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Climate change is a fact that impacts all living organisms. To understand its
effects, numerous methods and techniques have been refined in recent years,
with species distribution modeling (SDM) being one of the most widely used. This
study applied SDM to examine the distribution of seventeen Sphagnum species, a
group of non-vascular land plants throughout Turkiye, under changing climate
conditions. The study considered one global climate model (GCM)—BCC-CSM2-
HR—two scenarios (SSP1-2.6 and SSP5-8.5), and two time periods (2021-2040
and 2081-2100). For the SDM analysis, a total of 211 occurrence records for
whole species were used. According to the results, the future status of some
species is similar to the current status, but some species show differences.
Especially in the SSP5-8.5 scenario of the 2081-2100 time period, it is seen
that there is a decrease in the distribution patterns of the integrals. Our study
shows a simulation of the future distribution of these Sphagnum mosses, which
have the ability to hold a lot of water, thus providing valuable information for the
conservation of these species at both local and regional levels across Turkiye.

KEYWORDS

ecological niche modeling, global warming, species distribution modeling, bioclimate,
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1 Introduction

Sphagnum species, also commonly referred to as peat mosses, are classified as
hygrophytes. Consequently, their distribution areas are frequently associated with
wetland habitats, such as peatlands (bogs and fens) and mires (Popov, 2016; Glime,
2017). Additionally, they are commonly found in oceanic wet heaths and in swamp forests
(Rydin et al., 2013; Campbell et al, 2021). Among the mosses, Sphagnum is the most
dominant in the peatlands. The dense carpet-like growth and slow rate of decay of these
mosses are the two main reasons for their large volume in bogs. Additionally, the acidic pH
and low concentration of dissolved solutes in bogs facilitate the growth of Sphagnum
mosses in these habitats. The role of Sphagnum in peatlands is significant, with both dead
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and living Sphagnum playing an important part in carbon
sequestration. Furthermore, the plants have been observed to
accumulate more carbon in their bodies than is fixed by all
terrestrial vegetation in a single year (Vitt et al., 2008; Gajewski
et al.,, 2001; Zhao et al., 2023).

The number of Sphagnum species is 292 worldwide. The species
are distributed across Europe, Asia, Africa, North and Central
America, South America, Australia, New Zealand and the Pacific
(Michaelis, 2019). A total of 70 Sphagnum taxa have been identified
in all European countries (Laine et al., 2018; Hodgetts and Lockhart,
2020). The distribution of Sphagnum in Europe exhibits a south-to-
north gradient, with the species occurring in both oceanic and
continental regions. Investigations have demonstrated that
northern species of Sphagnum are more resilient to cold autumn
and winter conditions than those with a southern distribution.
Furthermore, there are considerable variations in the growth
response to temperature (Breeuwer et al., 2008) and drought
tolerance among Sphagnum species (Gerdol and Vicentini, 2011;
Genet et al,, 2013; van de Koot et al, 2024). While climatic
parameters play an important role in their distribution on a
global scale (Campbell et al., 2021; Ma et al, 2022), they largely
depend on soil moisture (Yoshikawa et al., 2004; Harris et al., 2005)
and mineral nutrients on a local scale (Popov, 2016; Hajek and
Adamec, 2009). Accordingly, Campbell et al. (2021) proposed that
the distribution of Sphagnum species can be effectively explained by
a few climatic variables that are linked to their physiological
characteristics. The findings indicate that the future of Sphagnum
diversity in Europe is most significantly influenced by alterations in
water availability and seasonal temperature fluctuations.

