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Abstract: The effects of climate change on species can influence the delicate balance in ecosystems.
For this reason, conservation planning needs to take account of connectivity and the related ecological
processes within the framework of climate change. In this study, we focus on the change in the
ecological connectivity of the Lebanon cedar (Cedrus libani A. Rich.), which is widely distributed in
the Mediterranean, particularly in the Amanus and Taurus Mountains. To this end, we evaluated the
changes in spatial units providing connectivity in the potential and future distributions of the species
through ecological niche modelling, morphological spatial pattern analysis, and landscape metrics.
The results suggest that the species is moving to the northeast. According to the future projections,
we predict that the potential habitat suitability of the species will shrink significantly and that, in
the case of pessimistic scenarios, the extent of the suitable habitats will decrease, particularly in the
western and central Taurus Mountain chains. A comparison of potential and future cores indicates
that there will be a slight increase under the RCP 4.5 2050 scenario, whereas core areas will decrease
in the RCP 4.5 2070, RCP 8.5 2050, and RCP 8.5 2070 scenarios. In addition, it is predicted that bridges
would increase in the RCP 4.5 2070 and RCP 8.5 2050 scenarios but decrease in other scenarios.

Keywords: ecological niche modelling; ecological connectivity; landscape metrics; landscape pattern;
climate scenarios; Anatolia

1. Introduction

Forests are among the major ecosystems in terms of biodiversity and carbon sequestra-
tion. On a global scale, they are observed to be changing constantly under the influence of
biotic, abiotic, and anthropogenic factors [1,2]. In this process, the determinative role played
by the climate has been acknowledged [3,4], and a variety of studies have examined biolog-
ical responses to climate change from different perspectives [5–7]. Assessments of forest
trees and bushes have focused mostly on tree mortality [8–10], tree/plant diseases [11,12],
plant diversity [13,14], plant growth [15,16], forest productivity [17–19], vegetation dis-
tribution [20–24], and carbon storage [25,26]. The common emphasis of these studies is
that climate change will significantly change the distribution, composition, and function
of forests [27–29]. For this reason, different strategies at different spatial/temporal scales
comprising the protection of biodiversity can be the effective response for encouraging and
sustaining the functions of the global ecosystem services [30,31].

Land 2022, 11, 802. https://doi.org/10.3390/land11060802 https://www.mdpi.com/journal/land

https://doi.org/10.3390/land11060802
https://doi.org/10.3390/land11060802
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://orcid.org/0000-0002-9188-3827
https://orcid.org/0000-0002-1041-0674
https://orcid.org/0000-0001-7118-0174
https://orcid.org/0000-0002-6753-0757
https://doi.org/10.3390/land11060802
https://www.mdpi.com/journal/land
https://www.mdpi.com/article/10.3390/land11060802?type=check_update&version=1


Land 2022, 11, 802 2 of 18

Contemporary research shows that many plant species will not be able to show
sufficient resilience to adapt to climate change. Therefore, most of them will be vulnerable
to contractions in their ranges/geographical limits and declines in their populations [22,32].
Among species with limited distributions, it has been reported that there will be significant
habitat shrinkages and losses of biodiversity [33,34]. In addition, some studies [35–37]
argue that climate change will lead some species to migrate, particularly towards the poles
or high altitudes, and that the resilience of species might increase over time. Plants are
not likely to be able to develop the physiological tolerances necessary to adapt to climate
change rapidly. While estimating future range shifts, it is relevant to determine biological
responses to environmental change with active processes such as habitat fragmentation and
their effects on the natural landscape in mind [38,39]. The influences of changing climate
conditions and a large number of other human-induced disturbances on tree species can
affect the delicate balance in ecosystems [40,41]. Ecological niche models (ENMs) that make
use of various climate scenarios and presence-only data have provided a better insight into
the potential effects of global warming by assessing the habitat suitability of different plant
species on the basis of their current and future geographical distributions [42–44].

Connectivity units in the landscape allow plant species to migrate, utilise resources,
colonise new habitats, and sustain genetic flow through pollens/seed distribution [45].
Thus, landscape connectivity helps to maintain biodiversity in fragmented landscapes by
mitigating the effects of changing environmental circumstances and allowing species to
move and vary their distributions [46]. Although bioclimatic ecological niche projections
are important elements for the successful preservation of biodiversity under changing
climate conditions, they largely neglect significant driving forces of ecological integrity and
frequently fail to address habitat connections. Yet, the responses of species to global climate
change have come to be regarded as the most important ecological factor that determines
the essential characteristics of plant communities and their distribution areas [47,48]. In
this context, understanding the direction and size of these responses plays a vital role in
the conservation and sustainability of species [49,50]. Consequently, conservation planning
needs to take connectivity and the related ecological processes into account within the
context of climate change adaptation.

A limited amount of research has been performed that comprehensively defines
potential corridors in Turkey, particularly in the Mediterranean Region [51–53]. In general,
when modelling the structural and functional connectivity of the landscape, consideration
has only been given to the landscape patches between habitats and not to spatial, ecological,
and other landscape factors. In order to restore or maintain connectivity, landscape features
are entailed to be measured, such as distance, size, and density—or in other words, to
analyse landscape patterns—and to determine the barriers between habitats and discover
potential corridors [54,55].

The Lebanon cedar (Cedrus libani A. Rich.) is the most widely distributed in the
Mediterranean, and particularly in the Taurus and Amanus Mountains [56]. As it has been
an important traded product for centuries, it has suffered from great damage. In addition,
increasing drought negatively affects sensitive conifers like the cedar [57]. Although the
cedar is frequently used in afforestation efforts in Turkey [58], it has been predicted that its
distribution in Lebanon and Syria will be limited under future climate conditions, while
these conditions will not greatly affect its distribution in Turkey [59]. It has also been stated
that the habitat suitability of the cedar in Turkey will increase under future projections by
comparison with its current distribution [60]. The Atlas cedar (Cedrus atlantica), which has
the second-largest distribution in the Mediterranean, is expected to recede significantly
under different future climate change scenarios [61].

