum distance was
determined for the nearest input sample points. After the
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Table 3 The patch metrics used for fragmentation analysis (McGarigal et al. (2002) and Paudel and Yuan (2012))

Metric name Abbr  Unit Definition

Number of patch NP #

Refers to patch (polygon) density. The NP may increase as a result of forestation or fragmentation (or both)

Mean patch size MPS  ha The function of the number of patches and total area. The MPS decreases as the individual stands become
smaller
Largest patch size  LPS ha The largest patch in size for the entire landscape. The LPS increases as the forest become more compact

Mean edge length MEL m

The mean amount of perimeter for all the patches. The MEL generally increases with fragmentation

map generation, it was reclassified based on the Aridity
Index (A[) values.

Independent samples t-test was used for analyzing
whether there are any significant differences between
changed and steady-state stands (in terms of species mix)
based on four ecological factors: (i) surface slope, (ii) slope
aspect, (iii) altitude, and (iv) growing site (aka bonitet) class
(p <0.05). The spatially explicit data for the growing site
class was extracted from the FMP (Fig. 1). It was based
on species-specific site indices which could be determined
by stand top-height measurements at a reference age (e.g.,
100 y/o) (GDF 2017; van Laar and Ak¢a 2007). All data
sets were tested for normality using Kolmogorov—Smirnov
analysis (p < 0.05).

Analysis of climate type

Climate types of the study area were determined by a well-
known climate and dry-land type classification method,
namely the A7 of the United Nations Environmental Pro-
gram and the United Nations Convention to Combat Deser-
tification (UNEP/UNCCD). The UNEP/UNCCD Al is one
of the fundamental methods for determining climate and
related dry-land types in Turkey. It is also used as a useful
tool for assessing the vulnerabilities of dry-land types to the
desertification processes. According to UNEP (1993), Al is
calculated as:

Al = (%) ®)

where P is the annual precipitation (mm) and PET is the
potential evapotranspiration totals (mm). The PET values
were calculated using the method of the WATBUG program,
which was written by Willmott (1977) based on Thornth-
waite’s approach (1948). The Al values below 1.00 gener-
ally indicate a climatic moisture deficit because precipitation
amounts in such a climate location do not meet the water
(or soil moisture) lost due to evapotranspiration (Table 4).

Observed climate change and variability analyses

Unfortunately, only a few stations represent the study area.
Consequently, to reveal the main climatological causes (i.e.,
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Table 4 Classification of climate types in Turkey based on the
UNEP/UNCCD Aridity Index (AI) (Tiirkes 2013; Turkes 2020)

Aridity criteria Climate type
>0.20 Arid
0.20<AI<0.50 Semi-arid
0.50<AI<0.65 Dry sub-humid
0.65<AI<1.00 Semi-humid
1.00<A7<2.00 Humid

2.00< Per humid

drought and heat or increased air temperature induced) of
tree mortality and tree drying in the Taurus fir individu-
als and communities in the Hadim district, long-term series
of climatic observations from Hadim, Karaman, and Mut
climatological and meteorological stations were selected
(Fig. 2). These observations were recorded by the Turkish
Meteorological Service (TMS) from 1960 to 2018. Although
we have only limited time-series data, our results show a
good agreement with various country-based or regional stud-
ies, which cover or are nearby our study area (i.a. Tiirkes and
Akgiindiiz 2011; Ozcan et al. 2018; Tiirkes 2013; Turkes
2020; Tiirkes and Erlat 2018; Tiirkes et al. 2009, 2018, 2020;
Erlat and Tiirkeg 2013, 2016, 2017; Erlat et al. 2021). In
this respect, both individual and district-averaged annual and
seasonal averages of minimum, maximum and mean air tem-
peratures (°C), total precipitation (mm) and mean relative
humidity (%) time-series of the Hadim, Karaman, and Mut
stations were investigated by using statistical and graphical
time-series analysis techniques and the below hypothesis
test:

(i) The non-parametric Mann—Kendall (M-K) rank cor-
relation test (u(f)) and its sequential analysis were used to
detect any long-term non-linear trend, change points and
significant warmer or colder (or drier or wetter) periods in
the series of climatological observations, and to test whether
these trends are statistically significant or not. The methodo-
logic details of the M—K technique can be found in Sneyers
(1990) and Tiirkes et al. (2002).

(i1) The least-squares linear regression (LSLR) equa-
tions were computed to detect possible long-term linear
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Fig.2 Spatial distribution of the climate types over the study area and its surrounding region

trends in the series. Here, the climatological values were the
dependent variable and time was the independent variable.
The statistical significance of each estimated f coefficient
(i.e., slope) was tested using the Student’s 7-test with (n — 2)
degrees of freedom. Using a two-tailed test of the Student’s
t-distribution, “the null hypothesis of the absence of any
linear trend in the climatic time-series” was rejected based
on the large #-test values (Tiirkes and Siimer 2004).

Temporal drought analyses

Before going through the analysis, it is essential to present
a summary of drought definitions here. Drought is generally
a complex natural hazard that influences natural and human
systems, including forest ecosystems, agriculture, water
resources and society in various ways (Tiirkes 2017; Turkes
2020a). Some of these impacts are mainly related to long-
term and geographically coherent hydrological droughts;
on the other hand, some are associated with agricultural
droughts (Tiirkes et al. 2020). According to the [IPCC (2018),
drought is a period of abnormally dry weather long enough

to cause a serious hydrological imbalance. Because drought
is a relative term, any discussion regarding the amount of
precipitation deficit should refer to the precipitation-related
activity under discussion. For instance, a shortage of precipi-
tation during the growing season impinges on agricultural
crop production or a forest ecosystem function in general.
This is defined as an agricultural drought. A shortage of
precipitation during the runoff and percolation period has
negative implications primarily on water supplies, which
is defined as a hydrological drought (IPCC 2018). On the
other hand, changes in soil moisture and groundwater are
also influenced by increases in actual evapotranspiration
amounts (e.g., changes in basic climatologic soil-moisture
balance) in addition to reductions in precipitation amounts
and/or changes in precipitation regime in a climatic region or
in agricultural or water basin. A relatively short period (from
a few weeks to a few months) with an abnormal precipita-
tion deficit in a geographical region or a water catchment is
defined as a meteorological drought (Tiirkes 2017).

We performed temporal drought analysis using both
the AI, which was already explained above and the
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Standardized Precipitation-Evapotranspiration Index
(SPEI). The purpose of this analysis was to present
whether long-term agricultural or hydrological drought
conditions occur with respect to changes in water balance
and potential evapotranspiration in the study area. These
conditions may occur due to the combined impacts of
changes in the precipitation regime, significant increases
in air temperatures and decreases in relative humidity.

The multi-scalar drought index of the SPEI was devel-
oped by Vicente-Serrano et al. (2010) and Begueria et al.
(2010). A prominent advantage of the SPEI over other
drought indices is that it considers the effect of PET on
drought severity, which its multi-scalar characteristics
enable the identification of different drought types and
impacts in the context of global warming.