The most recent distribution models for Sphagnum species have
been developed on a continental scale (Oke and Hager, 2017;
Campbell et al, 2021). Oke and Hager (2017) investigated the
distribution of Sphagnum taxa in peatland areas across North
America. Their findings indicated that the balance between soil
moisture deficit and temperature of the driest quarter-year plays a
significant role in determining the distribution of Sphagnum
peatlands. The authors highlight that all models indicate that
Sphagnum peatlands may expand in the future, particularly in
coastal areas, under suitable climatic conditions. In a similar vein,
Campbell et al. (2021) clarified the current distributions of 45
Sphagnum taxa in Europe, with a focus on biologically relevant
climatic variables. It was emphasized that the magnitude of
temperature fluctuations throughout the year represents a
significant climatic factor that distinguishes current Sphagnum
distributions. Popov (2016) correlated the distribution of six
Sphagnum taxa from section Sphagnum with local climatic
variables in European Russia. The results revealed that strong
correlations between these species distribution and temperature
and abundance of the Sphagna showed high correlation with
maximum relative humidity in the months August and
September. In a subsequent study, Popov (2018) employed a
modelling approach to examine the distribution of 11 species of
Sphagnum from section Acutifolia, with a focus on the gradients of
climatic variables across Europea Russia and Eastern Fennoscandia.
The findings indicated that high humidity is a crucial factor in
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promoting the abundance of Sphagnum species. Furthermore, the
author dis-covered that the abundance of the majority of Sphagnum
taxa is positively correlated with precipitation, humidity, and
temperature in the months of August, September, and October.

A number of previous studies on the distribution modelling of
Sphagnum species, as previously mentioned, have indicated that
Sphagnum and peatland distributions are significantly influenced by
climatic variables. To date, no study has been conducted on the
distribution modelling of different Sphagnum species in Tirkiye
(formerly Turkey). The objective of this study is to examine the
relationship between relevant climatic factors and Sphagnum
distributions in Tirkiye, with the aim of identifying potential
future distribution areas and populations of the species.

2 Materials and methods
2.1 Samples

A review of the literature revealed the occurrence of 30
Sphagnum taxa in three geographical regions: Black Sea Region,
Marmara Region, and Eastern Anatolia Region in Tirkiye (Erata
and Batan, 2020; Kirmaci and Filiz, 2021; Kirschner and Erdag,
2021, 2023; Ozen-Oztirk et al, 2023). The majority of the
occurrences of Sphagnum taxa are in the Black Sea Region.
Sphagnum squarrosum was a single peat moss that was
exclusively found in the Agri province of the Eastern Anatolia
region (Kiirschner and Erdag, 2021). The bryophyte locality data
from the Near and Middle East (Kiirschner and Erdag, 2021) and
recently published papers, including newly Sphagnum records for
Tiirkiye (Erata and Batan, 2020; Kirmaci and Filiz, 2021; Kiirschner
and Erdag, 2023), were used to select 17 Sphagnum taxa belonging
to the family Sphagnaceae. The following species were identified:
Sphagnum centrale, S. subsecundum, S. platyphyllum, S. palustre, S.
auriculatum, S. inundatum, S. squarrosum, S. compactum, S. girgen-
sohnii, S. teres, S. fallax, S. capillifolium, S. divinum, S. warnstorfii, S.
contortum, S. fuscum, and S. rubellum. Of these, S. centrale was the
most prevalent.

The nomenclature of Sphagnum species was based on the
classification proposed by Hodgetts and Lockhart (2020). All taxa
that were considered to be of questionable status were removed from
the text. Sphagnum aongstroemii and S. lescurii, which were previously
recorded from Tiirkiye (Cetin, 1988; Kiirschner and Erdag, 2023), were
excluded from the current Turkish bryoflora (Kiirschner and Erdag,
2021) due to erroneous records. Consequently, these taxa were not
subjected to further processing due to their status.

2.2 Brief information on the characteristics
of Sphagnums

The gametophytic structure of Sphagnum taxa is characterized by
a robust, erect stem, which is rarely forked. The branches are typically
arranged in pendent fascicles and are densely packed at the stem tip.
The number of stem leaves is less than that of branch leaves, and they
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are distinguished by size and shape. The sporophytes of Sphagnum
are almost sessile. The seta is absent, and the capsule is globose, dark
brown or black. They are found in acidic and poorly nutrient
wetlands, mires and bogs (Kiirschner and Erdag, 2021).