This study aims to evaluate the change in the ecological connectivity of the Lebanon
cedar (Cedrus libani A. Rich.), which is widely distributed in the Mediterranean and par-
ticularly in the Taurus and Amanus Mountains. To this end, we focus on the changes in
spatial units providing connectivity in the potential and future distributions of species
through ecological niche modelling, morphological spatial pattern analysis, and landscape
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metrics. Specifically, we address the following research question: What will be the change
in ecological connectivity between the current and future potential habitats of C. libani
under different climate scenarios? First, we conducted ecological niche modelling for the
Lebanon cedar under present conditions (using data from 1970 to 2000) and under future
(2050, 2070) climate scenarios. Then we calculated the changes in the current, potential,
and future ecological connectivity of the species using the projections we obtained. The
findings of the study constitute detailed information for use in the identification of effective
strategies for ensuring the future sustainability and conservation of C. libani, which is
naturally distributed in Turkey. We also discuss how this information can be used as a basis
for putting theory into practise in the context of the planning of conservation areas and the
management of forest species at the landscape level.

2. Materials and Methods
2.1. Study Aarea and Target Species

The study area was defined according to the natural distribution of Cedrus libani,
which encompasses Turkey, Syria, and Lebanon in the Mediterranean Region (Figure 1).
Being a symbolic species, the cedar populations are under protection over a total area
of approximately 2200 ha in Lebanon [62]. In Syria, the species is spread over a total of
254.72 hectares, mainly in Jawbat Burghal with 219.43 ha and in Slenfeh with 35.29 ha [63].
In the Taurus and Amanus Mountains, the species forms pure and mixed forests over
approximately 482,391 ha [64].
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Figure 1. The map of the study area and species occurrence data.

The cedar grows in locations where the Mediterranean climate (South Anatolian
marine climate) prevails. The average temperature in the areas where cedar stands are
located along the upper border of the forest is 9.16 ± 1.59 ◦C and the average annual
precipitation is 610.26 ± 68.02 mm [65]. While the cedar is generally distributed at altitudes
of between 800 and 2100 m in the Taurus Mountains, the lower limit falls to approximately
500 m in the western Taurus Mountains [66]. C. libani forests are found in Turkey in various
geological formations [66], mostly in calcareous formations [67].

2.2. Occurrence Data

For the occurrence data 15.963 occurrence records were used. In the case of Turkey,
the records are based on the forest map [68]. Each record represents ten hectares of
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individual stands. In the case of Syria and Lebanon, the data was obtained from the
scientific literature [59,60,62,63,69–71]. Planted areas were not taken into account, and
the records are limited to the natural distribution of the species, so as to avoid possible
deviations from the natural ecological demands of the species.

All the records were georeferenced with WGS84 coordinates. The accuracy was
checked with the help of ArcGIS (v10.7, ESRI, California, USA). The occurrence data was
spatially thinned (10 km) using spThin ver. 0.2.0 [72]. In this way, spatial autocorrelation
was reduced [73,74] and the possibility of overestimating the predicted distribution as a
result of sampling bias was minimised [75]. Through this procedure, the 15.963 occurrence
records were reduced to 193.

A subset from the data was reserved for independent model testing and further di-
vided on a 70–30% basis for model calibration and internal testing [76]. For the study area,
we hypothesized the area accessible to C. libani during the relevant time periods [77], as-
suming that the species could conceivably be distributed throughout Lebanon, the western
part of Syria and all of Anatolia in the near-present and the future. The environmental
variables were masked with a polygon extending between 32◦ and 42◦ N and 26◦ and 42◦ E
to represent the study area—i.e., the accessible area or the M area [78].

2.3. Environmental Data

The 19 recent historical bioclimatic variables were acquired from the database of
WorldClim v2.1 ([65] http://www.worldclim.org, 18 June 2021), at approx. 30 arc-seconds
(~1 km2) spatial resolution. The data were derived from the minimum, mean, and max-
imum temperature and precipitation for the average for the years 1970–2000. The high
spatial resolution bioclimatic data were preferred to consider environmental variation,
especially in highlands and other areas with elevated climate gradients, that might not be
detected at lower spatial resolutions [65]. Four bioclimatic variables—BIO8, BIO9, BIO18,
and BIO19—did not include in all the analyses due to identifying some apparent defects in
previous studies [78–81].

Four different global circulation models were used to calculate the future habitat
suitability of C. libani encompassing two different time periods, namely, 2050 (average for
2041–2060) and 2070 (average for 2061–2080). These models were taken from CMIP5 Global
Climate Models (https://esgf-node.llnl.gov/projects/cmip5/, 21 June 2021). Specifically,
use was made of CCSM4 [79], CNRM-CM5 [80], HadGEM2-ES [81], and MIROC5 [82]. In
this way, a reasonable degree of uncertainty was incorporated in the climate model projec-
tions [83], and both intermediate (RCP4.5) and worst-case (RCP8.5) emissions scenarios
were used for predicting the future potential distributions of the species.

Any unwanted effects of multicollinearity or high intercorrelation (r > 0.75 or < −0.75)
among the bioclimatic variables were obviated [84,85] by removing variance inflation fac-
tors below 10 and setting a correlation threshold of 0.75, in line with the recommendations
of [86]. For this purpose, an uncertainty analysis (usdm) package was employed [87].
The outcome was that the five bioclim variables best reflecting the species’ ecological
requirements were selected for the modelling process. These were the following: Isother-
mality (BIO3), Temperature Seasonality (BIO4), Minimum Temperature of the Coldest
Month (BIO6), Precipitation of the Wettest Month (BIO13), and Precipitation of the Driest
Month (BIO4).