The ready-use regional SPEI time-series over a region
including the study district [(36.75, 32.25), (37.25,
32.75)] were taken from the SPEI Global Drought Moni-
tor, which offers near real-time information about drought
conditions at the global scale, with a 0.5-degree spatial
resolution and a monthly time resolution (https://spei.
csic.es/home.html; https://spei.csic.es/database.html). We
derived 1, 12, 24, 36, and 48-month SPEI time-scales for
the period of 1950 to 2020 from the SPEI Global Drought
Monitor center. For calculating the PET values in these
SPEI time-series, the Thornthwaite approach was used to
estimate the PET as in the Al

Results

In this section, in order to comprehensively document
and scientifically discuss the impacts of climate change
and forest management on the mortality pattern of Taurus
fir stands in Hadim Forest Enterprise, the following fac-
tors have been investigated: (a) Detailed climate of the
study area and its surroundings, (b) Observed changes
and trends in long series of individual station-based cli-
matological data, (c) Observed changes and trends in
regional climatological series, (d) Observed changes and
trends in the regional Al and SPEI series, (e¢) Changes in
forest cover, (f) Areal transitions among different LULC
classes, (g) Changes in the spatial structure of the land-
scape, (h) Changes in the stand structure, and (i) Impacts
of forest management and wildfire have been investigated.
Then, in the Discussion section, we have evaluated all the
results and their implications in detail by synthesizing the
changes in the above-mentioned factors in forest cover
and the transitions, fragmentation, structural characteris-
tics of forest stands, and finally, the possible impacts of
climate and forest management on tree mortality.
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Detailed climate of the study area and its
surroundings

In terms of the local climate types based on the A/, the study
area was generally characterized by a humid climate in the
northwest and a semi-humid climate in the east and south
(Fig. 2). This distribution pattern indicated a clear climate
type gradient from a more humid in the west to a drier cli-
mate in the east. As a result, both humid and semi-humid
climate conditions dominated the study area, both of which
were suitable ecologically for developing a Mediterranean
type coniferous forest biotope over the Hadim district and its
surrounding region, particularly in the western and southern
districts, as in most of the Central and Western Mediterra-
nean sub-region of Turkey.

Based on the Koppen-Geiger climate classification sys-
tem, the Mediterranean Region of Turkey, including the
study area, is mainly characterized by the dry summer sub-
tropical Mediterranean climate (Csa) (Tiirkes 2013). This
region is influenced by mid-to-high degree drought prob-
ability and drought risk. The probability of extremely dry
conditions in Turkey indicates maximum values on the coast
of the Mediterranean Region with a probability of about 0.25
(Turkes 2020). Although the annual soil-moisture deficit is
not typical in the mid-latitude temperate (Group C climates)
in general, seasonal soil-moisture deficiency—especially in
summer months—is apparent in the Mediterranean (Csa and
Csb) climates because of the changes in the regional and
hemispheric circulation, pressure systems and air mass, pro-
ducing dry conditions in the summer months (Turkes 2020).

Observed changes and trends in long series
of individual station-based climatological data

The results of the statistical time-series analyses are given in
Table 5. LSLR and M—K test results were almost the same
regarding both nature (direction of the trend) and magni-
tude (p values) of observed trends (Table 5). Thus, only
the M—K u(?) results were evaluated. Generally, there were
evident increases in air temperature, while both increas-
ing and decreasing trends were observed in precipitation in
Hadim, geographically the most representative station of the
study area. The relative humidity series, on the other hand,
showed strong decreasing trends for this station. Observed
increased (i.e., warming) trends in the mean air tempera-
tures and average maximum and minimum air temperatures
of Hadim station were statistically significant (p <0.01).
Increasing trends in annual temperatures are attributable to
sharp increases, especially in the summer.

Observed decreased trends in both annual and winter
precipitations were significant only for winter (p < 0.05).
As for autumn, a slightly increasing trend was seen
(Table 5). No significant trends were observed in other
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Table 5 Resultant test statistics of the least-squares linear regression and the M—K analysis techniques applied to the long-term series of the cli-
matological observations recorded in Hadim (Had), Karaman (Kar) and Mut stations

The least-squares linear regression (¢)

The Mann-Kendal rank correlation u (¢)

Annual Winter Spring Summer  Autumn Annual Winter Spring Summer  Autumn
Had mean temp. 431" 0.40 0.80 7.15" 447" 3.88" 0.96 0.65 5.50™ 3.86™
Had av. max. temp. 533" 0.76 1.84 6.23" 547" 437" 1.25 1.59 4.82" 456"
Had av. min. temp.  3.79™ 1.40 1.94 5.86™ 2.69" 3.86™ 1.45 1.82 4.74™ 2,617
Had precipitation —1.58 —2.36" —0.17 1.10 0.77 —1.50 —2.13" -0.28 0.79 1.29
Had rel. humidity —4.13" 435" 272" 177 —290™ 3477 385" 262" —1.72 —2.51"
Kar mean temp. 2.85™ —0.44 2.69™ 6.45™ 2.19" 275" —-0.80 220" 5.20™ 2.517
Kar av. max. temp.  1.77 -0.35 2.12° 3.95™ 0.11 1.99" —-0.50 1.99" 3.90™ 0.99
Kar av. min. temp. ~ 3.83" —-0.63 262 7.35™ 347" 434" -0.33 3.30™ 1142 4127
Kar precipitation —-0.78 —-1.00 —-0.90 0.95 0.38 —0.84 —1.04 —-1.10 1.08 0.28
Kar rel. humidity -846"  —481" -689" 373" -589" —601" -438" —-526" -349" 437"
Mut mean temp. 3.52" 237" 326" 2.06" 4.87" 231" 1.65 2.06" 0.50 3.90™
Mut av. max. temp.  — 1.47 —-0.97 —-0.71 -0.82 -1.62 —-1.02 —-0.98 —0.44 —-0.67 —-1.06
Mut av. min. temp. ~ 2.98" 0.21 236" 2.33" 3.99™ 3.05" 0.07 1.66 1.91 2.65™
Mut precipitation —0.68 —1.32 0.51 0.38 0.71 —-0.79 —1.65 0.60 0.38 0.77
Mut rel. humidity —2.17" —1.61 -1.99 —0.17 —1.71 —2.28" —1.49 —1.98" —045 —1.54

(*) The increasing (or decreasing) trend is statistically significant at the 0.05 significance level

(**) The increasing (or decreasing) trend is statistically significant at the 0.01 significance level

precipitation series. Decreased trends in relative humid-
ity, on the other hand, were significant in all seasons
except for summer (p <0.05).

As for the surrounding stations, observed trends
in Karaman were similar to Hadim; in general, rapid
warming was evident in the air temperature time-series
(Table 5). However, results from the Mut station, rela-
tively differ from the Hadim and Karaman stations in
terms of the trend and year-to-year variability because
Mut has distinct microclimate characteristics within the
Central Taurus Mountains. Although we used its data in
the climate type and station-based time-series analysis,
it was excluded from the trend analysis of the regional
time-series.

Observed changes and trends in regional
climatological series

Observed changes in the regional-average climatic variables
for the Hadim-Karaman district are presented in Table 6.
Accordingly, strong warming trends were observed in
annual, summer, and autumn mean; annual, summer, and
autumn average maximum; annual, spring, summer, and
autumn average minimum regional temperatures. Based
on the long-term graphics presented in Fig. 3, the trends
were clearer just after the 1992 cold year. Since then, they
changed to warmer conditions than the long-term average
(Figs. 3, 4, 5).