2.3 Species occurrence data

A total of 235 occurrence records belonging to Sphagnum taxa
native to Tiirkiye were extracted (Cetin, 1999; Ozdemir and Cetin,
1999; Payne et al., 2007; Abay et al., 2009a; Abay et al., 2009b;
Yayintas, 2013; Kirmact and Kiirschner, 2013; Kirmaci and
Kiirschner, 2017; Abay and Kegeli, 2014; Kirmaci et al., 2016;
Kirmacr et al.,2019; Kirmaci et al., 2022a; Kirmac et al.,, 2022b;
Ozdemir and Batan, 2016; Oren et al., 2017; Soylemez et al., 2017;
Erata et al., 2018; Erata et al., 2020a; Erata et al., 2020b; Erata et
al.,2021a; Erata et al., 2021b; Erata et al., 2022; Canoglu et al., 2019;
Gozcii et al., 2019; Kiirschner et al., 2019a; Kiirschner et al., 2019b;
San Keskin and Uyar, 2019; Erata and Batan, 2020; Erata and Batan,
2022; Uyar et al,, 2020; Kirmacr and Filiz, 2021; Kiirschner and
Erdag, 2021; Ellis et al.,, 2021). However, some of the Sphagnum
species have been documented in the literature without any records
of their longitude and latitude (Erdag and Kiirschner, 2021;
Kirschner and Erdag, 2021; Kirmaci et al., 2022a, 2022b).
Consequently, a total of 13 Sphagnum taxa were excluded from
further analysis due to a lack of occurrence records (fewer than five
occurrences): Sphagnum angustifolium (C.E.O.Jensen ex Russow)
C.E.O.Jensen, S. fimbriatum Wilson, S. flexuosum Dozy & Molk., S.
medium Limpr., S. molle Sull., S. subfulvum Sjors, S. tenellum (Brid.)
Pers. ex Brid., S. cuspidatum Ehrh. ex Hoffm., S. jensenii H.Lindb., S.
fallax var isoviitae (Flatberg) Lonnell & Hassel, S. pylaesii Brid., S.
quinquefarium (Braithw.) Warnst., and S. papillosum Lindb.
Following this process, 17 Sphagnum species were selected for
modelling, based on the meaningful predictions. Only those with
a minimum of five or more longitude and latitude records
(=5 occurrences) were included, in accordance with the
recommendations set out in Cerrejon et al. (2022). This resulted
in a total of 211 presence records that we used in modeling,
comprising 30 S. centrale, 20 S. subsecundum, 18 S. platyphyllum,
16 S. palustre, 15 S. auriculatum, 13 S. inundatum and S.
squarrosum, 12 S. compactum, S. girgensohnii, and S. teres, 10 S.
fallax, 9 S. capillifolium and S. divinum, 7 S. warnstorfii, 5 S.
contortum, S. fuscum, and S. rubellum records (Figure 1).

2.4 Climatic variables

For the current variables, nineteen bioclimatic datasets were
obtained from WorldClim v2.1 (accessible at https://
www.worldclim.org). These datasets cover the period from 1970
to 2000, with a spatial resolution of 30 arc-seconds (~1 km?) and are
available in GeoTiff (.tif) format (Fick and Hijmans, 2017). For the
future variables, climate projections were downloaded from one of
the global climate models (GCMs). The BCC-CSM2-HR is a high-
resolution variant of the Climate System Model developed by the
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Beijing Climate Center (BCC). It accurately simulates the balance of
global energy and effectively replicates key atmospheric patterns,
including temperature, wind, precipitation, land surface air
temperature, and sea surface temperature (Wu et al., 2019; [zmirli
Giizel and Giil, 2023). These projections include two Shared Socio-
economic Pathways (SSPs), 126 and 585, for the time periods 2021-
2040 and 2081-2100, at the same 30 arc-second spatial resolution,
based on CMIP6 downscaled future climate data. In the SSPs, the
SSP 1-2.6 scenario envisages a significant reduction in carbon
emissions by 2050, resulting in a stabilization of temperature at
1.8°C. This is considered an optimistic perspective. In contrast, the
pessimistic SSP 5-8.5 scenario predicts the opposite trend. In this
scenario, CO2 emissions are expected to climb until 2050, leading to
an average temperature increase of 4.4°C (Piclke et al., 2022).
Variance Inflation Factor (VIF) values (Marquardt, 1970) were
computed using the usdm package (Naimi et al., 2014) and the sdm
package (Naimi and Aratjo, 2016) to reduce multicollinearity
among bioclimatic variables. This process was performed
separately for each species, as the method first extracts
bioclimatic data from the species’ geographic locations before
calculating the correlation coefficients. As a result, the variables
most strongly affecting species distribution were identified for
each species.