2.4. Ecological Niche Modeling

Ecological niche models (ENM) were constructed for use in estimating the suitability of
environments and the current and future potential geographical distribution of the Lebanon
cedar throughout the study area. The MaxEnt algorithm (version 3.4.1) was employed to
this end [88]. With the aid of the kuenm R package, which makes it possible to calibrate
ecological niche models very finely [76], 396 candidate MaxEnt models were produced in
the R v4.3.1 environment, each reflecting a different combination of parameter settings. The
candidate models were then evaluated by six different sets of five environmental predictors

http://www.worldclim.org
https://esgf-node.llnl.gov/projects/cmip5/
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eleven regularisation multipliers (0.1, 0.25, 0.5, 1, 1.5, 2, 3, 4, 5, 8, 10) based on Radosavljevic
and Anderson [89], and six combinations of features (l = linear, h = hinge, q = quadratic,
p = product, and t = threshold; l, lq, h, lqh, lqhp, and lqhpt). The performance evaluations
of these models were carried out on the basis of the significance, i.e., partial ROC [90]
with 500 iterations and 50% of data for bootstrapping; omission rates (E ≤ 5%, [91]) and
complexity (the sample size small Akaike information criterion [AIC] corrected for small
samples, AICc ≤ 2 [89,92]. The final models for the species were then created using
the selected parameterisations and the entire set of occurrences. Ten replicates were
implemented by bootstrapping, with cloglog outputs and 10.000 background points. The
models were applied to the study area for the past and current scenarios. The final model
evaluations entailed calculations of partial ROC and omission rates using the independent
dataset. The median of all the replicates across parameters was used to combine the
results for the species. The outputs show habitat suitability on a scale of 0 (unsuitable) to
1 (suitable). The maps were converted into binary maps with the 10 percentile training
presence logistic threshold in line with the recommendations of [93].

2.5. Environmental Data

In the second phase of the study, the distribution of the species was mapped using an
up-to-date digital stand map of the species. The present-time distribution of the species
needs to be examined in order to be able to make comparisons with its future distribution
and habitat connectivity. The present-time and future potential distribution area maps
were converted into binary data. Landscape analyses based on habitat connectivity were
carried out on GuidosToolbox (version 3.0), which is a holistic platform for analysing
the composition, connectivity, and fragmentation of habitats independent of the specific
responses of different species [94]. Morphological spatial pattern analysis (MSPA) was used
to measure the structure and composition of the ecological network across the landscape in
the study area. MSPA is a specialised set of morphological operators that aim to define the
geometry and connectivity of image components. It offers a practical and useful method
for assessing structural connectivity, categorising the areas occupied by an ecosystem into
diverse structural classes such as cores, islets, bridges, and edges [95]. GuidosToolbox
(Graphical User Interface for the Description of image Objects and their Shapes) has
been frequently used when making use of MSPA in recent years [96,97] since it provides
a practical digital image analysis in order to identify the effects of land usage policies
and land management practises on natural landscapes consisting of forest areas and to
determine the hotspots of regional-scale changes. Based solely on geometric concepts,
MSPA can be applied to any type of digital image on any scale in any application area. The
foreground area of the binary image is divided into seven visually distinguished MSPA
classes (core, islet, perforation, edge, loop, bridge, and branch). MSPA segmentation results
in 25 feature classes, which correspond fully to the first foreground area when combined.
Since most microclimatic and biophysical parameters of forests (i.e., temperature, humidity,
shade, radiation) tend to be affected by edge effects up to 5 m from the edge of the forest,
the margin width in the MSPA was set to 3 m (or 2 pixels) [98]. In the final stage of the study,
the historical and recent changes in habitat connectivity and their likely future changes
within the framework of climate scenarios were examined with transition matrices using
the lulc [99] R package. In order to observe the direction of the changes, the change in
area between habitat units was visualised using a Sankey diagram. The height of each
component in the columns denoting the units in the Sankey diagram is proportional to
the relative abundance of the MSPA category represented within the study area. These
categories were arranged (vertically) in descending order of size, based on their spatial
dimensions. The thickness of the lines between the columns, which shows the units between
which the change has occurred, is important for understanding the degree of change. An
increase in line thickness indicates that the amount of connectivity has increased.

To quantify the extent and connectivity of the predicted suiThabitats, both current and
future, use was made of landscape pattern analysis in FRAGSTATS [100]. Four landscape
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metrics were calculated for the predicted binary suitable habitats, namely, the percentage of
the landscape (PLAND), the largest patch index (LPI), the number of patches (NP), and the
Euclidean Nearest Neighbour Distance (ENN). These measures of landscape composition
(PLAND and ENN) and configuration (NP and LPI) indicate the extent, fragmentation, and
connectivity of habitats under the influence of climate change [100].

3. Results

A total of 396 candidate models were performed and evaluated them in terms of
statistical significance (partial ROC < 0.05), good performance (%5 OR = 0.052), and low
complexity (AICc = 4660.284). The best model selected linear and quadratic features with
0.1 regularisation multipliers and a mean high AUC for training data (AUC = 0.961, 0.02).
The six bioclimatic variables were used to predict the distribution of the target species.
According to the model, these variables are the following: precipitation of the driest month
(BIO14, 30.7%); minimum temperature of the coldest month (BIO6, 29.4%); precipitation
of the wettest month (BIO13, 19.6%); isothermality (BIO3, 15.2%), and temperature sea-
sonality (BIO4, 5.1%). The precipitation in the summer month (BIO14) and the minimum
temperature across the winter month (BIO6) were the highest contributions of the model,
while the lowest contribution was from temperature seasonality (BIO4). The present-time
distribution model indicated that the western, central, and eastern Taurus Mountains have
higher habitat suitability for the cedar (Figure 2). According to the future projections, it is
predicted that the potential habitat suitability of the species will shrink significantly and
that, in the case of pessimistic scenarios, the extent of the suitable habitats will decrease,
particularly in the western and central Taurus Mountain chains.
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The map showing the current distribution of MSPA classes illustrates that core areas
are distributed mainly in the western part of the study area. Islets are predominantly
distributed along the Taurus Mountains. The potential distribution and RCP4.5-2050 maps
in Figure 3 indicate that almost all large-sized cores are distributed in the central, western,
eastern, and south-eastern parts of the Taurus Mountains. On the contrary, the central and
western parts include far fewer and smaller core areas for the RCP4.5-2070, RCP8.5-2050,
and RCP8.5-2070, notwithstanding the existence of large numbers of corridors (bridges,
loops, and branches) and islets. The medium-sized cores are mostly distributed around the
large-sized cores.
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Figure 3. MSPA classes of current, potential, and future habitats of the Lebanon cedar.