As for precipitation totals, no significant trend was found
except for winter. Annual total winter precipitation showed

Table 6 Resultant test statistics of the least-squares linear regression and the M—K analysis techniques applied to the long-term series of the cli-
matological observations averaged for the Hadim-Karaman (Had-Kar) district

The least-squares linear regression (¢)

The Mann-Kendal rank correlation u (7)

Annual Winter Spring Summer  Autumn  Annual Winter Spring Summer  Autumn
Had-Kar mean temp. 3.66™ —-0.07 1.76 7.57" 372" 3417 —0.09 1.40 5.65™ 378"
Had-Kar av. max. temp.  3.68"" 0.12 2.02" 531" 3.53" 3417 0.23 1.80 4.44™ 3.39"
Had-Kar av. min. temp. ~ 4.75" 0.95 2.85™ 9.58" 3.97" 4.30™ 0.84 2.69™ 6.45™ 3.62""
Had-Kar precipitation ~ —1.48 -2.15° -059 1.30 0.62 —-0.98 -1.95 -0.71 0.86 1.08
Had-Kar rel. humidity ~ —6.45"  —4.63" —453" -3.05" —451" —-495" —4.15" -385" 322" 350"

(*) The increasing (or decreasing) trend is statistically significant at the 0.05 significance level

(**) The increasing (or decreasing) trend is statistically significant at the 0.01 significance level
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Fig.3 Long-term trends and fluctuations in annual and seasonal
mean air temperature series of the Hadim-Karaman district in Tur-
key from sequential values of the statistics u(t) (lines) and u’(t) (filled

a decreased trend almost at the 0.05 significance level. In
other words, a long-term aridification process was seen in
the region (Fig. 6). The decreased trend in the winter precip-
itation started in the early-1980s. However, it reached a new
equilibrium in the 1990s and maintained near the average of
recent periods. The observed decreased trend in the annual
precipitation, on the other hand, started in the late-1980s
but no significant arid period has been experienced since
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squares) of the M-K test, with critical value of +1.96 at the 0.05
level of significance (dotted lines) based on the two-sided normal dis-
tribution

then (p <0.05). For the Hadim-Karaman district, long-term
trends and fluctuations for other seasons are seen in Fig. 6.
As for relative humidity, strong and significant decreased
trends starting from the mid-1980s were remarkable in both
annual and seasonal means (p <0.01) (Fig. 7). These trends
were more evident in the 1997-2017, 2005-2017, and
2009-2017 periods for the winter, spring, and summer sea-
sons, respectively. The annual mean relative humidity, on the
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Fig.4 Long-term trends and fluctuations in annual and seasonal aver-
age maximum air temperature series of the Hadim-Karaman district
in Turkey from sequential values of the statistics u(t) (lines) and u’(t)

other hand, showed a clear decreasing trend in proportion
to the long-term average between the years 2004 and 2017.

Observed changes and trends in the regional Al
and SPEl series

Figure 8 shows a significant decrease in Al during the
examined period, which means increased dryness in
both series of Hadim and Karaman. Due to the different

(filled squares) of the M—K test, with critical value of+1.96 at the
0.05 level of significance (dotted lines) based on the two-sided nor-
mal distribution

baseline climate (i.e., the long-term average Al values
indicating the local climate type), it was seen that there
was a significant trend from humid climatic conditions
mostly evident during the 1960s, 1970s, and 1980s to the
dry sub-humid climatic of the 2000s and 2010s in the Al
series of Hadim (Fig. 8a), whereas there was a significant
change from semi-humid conditions dominated during the
mid-to-late 1970s to dry sub-humid and then to semi-arid
conditions occurring after the early 2000s along with the
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Fig.5 Long-term trends and fluctuations in annual and seasonal aver-
age minimum air temperature series of the Hadim-Karaman district
in Turkey from sequential values of the statistics u(t) (lines) and u’(t)

severe drought events during this period in the Karaman
station (Fig. 8b).

As for the long-term variations in the regional SPEI series
derived from the 1, 12, 24, 36, and 48-month time-scales for
a sub-region including the study district, drier than long-
term average conditions have tended to increase generally
since the late 1980s and the year of 1990 in the SPEI time-
series for all time-scales considered in the study (Fig. 9).
Accordingly, particularly in the SPEI series for the 24, 36,
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(filled squares) of the M—K test, with critical value of+1.96 at the
0.05 level of significance (dotted lines) based on the two-sided nor-
mal distribution

and 48-month time-scales, a long period from 1990 to 2020
was characterized mostly by long-term drought tendency
(Figs. 9c, d, e). Due to the long-term drought tendencies
(drying) seen in this period, drought conditions that were
very likely prevalent in the Hadim district can be recog-
nized as a period characterized by long-term agricultural
and hydrological droughts. Furthermore, drought events
developed between 2000 and 2010 were mostly character-
ized with SPEI values smaller than —1, and the second half
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Fig.6 Long-term trends and fluctuations in series of annual and sea-
sonal precipitation totals of the Hadim-Karaman district in Turkey
from sequential values of the statistics u(t?) (lines) and u’(?) (filled

of the period with SPEI values smaller than —1.5 up to —2.5;
these values represent moderate, and severe and very severe
droughts, respectively.

Finally, it is important to underline that the Taurus fir is
not a drought-tolerant tree species like other typical Medi-
terranean conifers, such as Calabrian pine (Bozkus 1986;
Cailleret et al. 2014). All these findings and assessments

squares) of the M—K test, with critical value of+1.96 at the 0.05
level of significance (dotted lines) based on the two-sided normal dis-
tribution

summarized above suggest that significant observed
climatic changes (e.g., increased air temperatures and
droughts and decreased relative humidity) and theoreti-
cally very likely declined climatological soil water balance
are the two driving factors on tree mortality in Hadim’s
Taurus fir forests. The evidence for the intensive tree mor-
tality is documented in the following subsections.
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sonal mean relative humidity of the Hadim-Karaman district in Tur-
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Changes in forest cover

Based on the GIS analyses of temporal stand type maps, it
was seen that the area coverage of pure fir stands in Hadim
Forest Enterprise gradually decreased at the (LULC) class
level. In contrast, the total forested lands increased with an
annual forestation rate of 0.5% between 1971 and 2016 at
the landscape level (Table 7). The drastic change in the fir
stands was as much as —82.3% for the 45 years resulting in
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squares) of the M—K test, with critical value of+1.96 at the 0.05
level of significance (dotted lines) based on the two-sided normal dis-
tribution

a remaining area of only 542 ha in 2016. Thus, an annual
forestation rate of —3.8% was calculated for the pure fir,
which could be considered as the rapid loss of area at the
class level. Temporal changes in area coverages were rather
complicated. The area of fir-dominated mixed stands showed
a fluctuated trend among different periods (Table 7). Fir-
associated mixed stands, however, started to increase after
1993. This may be attributed to the transformation from
pure to mixed stands from 1993 to 2016. The spatiotemporal
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changes by species mix can be seen in the maps given in
Fig. 10.

As for tree crown closure, the area coverages for all can-
opy cover classes, excluding degraded stands, showed an
increasing trend from 1971 to 2016 (Table 7). The degraded
stands, which had a canopy cover of less than or equal 10%,
increased from 3268 to 4335 ha in the first period; then,
dramatically decreased to 253 ha in the second period. Since
degraded lands took up large areas in Hadim, this dramatic
decrease led to an annual forestation rate of —0.8% by total
canopy covers (Table 7). In fact, large areas of degraded
fir stands, marked as red both in 1971 and 1993’s maps,
disappeared in 2016 (Fig. 11). This indicated a significant
transformation from degraded fir to other LULCs.