2.5 The execution of the model

We utilized the sdm package (Naimi and Aratjo, 2016), which
offers ensemble techniques to predict species distribution across space
and time to model species distribution. This package allowed us to
combine different model settings to create a consensus through
ensemble models. For the ensemble modeling process, we applied
five algorithms: Maxent (Maximum Entropy) (Phillips et al., 2006),
GLM (Generalized Linear Models) (McCullagh and Nelder, 1989),
SVM (Support Vector Machines) (Vapnik et al, 1995), Bioclim
(Climate-Envelope Model) (Nix, 1986), and RF (Random Forest)
(Breiman, 2001). Maxent generates species distributions based on
presence and background data using bioclimatic variables (Phillips
and Dudik, 2008; Phillips et al., 2024). GLM operates with presence/
absence data (Carlos-Jnior et al., 2020), while SVM simulates species
presence/absence (Drake et al., 2006). Bioclim requires only presence
data (Grimmett et al., 2020), and RF works with presence-only data
along with background samples (Valavi et al., 2021). These models,
employing various methods and techniques, rank among the most
effective for species distribution modeling (Naimi and Aratjo, 2016).
We estimated both current and future climatic predictions for each
species using these ensemble models. To address the uncertainty
associated with individual models, the ensemble model approach is
recommended by numerous studies [Gomez et al., 2018; Hao et al.,
2020; Elias et al., 2022). For ensemble modeling, we used the default
parameters, splitting the data 70% for training and 30% for testing to
assess model accuracy. Data partitioning was done using bootstrap,
and each method was replicated 10 times.

Two statistical approaches were used to evaluate the
performance of each model. The first was receiver operating
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FIGURE 1
Occurrence data throughout Anatolia of Sphagnum mosses.
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characteristic (ROC) analysis, measured by the area under the curve
(AUC) (Lobo et al., 2008). The AUC scale ranges from 0 to 1, where a
value near 1 indicates a strong distinction between presence and
pseudo-absence data, while a value of 0.5 or lower points to significant
overlap between the datasets (Amaral et al, 2023). The second
approach was the true skill statistic (TSS) (Allouche et al., 2006),
which ranges from +1 to -1. A TSS near +1 signifies excellent model
performance, while a value below 0 indicates poor performance.