The “core” is the most observed morphological type for the potential and future
distribution of the species (Table 1). The total extent of the core areas for the species in the
potential distribution makes up 54.68 per cent of the study area. This percentage varies
from 59.9 per cent under the RCP4.5-2050 to 50.12 per cent under the RCP4.5-2070, 53.59 per
cent under the RCP8.5-2050 and 52.3 per cent according to the RCP8.5-2070.
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Table 1. Spatial change of MSPA classes (%).

MSPA Classes (%)

Core Islet Perforation Edge Loop Bridge Branch

Current 3.85 67.66 0.00 9.2 3.55 4.38 11.36
Potential 54.68 4.38 1.27 25.18 2.78 4.62 7.09

RCP4.5-2050 56.9 4,67 0.8 24.13 2.48 2.84 8.18
RCP4.5-2070 50.12 7.03 0.67 25.48 2.68 5.69 8.33
RCP8.5-2050 53.59 5.31 0.63 23.44 2.68 6.36 7.99
RCP8.5-2070 52.3 7.59 0.28 24.01 1.91 3.83 10.08

The results show that the species may shift towards the north and that, by comparison
with the potential core areas, there will be a slight increase in core areas under the RCP4.5-
2050 scenario, while core areas will decrease under the RCP4.5-2070, RCP8.5-2050, and
RCP8.5-2070 scenarios. Bridges are predicted to increase in RCP4.5-2070 and RCP8.5-2050
but to decrease in other scenarios. As the cedar is currently distributed in the form of islets,
it is natural for the islet category to cover 67.66 per cent of the area. This percentage falls
to only 4.38 per cent in the map of potential distribution and increases relatively again to
reach 7.59 per cent in the RCP8.5-2070 scenario. The percentage values for perforation areas
vary between 0 per cent and 1.27 per cent. While the percentages for perforation amount
are low, the extent of edges shows a significant increase when compared to current values.
The increase in edges shows that the species will not be able to avoid the edge effect of
core areas even if they are not exposed to perforation. The loop and branch values were
observed to be very close to one another.

According to the results of the landscape metrics, while PLAND is 0.224 in the current
distribution of the species, it is 4.450 in the potential distribution of the species, 5.508 in the
RCP4.5-2050 scenario, 3.626 in the RCP4.5-2070 scenario, 3.734 in the RCP8.5-2050 scenario,
and 2.393 in the RCP8.5-2070 scenario (Appendix A [Figure A1]). The NP values show
a significant decrease between the current and future scenarios. Although NP increases
in the potential distribution and in the RCP4.5-2050 scenario, this increase is still lower
than the NP value in the current distribution of the species. Decreases were also observed
in the NP values for other periods. While the NP value for the current distribution of
the species is 12.67.0000, it is 10.54.0000 according to the potential distribution of the
species, 11.56.0000 according to the RCP4.5-2050, 11.30.0000 according to the RCP4.5-2070,
10.11.0000 according to the RCP8.5-2050, and 79.80.0000 according to the RCP-8.5-2070.

The LPI values vary from 0.007 to 2.004. While the LPI value is at its highest in the
potential distribution of the species, it decreases by almost half (1.023) under the RCP8.5-
2070. In the RCP4.5-2050 and RCP8.5-2050, the LPI values (1.754 and 1.817, respectively) are
slightly higher than the LPI values in the current distribution (0.007) and in the RCP4.5-2070
scenario (1.574). The ENN_MN value is lowest in the current distribution (0.0254) and
highest in the RCP8.5-2070. ENN_MN values increase between the potential distribution
and the RCP4.5-2050 and decrease between the RCP4.5-2050 and the RCP4.5-2070.

When the structural elements in the potential distribution of the species and the
RCP4.5-2050 are compared using Sankey diagrams, it is predicted that there will be trans-
formations from core areas to other linear elements (edges, bridges, branches, or loops)
(Figure 4). The most striking change is the trade-off between cores and edges. While it is
expected that a significant amount of core areas will turn into edges, it is also likely that a
large portion of edges will turn into cores. The transition of structural elements between the
RCP4.5-2050 and RCP4.5-2070 is somewhat similar to the transition of structural elements
between the potential distribution of the species and the RCP4.5-2050. The main difference
is that the number of core areas transformed will be less between the RCP4.5-2050 and
the RCP4.5-2070. When the structural elements in the potential distribution of the species
are compared with the RCP8.5-2050, it is predicted that the core areas will turn more into
edges and bridges. The narrowing of the vertical columns in the Sankey diagram between
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the RCP8.5-2050 and RCP8.5-2070 is due to the smaller amount of changing core areas. It
is likely that core areas will turn more into edges and islets between these two scenarios.
Transition matrices showing the percentages of the landscape that undergoes change for
each of the possible combinations of MSPA categories for current and future projections are
given in Appendix A (Table A1).
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4. Discussion

Climate change is an imminent threat to biodiversity, which may increase the risk of
extinction for many species. Management actions taking into account future climate and
land-use changes are necessary to mitigate the effects of global environmental changes [101].
This study focuses on the impact of climate change on future Lebanon cedars. However,
human activities, such as ecological engineering, deforestation, and land-use change,
can also influence its pattern to a certain extent. Therefore, further study may consider
potential environmental changes in ecological niche modelling in addition to the changing
climate conditions.

In this study, we focused not on forest fragmentation but on the changes in the distri-
bution of the cedar as a specific species. It is possible to predict that the potential forest
area will expand as the upper limit of the forest rises with the increase in temperature. It is
clear that the mountainous areas of the Mediterranean coastline will be greatly affected by
climate change. It has been predicted that the areas populated by the red pine (Pinus brutia)
and black pine (P. nigra), which are the dominant tree species along the Mediterranean coast-
line and are very widely distributed, will expand towards the mountain summits [102–105].
Both global warming and competition from the dominant species will tend to push species
found in the upper forest border, such as the fir (Abies cilicica) and Lebanon cedar, up against
the mountain peaks. It is generally acknowledged that ecosystems such as mountains,
which have “no place to go”, face greater threats as temperatures rise [106,107].