Areal transitions among different LULC classes

After analyzing the changes in area coverages of fir forests,
transitions among different forest covers and other LULC
classes were documented for the overall period (1971-2016).
The areal transitions among fir forests were evaluated by
species mix. Accordingly, more than half of the pure fir
stands (1722.2 ha) changed to stands dominated by other
tree species (Table 8). The rest, transformed into mixed fir

(966.6 ha) and non-forest lands (226.5 ha), such as rocky
areas, agricultural lands, or other bare lands. Anatolian
black pine and Lebanon cedar were two species concomitant
with fir in the mixed forest stands. Only 153.9 ha of pure fir
stands remained steady in the same period. Other changes
among different LULCs are seen in Table 8.

The transition map in Fig. 12 represents steady-state
and changed fir stands in terms of the species mix. Almost
all fir forests in the northwestern parts of the study area
more or less changed. In contrast, some forest blocks in
the northeastern and southern parts remained steady-state
(Fig. 12). These parts are generally located at the north-
facing slopes. Based on the t-test results, the slope aspect
was found to be a significant ecological factor affecting
steady-state and changed stands (p < 0.01) (Table 9). Spe-
cifically, 82% of the steady-state fir forests are located on
north-facing slopes. Surface slope, altitude, and growing
site were other ecological factors affecting the areal transi-
tions. The changed forest stands were mostly on steeper
slopes, while the steady-state stands were on relatively flat
ground (p <0.05). The mean altitude of the changed stands
was higher than that of the steady-state stands (p <0.01).
Similarly, steady-state stands had better site conditions
than the changed ones (p <0.001) (Table 9). A good site
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Table 7 The change in forest cover by different planning periods
Stand parameters LULC classes Forest cover in different Periodical changes in the area (%) Annual rate
years (ha) of forestation
(%)
1971 1993 2016 1971-1993  1993-2016  1971-2016  1971-2016
Species mix* Pure fir 3069 1266 542 —58.7 -57.2 -82.3 -38
Fir-dominated mixed 1626 4337 2698 +166.7 -37.8 +65.9 +1.1
Fir-associated mixed 768 493 2687 —-35.8 +445.0 +249.9 +2.8
Total 5463 6096 5927 +11.6 -2.8 +8.5 +0.2
Canopy cover classes**  Fully-covered fir 84 92 368 +9.5 +300.0 +338.1 +3.3
Moderate-covered fir 553 759 688 +37.3 -94 +24.4 +0.5
Loosely-covered fir 790 1680 1957 +112.7 +16.5 +147.7 +2.0
Degraded fir 3268 4335 253 +32.6 —-94.2 -923 -55
Total 4695 6866 3266 +46.2 -524 -304 -0.8
All forested lands 27,871 31,059 34260 +114 +10.3 +22.9 +0.5

(*) A forest stand is identified as mixed if the 2" (associated) species exists more than 10% in total standing volume

(**) Canopy cover statistics were given only for pure fir and fir-dominated mixed stands (fir-associated mixed excluded)

(**%) The negative rates refer to deforestation at the class level
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- Fir-associated mixed stands D Boundaries

Land Use/Land Cover Types Other forested lands
- Pure fir stands Nonforest lands
Fir-dominated mixed stands - Water bodies

N

Fig. 10 Spatiotemporal changes in fir forests by the species mix parameter (Photo: Ahmet Pocanoglu)

condition refers to a flatter land where the soil is deep and
rich in nutrient content, stoniness is low and the rainfall
is sufficient. Stands of trees located on good sites usually
grow faster than those located on poor sites (GDF 2017,
van Laar and Akca 2007).

Changes in the spatial structure
The patch metrics provided useful information when eval-

uated together with areal statistics. The number of patch
(NP) metric increased continuously in all forest cover types,
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Fig. 11 Spatiotemporal changes in fir forests by the canopy cover parameter (Photo: Abdullah Unlii)

Table 8 The transition matrix of pure and mixed fir stands between 1971 and 2016

Spatiotemporal transitions of LULC classes (ha) Total area
in 2016
LULC classes Pure fir Fir-domi. mixed Fir-asso. mixed Other forests Non-forest lands Water bodies Erllm)
Spatiotemporal Pure fir 153.9 623.1 343.5 1722.2 226.5 0.0 3069.2
transitions of  Fjrdominated 649  503.7 709.6 255.9 92.2 0.0 1626.3
LULC classes mixed
(ha) Fir-associated 31.1 314.7 134.9 263.0 247 0.0 768.4
mixed
Other forests* 236.6  1033.5 1073.6 17,039.1 2785.5 239.6 22,407.9
Non-forest 559 223.1 4249 9050.3 52,514.3 132.3 62,400.8
lands**
Water bodies 0.0 0.0 0.0 1.6 15.5 0.8 17.9
Total area in 1971 (ha) 5424  2698.1 2686.5 28,332.1 55,660.7 372.7 90,290.5

(*) Other forests refer to all forest stand types which do not include any fir species

(**) Non-forest lands refer to agriculture, grassland, settlement, and other bare lands

(***) The bold values refer to the unchanged areas for each LULC class

except for fir-associated mixed stands (Table 10). In fir-
associated mixed stands, however, it slightly decreased from
21 to 17 in the first period (1971-1993); then, remarkably
increased to 118 in the second period (1993-2016). As stated
in the previous section, the slight decrease in the first period
was attributed to its areal loss. At the landscape level, the
NP showed an increasing trend, like many other classes. In
other words, the forest became more fragmented during the
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overall period covering 1971 to 2016. However, the severest
fragmentation was in the pure fir class since its annual rate
of forestation was — 3.8%. Namely, pure fir forests had only
33 patches when their area coverage was 3069 ha in 1971;
in 2016, however, it increased to 88, although their coverage
decreased to 542 ha. This finding indicated that pure fir was
one of the most susceptible classes to forest disturbances in
the study area.
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Transitions from 1971 to 2016
Steady-state fir stands

- Changed fir stands
Other lands

I: Boundaries

Fig. 12 The transition map of pure and mixed fir stands from 1971 to 2016. The photo on the right shows standing deadwoods circled in red

(Photos: Akkin Semerci)

Table 9 Ecological factors affecting transitions between pure and
mixed fir stands

Ecological factor Categorical variable Mean P value (t-test)

Surface slope (%) Steady-state fir stands 39 0.024
Changed fir stands 43
Growing site (bonitet ~ Steady-state fir stands 4.05  <0.001

class)

Altitude (m, asl)

Changed fir stands 4.51
Steady-state fir stands 1650 0.002
Changed fir stands 1680
Steady-state fir stands N/A  0.003
Changed fir stands N/A

Slope aspect

As for the mean patch size (MPS) metric, a general
decreased trend was observed at the class and landscape
levels (Table 10). Excluding fir-dominated mixed stands, the
MPS significantly decreased for all LULC classes. Similar
to the NP metric, the most remarkable decrease was in the
pure fir class, whose MPS values were 93 ha in 1971, 25 ha
in 1993, and only 6 ha in the last period. The trends for the
largest patch size (LPS) metric, on the other hand, showed
distinct features for different forest covers. It dramatically
decreased from 1543 to 26 ha for the pure fir class over the

45 years, mainly due to the changes in the procedures of
forest inventory mapping in Turkey. Other changes in the
LPS by different forest covers are seen in Table 10. As for
the mean edge length (MEL) metric, there was a decreasing
trend at both the class and landscape levels (Table 10). The
only exception was in the fir-associated mixed class, which
led to areal transitions from pure fir stands. Indeed, this
class showed remarkable improvements, based on almost
all indicators. By contrast, the MEL metric for pure fir class
decreased by 3450 m between 1971 and 2016.