3 Results
3.1 Importance of variables

For Sphagnum auriculatum Schimp., annual temperature range
(BIO5-BIO6) (Bio7), mean temperature of the warmest quarter
(Bio10), and precipitation of the wettest month (Biol3) are the most
effective variables for its distribution in Anatolia, and the relative
variable importance based on the correlation metric was determined
to be 74.3%, 45.6%, and 20.4%, respectively (Supplementary Figure S1).
For S. capillifolium (Ehrh.) Hedw., precipitation seasonality (coefficient
of variation) (Biol5) and precipitation of the wettest month (Biol3)
were the most important variables for the distribution of the species.
The relative variable importance based on the correlation metric for
these variables was also found to be 89.4% and 51.6% respectively
(Supplementary Figure S2). For S. centrale C.E.O.Jensen, the maximum
temperature of the warmest month (Bio5), mean diurnal range (the
mean of monthly (max temp - min temp)) (Bio2) and seasonality of
precipitation (coefficient of variation) (Biol5) were dominant variables
with 51.1%, 25.1% and 11.5%, respectively (Supplementary Figure S3).
Precipitation seasonality (coefficient of variation) (Biol5), precipitation
of warmest quarter (Bio18) and precipitation of wettest month (Biol3)
were important variables for S. compactum Lam. & DC based on
correlation metrics 65.3%, 23.4% and 11.7%, respectively
(Supplementary Figure S4). For S. contortum Schultz, precipitation of
driest quarter (Biol7), precipitation of coldest quarter (Biol9) and
precipitation of wettest quarter (Biol6) were the less efficient variables
with relative variable importance of 78.1%, 26% and 18.9%, respectively
(Supplementary Figure S5). Precipitation seasonality (coefficient of
variation) (Biol5), with 95.1%, was the most important variable in S.
divinum Flatberg & Hassel (Supplementary Figure S6). Precipitation of
Wettest Month (Bio13) and Precipitation of Driest Month (Bio14) with
79.7% and 37.9%, respectively, were the variables that contributed most
to the distribution of S. fallax (H.Klinggr.) H.Klinggr. (Supplementary
Figure S7). However, Precipitation of warmest quarter (Biol8) with
97.7% was the most relative variable for S. fuscum (Schimp.) H.Klinggr.
(Supplementary Figure S8). For S. girgensohnii Russow, Precipitation
Seasonality (Coefficient of Variation) (Biol5), Mean Temperature of
Warmest Quarter (Biol0) and Precipitation of Wettest Quarter (Biol6)
were the most influential variables with 50%, 49.7% and 20.8%
correlation metric, respectively (Supplementary Figure S9).
Precipitation of the warmest quarter (Biol8), annual precipitation
(Biol2), mean temperature of the coldest quarter (Bioll) and
seasonality of precipitation (coefficient of variation) (Biol5) were the
most effective variables with 72.6%, 60.1%, 44.6% and 10.5%
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respectively for the distribution of S. inundatum Russow throughout
Anatolia (Supplementary Figure S10). On the contrary, for S. palustre
L., precipitation of the wettest month (Biol3), seasonality of
precipitation (coefficient of variation) (Biol5), mean temperature of
the warmest quarter (Biol0) and mean temperature of the wettest
quarter (Bio8) were found to be the most dominant variables with
relative variable importance of 57.4%, 46.4%, 29.8% and 17.3%,
respectively (Supplementary Figure SI11). Temperature of the
warmest quarter (Biol0), precipitation of the driest month (Biol4)
and annual temperature range (BIO5-BIO6) (Bio7) with 83.4%, 25.9%
and 18.3% were variables that can determine the distribution of S.
platyphyllum (Lindb. ex Braithw.) Warnst. (Supplementary Figure
S12). Nevertheless, precipitation of driest quarter (Biol7) was found
to be the most effective variable for S. rubellum Wilson with 96%
(Supplementary Figure 513). Mean Temperature of Warmest Quarter
(Biol0), Precipitation of Wettest Month (Biol3), Precipitation
Seasonality (Coefficient of Variation) (Biol5), and Mean
Temperature of Driest Quarter (Bio9) were the most critical variables
for S. squarrosum Crome (Supplementary Figure S14). Also, they had
62.4%, 26.1%, 21.1%, and 11.6% based on correlation metric,
respectively. Precipitation seasonality (coefficient of variation)
(Biol5), mean temperature of the warmest quarter (Biol0),
precipitation of the wettest month (Biol3) and annual temperature
range (BIO5-BIO6) (Bio7) with 39.5%, 37.2%, 28.9% and 12%
correlation metric were the most prominent variables in the
distribution of S. subsecundum Nees (Supplementary Figure S15).
Precipitation seasonality (coefficient of variation) (Biol5),
precipitation of the wettest quarter (Biol6) and mean temperature of
the warmest quarter (Biol0) showed the influence on the distribution
of S. teres (Schimp.) Angstr. based on correlation metrics of 46%, 44.7%
and 26.7% respectively (Supplementary Figure S16). Precipitation of
warmest quarter (Biol8), precipitation of wettest quarter (Biol6) and
precipitation of coldest quarter (Biol9) with 62.5%, 62.1% and 41.7%
respectively were found to be important for S. warnstorfii Russow
(Supplementary Figure S17).