MSPA analysis results revealed the connectivity of cedar patches. The absence of
landscape connections may lead to the isolation of habitat patches, affecting pollination,
seed distribution, and gene flow, in addition to other ecological processes. Increasing
connectivity provides species with an increased ability to move to new regions in the face
of climate change, which in turn reduces the likelihood or possibility of extinction [108,109].
In other words, high connectivity provides the species only with the potential to spread
to places with temperatures that are similar to those they experience today [110]. For
this reason, increasing connectivity may increase the likelihood that many organisms will
survive as the climate changes. Connectivity is a functional parameter; it depends not only
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on the structure of the landscape but also on the behaviour of organisms and their capacity
to spread out [111]. For this reason, priority should be attached to making use of the
connection points between existing cedar cores that have been identified. Another factor in
connectivity is islets. Islets represent isolated patches that are not wide enough to contain
cores and therefore do not display clear edges either [112]. A large number of islets in the
current situation will play a particularly important role in the distribution of species. Islets
play a significant role in the connectivity of C. libani, making it necessary to plan the increase
in their patch edges and to improve their connectivity by means of new corridors. The
MSPA analysis yielded very different results for core areas and islets in the current cedar
forests than in the projected potential and future distributions of the cedar forest. There
may be several important reasons why the cedar cores are spatially smaller and more in the
form of islets under current conditions. The first of these relates to the difference between
fundamental niches and realised niches in the Grinnellian concept of niches [113,114],
which determines the distribution of a species under ideal conditions [115]. After all,
when determining the potential distribution areas of a species, species distribution models
assume that the species has uninterrupted access to resources [115] and may overlook many
variables such as competition and delimiters [77]. Secondly, the cedar is distributed in a
scattered manner in its natural distribution area [68]. The third important reason is the fact
that the pixel value of the raster data scale representing the current situation is low (10 m),
while the pixel values of the potential and future projection maps are higher (1 km) due to
the specifications of the bio-climatic data set. The higher resolution will always provide the
most accurate result. As the spatial resolution of the mapping increases, the percentage of
the surface area classified as cores in each of the layers will decrease [116]. All these three
reasons combined in the MSPA analyses contribute to the finding that islets cover a greater
area in the current situation.

The future projections of the study indicate that there will be a general expansion
by comparison with the potential distribution, that the cedar areas in the western Taurus
Mountains will decrease and become more fragmented, but that the cedar areas in the
central Taurus Mountains will expand, and that a shift will take place due to the expansion
of these areas towards the eastern Taurus Mountains. López-Tirado et al. [60] predict that
the areas inhabited by the cedar will expand in the future under all climate scenarios.
However, there are differences in most of the predicted areas. It should be underlined
that [60] addresses the potential distribution of the cedar and includes afforestation areas
as a set of data in their study as well as where the species is distributed naturally. The
most prominent finding of all the future projections and in the MSPA analysis is that
the cedar forests in the eastern, central, and western parts of the Taurus Mountains will
become less attached to one another. The most important reason for this is related to
the valleys formed by the rivers Aksu and Göksu, which extend furthest into the Taurus
Mountains from the sea. These two valleys already form one of the most important areas
in terms of the change in cedar units. The cedar is represented by two different units in
the Taurus Mountains, namely, the cedar forests (Abieti-Cedrion) of the central and eastern
Taurus chains and the cedar forests (Lonicero-Cedrion) of the western Taurus chains [58].
The Lonicero-Cedrion units in the western area will clearly face higher risks. In the eastern
part of the Taurus Mountains in particular, the cedar’s core areas are increasing and, more
importantly, shifting en masse towards the Anatolian diagonal. The Anatolian diagonal was
of key importance in the spread of plants from north to south, or vice versa, during the
global climate crises that occurred both in the ice age and the Holocene (Cainozoic) [117].
The Anatolian Diagonal overlaps with the geographical limits of the distributions of various
populations and taxa [118]. Declining distribution areas and shifts in ranges may create
new shelter areas where endangered species will concentrate in the future [119]. These
results show that the Anatolian Diagonal will regain its function both as a shelter and as a
bridge due to global warming.

There is a strong relationship between the configuration metrics of a habitat and its
extent [120]. According to landscape ecologists, forests, which occupy a large place among
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natural ecosystems, are likely to include a wider variety of habitats. A wider range of
species can emerge in large and uninterrupted (continuous) forests. This is because wider
areas generally have a regional pool of species. For this reason, many studies have noted
that forest fragmentation leads to decreasing biodiversity [121]. Although the present study
does not focus directly on the effects of fragmentation on biodiversity, it is predicted that
fragmentation will damage habitat areas over time.