Changes in the stand structure

In addition to the spatial changes, the structural quality of
productive fir forests was examined by several stand param-
eters (Table 11). As for the number of trees parameter, a
decreased trend was observed for pure fir cover at the stand
type level. By contrast, this parameter increased in fir-
dominated mixed stand types. In GScl, for example, there
were 207, 225, and 292 stems per unit area (1 ha) in 1971,
1993, and 2016, respectively. This finding indicated a slight
increase in stand density of loosely-covered fir-cedar mixed
stands in their thin-tree (20-35.9 cm) developmental stage.
Since thin trees were abundant in the entire study area, the
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Table 10 The changes in patch
metrics by different planning

periods

Table 11 The changes in stand structure by different planning periods

LULC classes

Number of patch (#)

Mean patch size

Largest patch size

Mean edge length

(ha) (ha) (m)
1971 1993 2016 1971 1993 2016 1971 1993 2016 1971 1993 2016
Pure fir 33 51 88 93 25 6 1543 157 26 4952 3252 1502
Fir-domi. mixed* 48 120 175 34 36 15 268 486 211 3736 3662 2357
Fir-asso. mixed* 21 17 118 37 29 23 71 190 696 2799 3872 2952
All fir forests 102 188 381 54 32 16 1543 486 696 4024 3570 2344
All forestlands 330 588 1882 84 53 18 1543 1621 917 5811 4630 2525

(*) A forest stand is identified as mixed if the 2" (associated) species exists more than 10% in total stand-

ing volume

Stand mix Stand type codes* Age class Number of trees (#  Standing volume Volume increment (m? Standing dead-
in 2016** ha™') (m*ha™h ha™") wood volume (m?
ha_l)***
1971 1993 2016 1971 1993 2016 1971 1993 2016 1971 1993 2016
Pure fir stands  Gb3 1 - - 611 - - 44 - - 1.6 - - 0
Gbcl - 380 184 - 103 48 - 1.3 09 - 0 0 -
Gbc2 - 503 494 - 66 79 - 1.7 1.9 - 0 1.1 -
Gce3 v - - 620 - - 88 - - 2.3 - - 0.7
Gedl - 305 246 - 55 158 - 12 22 - 02 47 -
Ged2 \% 375 300 340 87 153 88 1.7 23 1.7 0 1.1 1.9
Gd2 \Y% - - 292 - - 168 - - 23 - - 1.1
Gd3 v - - 513 - - 264 - - 3.7 - - 4.6
Average 390 307 475 78 110 130 1.5 1.8 23 - - -
Total 0.2 69 83
Fir-dominated GArbcl I 278 171 184 27 17 17 08 05 0.5 0 2.6 1.2
mixed stands - GArcd1 I 191 225 246 65 73 107 16 13 1.6 0 0 0
GCkel - 226 - - 33 - - 0.9 - - 0 - -
GCkc2 v - - 462 - - 96 - - 22 - - 9.1
GCkedl \% 262 232 354 124 174 121 19 21 2.1 0 23 45
GCkdl \% - - 246 - - 147 - - 2.0 - - 0.3
GCkd2 \Y% - - 549 - - 235 - - 3.6 - - 14.1
GMnbl1 111 - - 293 - - 19 - - 0.7 - - 2.7
GScl \Y% 207 225 292 78 124 103 14 1.7 2.1 05 54 03
GSc2 v 285 380 342 104 140 110 1.8 22 2.0 0.9 1.9 26
GSc3 \Y% - - 827 - - 123 - - 34 - - 53
GScd2 VI - - 342 - - 110 - - 2.0 - - 2.6
GScd3 VI 582 572 534 175 251 222 32 38 34 58 246 43
GSd1 VII - - 292 - - 133 - - 2.1 - - 0.3
GSd2 VII - - 381 - - 287 - - 8.6 - - 0.4
Average 290 301 381 87 130 131 1.7 1.9 2.6 - - -
Total 7.2 368 47.7
All fir stands ~ Average 326 302 406 83 122 131 1.6 1.9 2.1 - - -
Grand total 7.4 437 56.0

(*)The stand type codes are identified in Table 2
(**)I. Age class: 0-20 yrs; 21-40 yrs: II. Age class; 41-60 yrs: III. Age class; ...

(***)Standing deadwood volumes in the mixed stands were given only for Taurus fir trees (the deadwood of associated species was excluded)
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average of this parameter increased from 326 to 406 stems
per unit area for all fir stands in the overall period (Table 11).

Regarding standing volume, fluctuations were observed in
pure and mixed fir stands. The average volumes moderately
increased during the first period (1971-1993). However, in
the second period (1993-2016), they remained almost stable
at 120130 m> ha™!, although fir forests developed into the
advanced age classes (Table 11). This can be attributed to
intensive tree mortality, and harvesting operations in regen-
eration sites of some mature stands as scheduled by the old
management plan (GDF 1993). Regarding the volume incre-
ment parameter, slightly increased trends were observed in
the averages from 1971 to 2016 (Table 11). As for mixed fir
stands, on the other hand, volume increments were higher
than those of pure stands.

The changes in deadwood volumes were also analyzed
for fir species based on temporal FMP data. As seen in
Table 11, there were no or a few deadwood in fir forests in
1971, except for the stand type GScd3. In 1993, deadwood
volume reached nearly 25 m? ha~! for the GScd3, a mature
mixed stand near its rotation age. In this period, deadwood
volumes substantially increased almost in all stand types. In
2016, total deadwood increased further in pure and mixed
stands of fir. Taking all stands together, the total amount of
deadwood volume continuously increased from 7.4 m* ha™!
to 56 m® ha~! in Hadim Forest Enterprise at the landscape
level (Table 11).

Since deadwood volume was a useful indicator for moni-
toring tree mortality, its spatial changes between 1971 and
2016 were further analyzed based on temporal stand type
maps (Fig. 13). Accordingly, the map of the first period
(1971-1993) represented a healthy and vigorous forest
across the entire landscape. Relatively high deadwood vol-
umes were observed only in the southern parts of Hadim.
These parts are located at the lowlands with an altitude
of ~1200-1300 m asl. This orographic vegetation belt also
forms the lowest distribution of Taurus fir in Turkey (Bozkus
1986; Akkemik 2000; Kavgaci et al. 2010). In the follow-
ing periods, deadwood volumes substantially increased to
around 10 m* ha™! in the same parts (Fig. 13). Moreover, fir
forests in the northern parts have possibly become more sus-
ceptible to disturbances, too. As a result, significantly high
deadwood volumes were observed in most fir forests across
the study area in 2016. It is possible to see a large amount
of deadwood even in the upper forest zone, around 2000 m.
This phenomenon is thought to be caused by the increased
drought and water deficit in the region.

The impacts of forest management and wildfire

To differentiate the roles of natural mortality, salvage log-
ging, and commercial logging in evaluating mortality pro-
cesses, we first documented fir regeneration sites from the
FMPs. Accordingly, 132.7 ha of mature fir stands (both

1971 1993 2016
0 5 10 20 30 40
km
Deadwood volume (m3/ha) 4.1-6.0

Bl -0
[ ERLN

Other lands
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21-40

Fig. 13 Spatiotemporal changes of standing deadwood in productive fir forests. Standing deadwoods are circled in red (Photo: Akkin Semerci)
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pure and mixed) were regenerated between 1971 and 2016.
It was observed that the same species composition gen-
erally remained in these regenerated sites. Only 12.3 ha
of these sites were converted to other tree species, par-
ticularly Anatolian black pine. As a result of commercial
logging operations, approximately ten thousand m? fir
(roundwood and firewood) was removed from the forest
during a 45-year period.