3.2 The performance of models

The evaluation of the ensemble model was conducted using both
threshold-dependent (TSS) and threshold-independent (AUC)
statistics. For the species Sphagnum auriculatum, S. capillifolium, S.
centrale, S. compactum, S. fallax, S. fuscum, S. girgensohnii, S.
inundatum, S. palustre, S. platyphyllum, S. squarrosum, S. teres, and
S. warnstorfii, the Maxent model showed the best performance among
five implemented models, with AUC scores of 0.96, 0.97, 0.97, 0.96,
0.93, 0.95, 0.98, 0.98, 0.95, 0.98, 0.96, 0.98, 0.98, and corresponding TSS
values of 0.89, 0.96, 0.91, 0.94, 0.90, 0.92, 0.96, 0.95, 0.90, 0.95, 0.91,
0.94, and 0.98 (Table 1). In contrast, for S. contortum, the best-
performing model was SVM, with an AUC of 0.99 and a TSS of
0.98. Additionally, both GLM and Maxent performed similarly for S.
divinum and S. subsecundum, with AUC values of 0.96 and 0.97 and
TSS values of 0.92 and 0.90. However, for S. rubellum, the highest TSS
value was 0.95, while both Maxent and GLM had the same AUC score
of 0.96 (Table 1).
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TABLE 1 Model performance for Sphagnum species.

10.3389/fpls.2025.1540845

Methods Sphagnum Sphagnum Sphagnum Sphagnum Sphagnum
auriculatum capillifolium centrale compactum contortum
AUC TSS AUC TSS AUC TSS AUC TSS AUC TSS
GLM 0.93 0.83 0.94 0.93 0.97 0.9 0.95 0.92 0.8 0.76
RF 0.93 0.83 0.97 0.95 0.97 0.86 091 0.87 0.92 0.87
MAXENT 096 0.89 0.97 0.96 0.97 091 0.96 0.94 0.95 093
BIOCLIM 0.68 0.38 0.84 0.69 0.73 0.46 0.8 0.62 0.77 0.54
SVM 0.83 0.7 0.84 0.82 0.81 0.72 0.79 0.75 0.99 0.98
Methods Sphagnum divinum Sphagnum fallax Sphagnum Sphagnum Sphagnum
fuscum girgensohnii inundatum
AUC TSS TSS AUC AUC TSS \Ve TSS
GLM 0.96 0.92 0.86 0.79 0.89 0.81 0.97 0.94 0.89 0.86
RF 0.95 0.86 0.93 0.85 0.89 0.84 0.96 0.9 0.96 0.9
MAXENT 096 0.92 093 0.9 0.95 0.92 0.98 0.96 0.98 0.95
BIOCLIM 0.84 0.7 0.76 0.57 - - 0.73 0.46 0.83 0.66
SVM 0.94 0.9 0.94 0.89 0.93 0.92 0.66 0.58 0.94 0.86
Methods Sphagnum palustre Sphagnum Sphagnum Sphagnum Sphagnum
platyphyllum rubellum squarrosum subsecundum
AUC TSS AUC TSS AUC TSS AUC TSS AUC TSS
GLM 0.93 0.85 0.97 0.94 0.96 0.95 0.93 0.86 0.95 0.86
RF 0.9 0.81 0.97 0.89 091 0.88 0.92 0.82 0.97 0.9
MAXENT 095 0.9 0.98 0.95 0.96 0.94 0.96 091 0.97 0.9
BIOCLIM 0.79 0.61 0.81 0.62 0.74 053 0.68 037 071 0.44
SVM 091 0.85 0.89 0.81 0.85 0.84 0.88 0.82 0.9 0.83
Methods Sphagnum teres Sphagnum
warnstorfii
AUC TSS AUC
GLM 0.97 0.93 0.95 0.94
RF 0.96 091 0.95 0.93
MAXENT 098 0.94 0.98 0.98
BIOCLIM 0.8 0.61 0.75 0.5
SVM 0.96 0.89 0.94 0.93