Our finding that, in the wider scheme of things, the core areas of the cedar will expand
in the future, but that this expansion will take place mostly in the form of shifts, is important.
One of the three most striking points from the results of this study that call out for attention
is the question of how far the shifts in a range will occur towards the Anatolian Diagonal
in the eastern Taurus Mountains. Cedar can potentially move along the current natural
landscape configuration, which will take place and whether the distance is suitable enough
to follow the predicted temperature changes. If the speed of change exceeds the biological
response speed, then this may have serious effects, particularly on the capacity of the
populations’ capacity to migrate or undergo adaptive evolutionary change, and on their
distributions, community structures, and ecosystem functions [122]. It will therefore be
quite difficult for the species to settle naturally in the areas made available by shifts of up
to 100 km in a period of 80 years. Of course, abiotic factors and other competitive tree
species should also be taken into account. The forestry sector, with its long production
cycles, will have to deal with severe challenges in the face of climate change [123]. Aside
from the many ecosystem services it provides, the cedar is the most economically valuable
forest tree in Turkey. This has been the case for approximately 5000 years [124], and it will
probably remain so in the future. For this reason, the Lebanon cedar is the species most
frequently used outside its natural range for afforestation for commercial forestry purposes
in Turkey, reflecting its adaptability, its high survival rate and the unique properties of
its wood [56,58,124,125]. Leaving such a valuable species to take its natural course could
result in considerable economic losses. In this respect, the output of the present study
has been to identify, for the use of forest managers and planners, those areas where the
natural process can be accelerated. It may be particularly necessary to support the core
and connectivity areas identified here with seeding or afforestation techniques. The second
important point from the results of this study that calls for attention in terms of forestry is
the anticipated shrinkage of core areas and the detachments that are predicted to occur in
the western Taurus Mountain chain. Of course, this shrinkage and breakage will affect not
only the cedar but also other plants that form part of the Lonicero-Cedrion association and
may pave the way for the formation of new units. Silvicultural interventions that eliminate
competition may gain importance in the western Taurus Mountain chains rather than
afforestation. From a different perspective, planners and managers should check the right
option using the analytical tools available in project management. At this point, managers
must also be aware of the consequences of their actions and anticipate the extent of future
events. It is known that prediction is as important as a diagnosis in conservation. The main
challenge in decision making is to explore the reasonable future scope that will arise when
different solutions become available under conditions of uncertainty and complexity [126].
Therefore, the need to use project management tools (e.g., decision-making, cost-benefit
analyses) and monitoring approaches (DPSIR, BACI, etc.) should be determined carefully.

5. Conclusions

In this study, the changes in the current, potential, and future connectivity of the
Lebanon cedar were predicted by the integration of the ecological niche model with the
ecological connectivity approach. As a result, the ecological connectivity of cedar will
change under different scenarios. There will be breakages in cedar connectivity, while on
the other hand, new connections will be formed. Although the landscape metrics vary
depending on the climate scenario, they show that PLAND will decrease by 2070 and NP
will increase. A decline in LPI and a rise in ENN_MN will make fragmentation inevitable.
The conservation should be initiated as a function of forest planning in order to prevent the
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fragmentation of cedar habitats in the future, and the findings of this study should be used
as a guide in forest management in Turkey. Although modelling the future distribution of
species under the influence of climate change is a common topic in contemporary research,
only a limited number of studies have sought answers to the question of what will happen
in terms of ecological connectivity. This study emphasises that the consequences of future
climate change should be taken into account while planning ecological connectivity from
now on. The use of project management tools should comprise the integrated approaches
presented in this paper to make robust decisions in forest planning.
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Table A1. Transition matrices showing the proportion of the landscape, in percentage that undergoes
change for each of the potential combinations of MSPA categories for current and future projections.

Potential-RCP 4.5 2050

Background Core Islet Perforation Edge Loop Bridge Branch

Background 97.49 1.38 0.14 0.02 0.37 0.19 0.18 0.23
Core 14.87 57.48 1.45 0.33 13.53 4.93 4.24 3.16
Islet 60.27 13.95 10.86 0.09 6.64 2.46 1.75 3.97

Perforation 1.37 87.81 1.55 0.77 3.09 1.20 4.21 0.00
Edge 48.63 15.07 3.73 0.05 17.40 2.35 3.29 9.49
Loop 45.70 25.63 3.04 0.07 11.57 4.20 2.48 7.32

Bridge 32.16 32.61 3.41 0.47 15.44 4.71 4.08 7.13
Branch 70.54 9.29 4.59 0.05 4.29 1.44 1.29 8.51
Potential-RCP 4.5 2070

Background 98.38 0.96 0.09 0.01 0.21 0.11 0.14 0.10
Core 42.75 25.76 3.84 0.19 10.18 3.85 8.69 4.75
Islet 77.06 6.66 6.44 0.03 5.41 2.01 0.71 1.67

Perforation 9.61 65.32 0.26 2.83 8.76 1.72 10.99 0.52
Edge 69.10 10.17 4.21 0.04 6.70 1.33 3.08 5.38
Loop 63.91 18.61 3.67 0.20 4.54 1.96 3.18 3.95

Bridge 50.53 20.12 2.10 0.14 12.26 3.89 5.36 5.60
Branch 82.59 6.97 2.31 0.02 3.25 0.62 1.46 2.78
Potential-RCP 8.5 2050

Background Core Islet Perforation Edge Loop Bridge Branch
Background 98.10 1.20 0.07 0.02 0.24 0.11 0.14 0.13

Core 47.99 23.48 3.15 0.09 8.43 4.17 8.50 4.19
Islet 78.42 8.64 3.12 0.00 6.00 1.20 0.90 1.72

Perforation 16.31 56.65 0.17 0.86 5.84 0.86 18.28 1.03
Edge 71.82 9.94 3.46 0.01 5.72 1.14 3.37 4.53
Loop 66.61 18.30 3.48 0.13 4.49 0.79 3.26 2.93

Bridge 49.13 22.57 2.28 0.01 12.45 3.64 4.83 5.09
Branch 82.12 7.58 1.92 0.01 3.23 0.87 1.36 2.91
Potential-RCP 8.5 2070

Background Core Islet Perforation Edge Loop Bridge Branch
Background 98.51 0.87 0.10 0.01 0.21 0.07 0.11 0.12

Core 75.80 10.11 2.24 0.00 5.04 1.70 1.79 3.33
Islet 89.94 2.72 1.63 0.00 2.45 0.83 0.54 1.89

Perforation 38.28 40.09 1.03 0.00 8.84 1.37 8.24 2.15
Edge 85.31 6.09 1.23 0.00 3.83 0.86 0.88 1.80
Loop 77.41 12.64 1.33 0.00 4.62 1.20 1.66 1.13

Bridge 70.34 11.96 2.46 0.00 6.83 2.19 1.74 4.48
Branch 89.91 5.18 0.84 0.00 2.25 0.42 0.57 0.83
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21. Dyderski, M.K.; Paź, S.; Frelich, L.E.; Jagodziński, A.M. How Much Does Climate Change Threaten European Forest Tree Species