Aside from commercial logging, high deadwood vol-
umes in Hadim’s fir forests have motivated forest prac-
titioners to salvage logging operations as they started to
remove dead trees from the forest year by year. In Hadim
Forest Enterprise, the official statistics have been kept
regularly since 2007. A total of 6466 m*> deadwood—only
for Taurus fir species—were removed from the forest dur-
ing the 11 years between 2007 and 2018. The total amount
of extracted timber (deadwood) volume from the salvage-
logged areas can be seen in Fig. 14. The total volumes
of standing deadwood were also presented in the same
figure by planning periods. As a result, the total amount
of deadwood (both standing and extracted) increased from
906 m’ in 1971 to 11,840 m’ in 2016 at the landscape level
(Fig. 14).

According to the official statistics, eight wildfires have
occurred in Hadim Forest Enterprise since 2007. Dur-
ing wildfires, a total amount of 4.9 ha of forested areas
were burnt. The average amount of burnt forest area was
approximately 0.6 ha per wildfire. The percentage of the
burnt areas was specified neither by stand types nor tree
species. Thus, we had no information regarding the direct
impacts of wildfire on the spatiotemporal change in fir
cover. However, it was observed that the burnt areas were
naturally or artificially regenerated with the same tree spe-
cies following the wildfire.

12000 11840 m3
5710000

8000

6000 5374m3

4000

Stem volume ( m

2000

1971 1993 2016
Years

u Standing deadwood M Extracted deadwood (salvage logging)

Fig. 14 Total amount of standing deadwood volumes and removals
from the salvage-logged areas in Hadim (only for Taurus fir species)
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Discussion
Changes in forest cover and transitions

The most remarkable areal loss was observed in the
pure fir stands. From a total area of 3069 ha in 1971,
they decreased to 1266 ha and 542 ha in 1993 and 2016,
respectively. Fir cover decreases in Hadim with an annual
forestation rate of — 3.8%, although this rate is 0.5% for
the entire forest ecosystem. Since fir is one of the most
susceptible tree species to drought stress (Bozkus 1986;
Cailleret et al. 2014), salvage logging statistics, field
observations, and meteorological data analysis suggest
that climate-induced tree mortality leads mainly to rapid
areal losses in fir species. Many research from Mediterra-
nean countries reported similar findings for this tree genus.
Linares (2011), for instance, stated a long-term vegetation
migration in the Spanish fir, a relict tree species in Spain.
Similarly, Tsopelas et al. (2004) revealed that large-scale
tree mortality events in Greek fir forests were experienced
in Greece after the drought year of 2000. Before these
events, Linares and Camarero (2011) pointed out signifi-
cant growth decline and defoliation process in silver fir
species in the Spanish Pyrenees. All the researchers cited
above evaluated that climate change (i.e., increases in
air temperatures, decreases in precipitation, and relative
humidity) was the major driving factor for the intensive
tree mortality in fir forests.

The limited area for unchanged (steady-state) fir for-
ests in Hadim was further analyzed in this study. They
are often located at the north-facing slopes of Hadim For-
est Enterprise. This finding can be attributed to Turkey’s
northern slopes being shady; thus, more humid conditions
prevail on those lands. Sunny (south-facing) slopes, con-
trastingly suffer from extreme summer droughts that can
be mortal for the Taurus fir, as stated by Akkemik (2000)
and Kavgaci et al. (2010). Similarly, other ecological fac-
tors such as altitude, slope, and growing site significantly
affected the temporal dynamics of changed or transformed
fir forests in our case (p < 0.05). In his dissertation, Bozkusg
(1986) studied the natural distribution of the Taurus fir in
Turkey for the first time. He stated that the Taurus fir was
the only shade-tolerant tree species functional in the Medi-
terranean forests. It prefers the northern slopes opposite
to the Mediterranean Sea, with less sunshine. The species
also prefers the shaded valleys and deep soil pits. The alti-
tude was also a driving factor for the natural distribution
of this species. There were almost 200-300-m altitude
differences in its lower distribution range between north-
and south-facing slopes (Bozkus 1986). In another study,
Cailleret et al. (2014) analyzed climate-induced mortal-
ity events in silver fir forests in southern France. The
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researchers reported that tree mortality and canopy dam-
ages were rarely attributable to altitude. Instead, they were
related to site conditions mainly shaped by local edaphic
and topographic factors. Forest soil had a massive effect
on tree mortality in their study. In the present study, the
mean site indices of steady-state and changed fir forests
were statistically different (p <0.001). Thus, our findings
generally agree with Cailleret et al. (2014) and Bozkus
(1986). The differences in mean slope were also signifi-
cant for the steady-state and changed forests (p < 0.05).
Steady-state forests, located at relatively flatter sites, pos-
sibly have a deeper soil layer than those of changed forests.
We predict that water deficit in forest soils—after several
drought years in particular—negatively affects fir species
during the long and dry summer seasons experienced in
Hadim, like in many other Mediterranean forests.

Fragmentation

Based on the patch metrics calculated in GIS environment, it
was seen that fragmentation both for fir stands and the entire
forest periodically increased in Hadim from 1971 to 2016.
However, the fragmentation in fir stands was more rapid,
especially for the pure fir class, than those of other forest
covers. Increased isolation of individual forest patches in the
pure fir class seems to be a robust indicator of tree mortal-
ity when considered together with the long-term trends in
the observed climate data. Similarly, Fosso and Karahalil
(2020) analyzed the spatiotemporal change in another Medi-
terranean forest near Hadim between 1965 and 2010. They
reported that their forest became almost three times more
fragmented at the end of the 45 years. The relevant studies
had significant evidence for relating this change with climate
variability in the region. Linares (2011), in another compre-
hensive study, focused on the biogeography and evolution of
all the Mediterranean firs (nine species). Like us, he reported
high fragmentation degrees for fir species and concluded that
the climate factors—particularly long-term dryness in the
Mediterranean Basin—played a vital role in this deteriora-
tive process. For Hadim Forest Enterprise, we may list some
additional external factors, including small-scale wildfires in
the region, new firebreaks created by the GDF (GDF 2016),
past rehabilitation works in large degraded fir sites (Colak
et al. 2010), as well as recent constructions of the Egiste,
and Gevne dams. All of these may have contributed to the
change in the landscape-scale fragmentation status of Hadim
in addition to drought-induced tree mortality.

As for individual patch metrics, the MPS decreased to
a significant extent almost for all LULC classes in Hadim.
For the pure fir class, the mean areas of stands shrank to
more than one-tenth of their former areas between 1971
and 2016. Thus, one can assess that fir forests, like many
other LULCs in Hadim, lost their ecological integrity and

structural quality. As a result, they gradually transformed
into a more patchy state. Likewise, the LPS metric showed
decreased trends, too. Deng et al. (2020) reached similar
findings for China’s forests. They reported that deforestation
and fragmentation degrees increased in Jixi City during the
22 years between 1993 and 2015. However, the researchers
attributed these negative changes to human activities such as
mining, farming, and construction sites. Since Hadim Forest
Enterprise is a more remote and marginal site than Jixi City,
human interventions are limited in our study area. Therefore,
we evaluate that increased fragmentation in Hadim during
the 45-year period may be a result of intensive tree mortality
caused by natural disturbances such as drought and water
deficit. The study by Bozkug (1986) partly supports our
argument. In this comprehensive study, he reported that the
natural range of Taurus fir in Turkey was larger in the past
than today. However, it has a confined and isolated distribu-
tion now, probably due to unfavorable climatic conditions.

Nevertheless, developing remote sensing (RS) technolo-
gies and GIS mapping techniques may also affect the tem-
poral change in some patch metrics. Until the 2000s, forest
stand types were being separated with coarse delineations
in Turkey because of several limitations embedded into the
low-resolution based analog aerial photos and ground meas-
urement techniques (Kadiogullari et al. 2014). Toward the
millennium, however, new tools and techniques such as GIS,
GPS, database management systems, and high-resolution-
based RS started to be used actively in the Turkish forestry
thanks to the rapid improvement in information and commu-
nication technologies. Thus, mapping professionals are now
generating more detailed stand type maps based on very-
high-resolution color-infrared digital imageries and precise
ground data with minimal errors (Baskent and Yolasigmaz
1999). There is no need to delineate thousands of hectares
of degraded forests with small openings or rocky areas as
one land cover type, as it was done in the 1970s. Instead, it
can be separated into as little as 0.3-ha sub-compartments
in GIS environment, as recommended by the national forest
management regulation and its up-to-date guideline (GDF
2008, 2017).

Structural characteristics of forest stands

After 1993, it was seen that the standing volumes in fir for-
ests did not reach the values predicted in the growth and
yield table of Taurus fir (Miraboglu 1955) based on natu-
ral forest development. Moreover, most of the loosely- and
medium-covered stands disappeared from the area between
1971 and 2016. They can be explained by tree mortality,
commercial thinning and wrong harvesting techniques
nationally used in large regeneration sites in that period.
Indeed, they reduced the structural quality of most of Tur-
key’s forests in the second half of the twentieth century, as
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stated both by Bagkent et al. (2005) and Colak et al. (2010).
Fortunately, these kinds of misguided management actions
have recently been abandoned. Instead, the ecosystem-based
multifunctional forest management concept—coupled with
close-to-nature silviculture—has been recognized in the last
decades (Asan 2017; Colak et al. 2010; GDF 2008). Within
this concept, Hadim Forest Enterprise has been divided into
six management units, each with different forest functions
ranging from non-wood forest products (i.e., honey) produc-
tion to hydrological regulation in the current FMP (GDF
2016). Hence, the management actions are specified by
forest planners depending on the management objective of
each unit. Accordingly, three distinct forest functions—wood
production, nature conservation, and erosion control—have
been assigned to the fir forests in the new management plan
of Hadim covering 2016 to 2035. Except for the wood pro-
duction unit, no annual allowable cut was determined for the
fir management units until 2035, thanks to the ecosystem-
based multifunctional forest management philosophy (GDF
2016). Therefore, it can be predicted that standing volumes
of fir forests located within the management units for nature
conservation and erosion control functions will increase
based on the growth curve of the Taurus fir, unless biotic or
abiotic disturbances (e.g., insect outbreaks, wildfires) occur.

Regarding forest growth, there was a clear difference
between pure and mixed fir forests in Hadim Forest Enter-
prise. This is not surprising because the positive difference
in the mixed forests is possibly related to the faster growth
rates of the associated tree species (i.e., Anatolian black
pine) than fir. Additionally, drought and water shortage in
the region may negatively affect the growth rates of fir spe-
cies more than other species. In this respect, Linares and
Camarero (2011)’s study reflected similar implications for
silver fir species in Spain, whose forests are also sensitive to
the negative impacts of climate change.

Deadwood is a useful indicator for assessing biodiversity
and understanding tree mortality dynamics in a forest eco-
system. In general, a limited amount of deadwood volume
(5-10 stems ha~! or 3-5 m* ha™!) is desired by forest plan-
ners in managed forests to conserve wildlife, and micro-hab-
itats (GDF 2017; Karahalil et al. 2017). However, deadwood
volumes as much as 24.6 m> ha™! (9.8% of total standing
volume) like in our case, are extremely high even for an
unmanaged forest. A recent study in the same region was
conducted by Karahalil et al. (2017). They calculated a mean
standing deadwood volume of 0.5 m® ha™! based on field
measurements in Kopriilii Canyon National Park. Research-
ers suggested that 2-3% of the total standing volume was
optimal for deadwood, particularly in forests managed under
protection functions such as nature conservation. Therefore,
high deadwood volumes in Hadim also reflect high mortality
levels for fir forests since forest stands dominated by other
tree species have no or few deadwood.
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A continuously increasing trend was observed in the total
amounts of standing deadwood volume in pure and mixed
fir stands. The amount of 7.4 m® ha~! deadwood in 1971
increased to 56.0 m® ha™! in 2016. Our field observations
show that the increasing trend is likely to continue unless
serious precautions are taken. This kind of drastic change
is risky for the sustainability of Taurus fir forests in Turkey.
Consequently, extensive salvage logging operations were
started in Hadim Forest Enterprise in 2007. Since then, thou-
sands of cubic meters of dead trees have been extracted from
the fir forests, and these operations continue. One of the pos-
sible impacts of salvage logging may be on forest growth.
After the logging operations, the growth rates of remain-
ing trees are expected to increase due to reduced intra- or
inter-species competition for resources such as light, water,
and soil (Bettinger et al. 2009). Therefore, no significant
increment loss was observed in fir stands for the last period
(Table 11).

The possible impacts of climate and forest
management on tree mortality

Given the long-term trends in observed climate data, it was
seen that warmer conditions and an aridification process
were prevailing in both Hadim and its surroundings. Start-
ing with 1993, in particular, the warming trend was more
apparent. This was coherent with the areal loss, and frag-
mentation processes increased in the same planning period
(1993-2016). The changing point in the climate series in
1992 can be explained by the radiative forcing effect of
the 1991 Mount Pinatubo eruption, as suggested by Tay-
ang et al. (2009) and Erlat and Tiirkes (2019). According to
the researchers, the climate of Turkey—particularly in the
Mediterranean and Central Anatolia regions—was greatly
affected by this volcanic eruption. In contrast, weak or oppo-
site impacts were recorded for the Black Sea and Marmara
regions of the country. Since Hadim Forest Enterprise is
located in a transition zone between the Mediterranean and
Central Anatolia region, we evaluate that the first half of the
1990s was critical for the onset of intensive tree mortality
events in Taurus fir species.

Taurus fir is a drought-sensitive tree species in Medi-
terranean forest ecosystems (Bozkus 1986; Cailleret et al.
2014). Based on the evaluations of the long-term temporal
climatic variations along with considerable drought condi-
tions we have seen so far, the cumulative effect arising from
the adverse environmental and ecological-physiological
conditions created by the significantly increasing drier and
warmer climatic conditions and the associated physical and
biological changes may have exceeded the adaptive capacity
of Taurus fir trees in the Hadim district. Thus, it can be sug-
gested that the disturbance regime of the forest ecosystem
reached a critical threshold during the long period, generally
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starting after the year 1990 (Figs. 8-9). Furthermore, this
negative effect on forest and agricultural systems is likely to
continue in many other regions or sub-regions and districts
of Turkey (Tiirkes 2020a and 2020b).