Distributions? Glob. Chang. Biol. 2018, 24, 1150–1163. [CrossRef]
22. Naudiyal, N.; Wang, J.; Ning, W.; Gaire, N.P.; Peili, S.; Yanqiang, W.; Jiali, H.; Ning, S. Potential Distribution of Abies, Picea, and

Juniperus Species in the Sub-Alpine Forest of Minjiang Headwater Region under Current and Future Climate Scenarios and Its
Implications on Ecosystem Services Supply. Ecol. Indic. 2021, 121, 107131. [CrossRef]

23. Rashid, I.; Romshoo, S.A. Impact of Climate Change on Vegetation Distribution in the Kashmir Himalaya. In Biodiversity of the
Himalaya: Jammu and Kashmir State; Dar, G.H., Khuroo, A.A., Eds.; Topics in Biodiversity and Conservation; Springer: Singapore,
2020; pp. 1029–1047, ISBN 978-981-329-174-4.

24. Zhang, Y.; Liang, W.; Liao, Z.; Han, Z.; Xu, X.; Jiao, R.; Liu, H. Effects of Climate Change on Lake Area and Vegetation Cover over
the Past 55 Years in Northeast Inner Mongolia Grassland, China. Theor. Appl. Climatol. 2019, 138, 13–25. [CrossRef]

25. Fekete, I.; Lajtha, K.; Kotroczó, Z.; Várbíró, G.; Varga, C.; Tóth, J.A.; Demeter, I.; Veperdi, G.; Berki, I. Long-Term Effects of Climate
Change on Carbon Storage and Tree Species Composition in a Dry Deciduous Forest. Glob. Chang. Biol. 2017, 23, 3154–3168.
[CrossRef] [PubMed]

26. Lenihan, J.M.; Drapek, R.; Bachelet, D.; Neilson, R.P. Climate Change Effects on Vegetation Distribution, Carbon, and Fire in
California. Ecol. Appl. 2003, 13, 1667–1681. [CrossRef]

27. Iverson, L.R.; Thompson, F.R.; Matthews, S.; Peters, M.; Prasad, A.; Dijak, W.D.; Fraser, J.; Wang, W.J.; Hanberry, B.; He, H.; et al.
Multi-Model Comparison on the Effects of Climate Change on Tree Species in the Eastern U.S.: Results from an Enhanced Niche
Model and Process-Based Ecosystem and Landscape Models. Landsc. Ecol. 2017, 32, 1327–1346. [CrossRef]

28. Morin, X.; de Coligny, F.; Martin-StPaul, N.; Bugmann, H.; Cailleret, M.; Limousin, J.M.; Ourcival, J.M.; Prevosto, B.; Simioni, G.;
Vennetier, M.; et al. Beyond Forest Succession: A Gap Model to Study Ecosystem Functioning and Tree Community Composition
under Climate Change. Funct. Ecol. 2021, 35, 955–975. [CrossRef]

29. Wang, W.J.; He, H.S.; Thompson, F.R.; Fraser, J.S.; Dijak, W.D. Changes in Forest Biomass and Tree Species Distribution under
Climate Change in the Northeastern United States. Landsc. Ecol. 2017, 32, 1399–1413. [CrossRef]

30. Alagador, D.; Cerdeira, J.O.; Araújo, M.B. Shifting Protected Areas: Scheduling Spatial Priorities under Climate Change. J. Appl.
Ecol. 2014, 51, 703–713. [CrossRef]

31. Cerrejón, C.; Valeria, O.; Mansuy, N.; Barbé, M.; Fenton, N.J. Predictive Mapping of Bryophyte Richness Patterns in Boreal Forests
Using Species Distribution Models and Remote Sensing Data. Ecol. Indic. 2020, 119, 106826. [CrossRef]

32. Li, G.; Xiao, N.; Luo, Z.; Liu, D.; Zhao, Z.; Guan, X.; Zang, C.; Li, J.; Shen, Z. Identifying Conservation Priority Areas for
Gymnosperm Species under Climate Changes in China. Biol. Conserv. 2021, 253, 108914. [CrossRef]

33. Dinerstein, E.; Joshi, A.R.; Vynne, C.; Lee, A.T.L.; Pharand-Deschênes, F.; França, M.; Fernando, S.; Birch, T.; Burkart, K.;
Asner, G.P.; et al. A “Global Safety Net” to Reverse Biodiversity Loss and Stabilize Earth’s Climate. Sci. Adv. 2020, 6, eabb2824.
[CrossRef] [PubMed]

34. Wang, R.; Yang, H.; Luo, W.; Wang, M.; Lu, X.; Huang, T.; Zhao, J.; Li, Q. Predicting the Potential Distribution of the Asian Citrus
Psyllid, Diaphorina citri (Kuwayama), in China Using the MaxEnt Model. PeerJ 2019, 7, e7323. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0164178
http://doi.org/10.1016/j.foreco.2018.10.020
http://doi.org/10.1038/ncomms2681
http://doi.org/10.1146/annurev.phyto.44.070505.143420
http://doi.org/10.1111/j.1365-3059.2010.02406.x
http://doi.org/10.1046/j.1354-1013.2001.00467.x
http://doi.org/10.1038/448550a
http://www.ncbi.nlm.nih.gov/pubmed/17671497
http://doi.org/10.1111/1365-2745.13459
http://doi.org/10.1111/ele.13474
http://doi.org/10.1111/nph.15263
http://doi.org/10.1111/j.1365-2486.2006.01134.x
http://doi.org/10.1038/s41598-018-23763-y
http://doi.org/10.1007/s11270-022-05516-w
http://doi.org/10.1111/gcb.13925
http://doi.org/10.1016/j.ecolind.2020.107131
http://doi.org/10.1007/s00704-019-02802-2
http://doi.org/10.1111/gcb.13669
http://www.ncbi.nlm.nih.gov/pubmed/28222248
http://doi.org/10.1890/025295
http://doi.org/10.1007/s10980-016-0404-8
http://doi.org/10.1111/1365-2435.13760
http://doi.org/10.1007/s10980-016-0429-z
http://doi.org/10.1111/1365-2664.12230
http://doi.org/10.1016/j.ecolind.2020.106826
http://doi.org/10.1016/j.biocon.2020.108914
http://doi.org/10.1126/sciadv.abb2824
http://www.ncbi.nlm.nih.gov/pubmed/32917614
http://doi.org/10.7717/peerj.7323
http://www.ncbi.nlm.nih.gov/pubmed/31341749