In this context, in addition to the major climatic changes
observed in most of Turkey, including the Central Mediterra-
nean sub-region and the study district (i.a., Erlat and Tiirkes
2013, 2016, 2017; Tiirkes et al. 2009; Ozcan et al. 2018;
Tiirkes and Erlat 2018; Tiirkeg 2020b; Erlat et al. 2021),
adverse impacts of the observed significant climatic changes
and droughts discussed above which increased in the 1990s
or 2000s depends on the climatic elements may have been
responsible, in addition to other likely factors, for tree mor-
tality events and degradation in the Taurus fir ecosystem in
the Hadim Forest Enterprise.

In terms of forest management, fir forests were gener-
ally set aside for conservation in Hadim’s forest function
maps since they were located on steep slopes. Therefore,
no substantial intervention was scheduled for fir forests
between 1971 and 2016 (GDF 1971, 1993, 2016). Silvicul-
tural interventions such as commercial thinning, final fell-
ing, and regeneration concentrated on Anatolian black pine
stands. A limited amount of fir stands (132.7 ha) was natu-
rally regenerated with the same tree species over the 45-year
period. An even more limited amount of these sites (12.3 ha)
were converted to different species, which are economically
more important. Lebanon cedar and Anatolian black pine
are two economically important tree species in the Mediter-
ranean region of Turkey (Janssen et al. 2018). The timber
of Lebanon cedar, in particular, is preferred in shipbuilding,
furniture, and construction industries. In this regard, Bozkusg
(1986) stated that commercial thinning activities in managed
mixed stands focused on cedar and black pine species, with
remaining fir trees untouched in that region. In the mixed
stands of fir, he observed many cedar and pine stumps on the
forest floor during his intensive field surveys in the natural
distribution range of Taurus fir in Turkey. Despite this, the
negative change in the area of pure fir stands was calculated
as thousands of hectares in the present study (Table 7). Thus,
it can be said that the impact of planned management actions
on the areal loss and degradation of Taurus fir forests is lim-
ited in Hadim. However, it is also a fact that Taurus fir was
not a priority in the past afforestation projects carried out in
this region (Colak et al. 2010). If the Turkish General Direc-
torate of Afforestation was to carry out extensive projects in
suitable areas with this species, the negative changes in fir
forests could be reduced slightly.

On the other hand, the total amount of standing and
extracted deadwood show a considerable increase in tree
mortality events in the fir forests of Hadim (Fig. 14). There
is approximately 13 times more deadwood in the forest today
than in 1971. About half of them are extracted from the for-
est by salvage logging operations (Fig. 14). Here, it should

be noted that the salvage logging operations are not the rea-
son; rather, they are inevitable consequences of tree mortal-
ity or poor forest management. Despite these operations, the
total standing deadwood volume is continuously increasing
in the study area (Table 11).

In fact, annual salvage logging records could be used
more effectively for monitoring annual tree mortality. More-
over, the nature and magnitude of the relationship between
year-to-year variability in time-series of these records and
annual variability in the climatological time-series could
be examined using appropriate statistics, such as Pearson’s
correlation coefficient r. Thus, sound assessments could be
made on possible climatological causes and/or drivers of
annual variability and long-term trends in deadwood remov-
als. Unfortunately, there are several drawbacks embedded
in official statistics. In Turkey, salvage logging records have
been regularly kept for many forest enterprises since 1997.
For Hadim Forest Enterprise, however, they first started
to be kept in 2007. Therefore, we could not date back fir
deadwood records to the early-1990s. Thus, no compari-
son was made among deadwood removals, FMP data from
the past periods (1971-1993), and long-term climate series
(1960-2018).

Finally, wildfires might be considered another possible
contributor to deforestation, forest fragmentation, and/or
degradation in a typical Mediterranean landscape. However,
official statistics indicated that they are negligible in Hadim
Forest Enterprise. Only eight wildfires have occurred since
2007 in Hadim. There have been times when wildfires did
not occur for several years. The average burnt area was less
than 1 ha per wildfire. Compared with the average burnt
area of Turkey (i.e., 17 ha), this amount is acceptable for a
Mediterranean forest (GDF 2014). Thus, it would be under-
mining to assert that wildfires shape Hadim’s landscape con-
siderably. Consequently, we evaluate that the contribution
of climate change to mortality processes is much more than
the forest management actions realized in the Hadim Forest
Enterprise.

Conclusion

In this study, tree mortality pattern in fir forests was thor-
oughly analyzed for a typical Mediterranean forest land-
scape, Hadim Forest Enterprise. It was clearly seen that
pure fir was the most affected LULC class in Hadim For-
est Enterprise over the 45-year period. The area coverage
of pure fir forests was 3069 ha in 1971, whereas it was
only 542 ha in 2016. More than half of them (~ 1722 ha)
transformed into either forest stands dominated by other
tree species (Anatolian black pine and Lebanon cedar) or
mixed stands of fir. Moreover, the areal transition from
pure fir stands to non-forest lands was almost 227 ha,
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showing a forest cover loss with an annual rate of —3.8%
for this class. In comparison with fir forests, an annual
forestation rate of 0.5% was recorded for the entire forest-
land in Hadim, suggesting that tree mortality was selective
mainly for Taurus fir. Regarding spatial structure, both
fir stands and the whole forest landscape became more
isolated and patchy. However, fragmentation in fir stands
was much faster than those of other LULC classes. Stand
structures of fir forests, on the other hand, did not consid-
erably change from 1971 to 2016, except for the standing
deadwood. Drought-induced deadwood volumes remark-
ably increased both in pure and in mixed fir stands. A
total of 6466 m> fir deadwood has been removed from
the salvage-logged areas since 2007. As global warming
is expected to continue, deadwood removals from Hadim
Forest Enterprise will seem to increase soon unless ade-
quate measures are taken.

We also tried to differentiate the impacts of forest
management actions and climate on Taurus fir species.
In Hadim, fir stands were mainly managed under con-
servation-oriented forest functions. Planned silvicultural
interventions on those stands were rare and quite mod-
erate. Timber production activities generally focused on
Lebanon cedar and Anatolian black pine stands due to the
economic importance of their timber. Contrastingly, sig-
nificant changes in the long-term climate data were evident
in both Hadim and its surrounding meteorological stations.
In general, increasing trends were observed for annual air
temperatures, while decreased trends were obvious in the
relative humidity series. The increased trends were very
strong, especially in the summer months after 1992. Pre-
cipitation totals, on the other hand, showed fluctuations in
different periods between 1960 and 2018.

In conclusion, warmer and increased drought conditions
have dominated Hadim Forest Enterprise in the last dec-
ades. The study area and its surroundings have been sub-
ject to aridification since the early-1990s. All the maps and
statistical findings presented in this study suggest that the
above-mentioned changes in the Hadim’s forests are results
of selective tree mortality induced and driven by climatic
changes in the Central Mediterranean sub-region of Turkey.
Given that the future impacts of climate change on forests
mostly remain uncertain, the tree mortality events in the
sub-region will seem to continue in the twenty-first century.
Nevertheless, forest dynamics could be controlled with the
help of smart management actions, such as promoting resil-
ience by doing mechanical thinning in fully-covered stands,
stocking seed banks, assisted migration, and augmenting
the population of Taurus fir species. However, such actions
should be scheduled by adaptive FMPs, which require the
abandonment of traditional management strategies. Because
traditional forest management planning is generally based
on the assumption that the future will be similar to the past.
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