Land 2022, 11, 802 15 of 18

35. Du, Z.; He, Y.; Wang, H.; Wang, C.; Duan, Y. Potential Geographical Distribution and Habitat Shift of the Genus Ammopiptanthus
in China under Current and Future Climate Change Based on the MaxEnt Model. J. Arid Environ. 2021, 184, 104328. [CrossRef]

36. Rana, S.K.; Rana, H.K.; Luo, D.; Sun, H. Estimating Climate-Induced ‘Nowhere to Go’ Range Shifts of the Himalayan Incarvillea
Juss. Using Multi-Model Median Ensemble Species Distribution Models. Ecol. Indic. 2020, 121, 107127. [CrossRef]

37. Yi, Y.J.; Cheng, X.; Yang, Z.F.; Zhang, S.H. Maxent Modeling for Predicting the Potential Distribution of Endangered Medicinal
Plant (H. riparia Lour) in Yunnan, China. Ecol. Eng. 2016, 92, 260–269. [CrossRef]

38. Yesuf, G.U.; Brown, K.A.; Walford, N.S.; Rakotoarisoa, S.E.; Rufino, M.C. Predicting Range Shifts for Critically Endangered Plants:
Is Habitat Connectivity Irrelevant or Necessary? Biol. Conserv. 2021, 256, 109033. [CrossRef]

39. Lindenmayer, D.B.; Fischer, J. Tackling the Habitat Fragmentation Panchreston. Trends Ecol. Evol. 2007, 22, 127–132. [CrossRef]
40. Kramer, R.D.; Ishii, H.R.; Carter, K.R.; Miyazaki, Y.; Cavaleri, M.A.; Araki, M.G.; Azuma, W.A.; Inoue, Y.; Hara, C. Predicting

Effects of Climate Change on Productivity and Persistence of Forest Trees. Ecol. Res. 2020, 35, 562–574. [CrossRef]
41. Taleshi, H.; Jalali, S.G.; Alavi, S.J.; Hosseini, S.M.; Naimi, B.; Zimmermann, N.E. Climate Change Impacts on the Distribution and

Diversity of Major Tree Species in the Temperate Forests of Northern Iran. Reg. Environ. Chang. 2019, 19, 2711–2728. [CrossRef]
42. Norberg, A.; Abrego, N.; Blanchet, F.G.; Adler, F.R.; Anderson, B.J.; Anttila, J.; Araújo, M.B.; Dallas, T.; Dunson, D.; Elith, J.; et al.

A Comprehensive Evaluation of Predictive Performance of 33 Species Distribution Models at Species and Community Levels.
Ecol. Monogr. 2019, 89, e01370. [CrossRef]

43. Peterson, A.T.; Soberón, J.; Pearson, R.G.; Anderson, R.P.; Martínez-Meyer, E.; Nakamura, M.; Araújo, M.B. Ecological Niches and
Geographic Distributions (MPB-49); Princeton University Press: Princeton, NJ, USA, 2011; ISBN 978-1-4008-4067-0.

44. Prasad, A.; Pedlar, J.; Peters, M.; McKenney, D.; Iverson, L.; Matthews, S.; Adams, B. Combining US and Canadian Forest
Inventories to Assess Habitat Suitability and Migration Potential of 25 Tree Species under Climate Change. Divers. Distrib. 2020,
26, 1142–1159. [CrossRef]

45. Tumas, H.R.; Shamblin, B.M.; Woodrey, M.; Nibbelink, N.P.; Chandler, R.; Nairn, C. Landscape Genetics of the Foundational Salt
Marsh Plant Species Black Needlerush (Juncus roemerianus Scheele) across the Northeastern Gulf of Mexico. Landsc. Ecol. 2018, 33,
1585–1601. [CrossRef]

46. De Oliveira-Junior, N.D.; Heringer, G.; Bueno, M.L.; Pontara, V.; Meira-Neto, J.A.A. Prioritizing Landscape Connectivity of a
Tropical Forest Biodiversity Hotspot in Global Change Scenario. For. Ecol. Manag. 2020, 472, 118247. [CrossRef]

47. Günal, N. The Effects of the Climate on the Natural Vegetation in Turkey. Acta Turc. Çevrimiçi Temat. Türkol. Derg. 2013, 1, 1–22.
48. Pecl, G.T.; Araújo, M.B.; Bell, J.D.; Blanchard, J.; Bonebrake, T.C.; Chen, I.-C.; Clark, T.D.; Colwell, R.K.; Danielsen, F.;

Evengård, B.; et al. Biodiversity Redistribution under Climate Change: Impacts on Ecosystems and Human Well-Being. Science
2017, 355, eaai9214. [CrossRef]

49. Elsen, P.R.; Monahan, W.B.; Dougherty, E.R.; Merenlender, A.M. Keeping Pace with Climate Change in Global Terrestrial Protected
Areas. Sci. Adv. 2020, 6, eaay0814. [CrossRef]

50. Wan, J.Z.; Wang, C.J.; Yu, F.H. Spatial Conservation Prioritization for Dominant Tree Species of Chinese Forest Communities
under Climate Change. Clim. Chang. 2017, 144, 303–316. [CrossRef]

51. De Montis, A.; Caschili, S.; Mulas, M.; Modica, G.; Ganciu, A.; Bardi, A.; Ledda, A.; Dessena, L.; Laudari, L.; Fichera, C.R.
Urban–Rural Ecological Networks for Landscape Planning. Land Use Policy 2016, 50, 312–327. [CrossRef]
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