3.3 Present and future distribution patterns
of Sphagnum species in Turkiye

In general, the majority of Sphagnum species are anticipated to
alter their current distribution in accordance with the prediction
models employed. Some species have decreased in suitable habitats,
while others have increased. While the suitable habitats for
Sphagnum auriculatum are in the western part and central part of
the Black Sea Region, this suitability will decrease in both scenarios
of the 2021-2040 time period, and even in the SSP5-8.5 scenario of
the 2081-2100-time interval, a similar pattern emerges in the SSP1-
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2.6 scenario, although the situation is similar to the current
distribution in the SSP1-2.6 scenario (Figure 2). In S.
capillifolium, suitability increased in all time intervals and
scenarios com-pared to the present (Figure 2). However, in S.
centrale, suitability decreased across all time intervals and
scenarios (Figure 2). For S. contortum, suitability will increase in
the future compared to the present, and this will be slight for S.
compactum (Figure 3). For S. divinum, however, partial decreases in
suitability are predicted for all periods and scenarios (Figure 3). S.
fallax is already very different, with increased fitness in all time
intervals and scenarios (Figure 4). On the contrary, neither S.

frontiersin.org


https://doi.org/10.3389/fpls.2025.1540845
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

22U3I0G JUe|d Ul SI913UO0I4

L0

Ba0"uIsIa13U0.y

2021-2040 2081-2100
Present SSP1-2.6 SSP5-8.5 SSP1-2.6 SSP5-8.5
I I
v
' | g ' .
k ' k
2
g _ : .
: I i I f I f I f !::
-y : : : : : : : 4 :
g I I: I I :
5 : . . .

FIGURE 2
The distribution patterns of Sphagnum auriculatum, Sphagnum capillifolium, and Sphagnum centrale under present and future conditions based on consensus ensemble modelwfi .
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The distribution patterns of Sphagnum compactum, Sphagnum contortum, and Sphagnum divinum under both present and future climatic conditions based on consensus ensemble model.
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The distribution patterns of Sphagnum fallax, Sphagnum fuscum, and Sphagnum girgensohnii under both present and future climatic conditions based on consensus ensemble model.
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fuscum nor S. girgensohnii shows this pattern, while all future
predictions are similar to the present (Figure 4). A similar pattern
also occurs in S. rubellum (Figure 5). The present suitable habitats of
S. inundatum are the interior parts of the Black Sea Region. It is
predicted that the suitability increases in both scenarios of the
2021-2040-time interval, and this situation partially continues in
the SSP1-2.6 scenario of the 2081-2100-time interval, but changes
in SSP5-8.5 (Figure 5). A similar pattern is observed in S. palustre
(Figure 5). On the contrary, the distribution pattern of S.
platyphyllum shows a decrease in conformity and even a complete
loss of conformity in the SSP5-8.5 scenario of the 2081-2100-time
interval (Figure 5). The current suitability for S. squarrosum, S.
subsecundum, and S. teres species is mainly in the eastern part of the
Black Sea Region. Slight changes are seen in the future, with the
greatest decrease in all of them in the SSP5-8.5 scenario for the time
interval 2081-2100 (Figure 6). However, the current distribution
pattern of S. warnstorfii is very different from the future, with an
increase in suitability in all time intervals and scenarios, with the
highest increase in the 2081-2100-time interval in the SSP1-2.6
scenario (Figure 6).

4 Discussion

National studies show that Sphagnum species are established in
the northern parts of Tiirkiye, especially near the eastern part of the
Black Sea Region. Apart from this, Sphagnum taxa are also present
in the western part of the Black Sea Region and Marmara Region
(Karschner and Erdag, 2021; Kirmac et al., 2022a). Maps shows a
simulation of the future distributions for the Sphagna based on
current geographical distribution records and climatic data
(Figures 2-6).

In the period between 2021 and 2040, the distribution of
Sphagnum capillifolium is expected to expand in the region
between 40°N and 42°N. There is an increase in the distribution
areas of S. capillifolium in the periods 2021-2040 and 2081-2100
according to the future climatic scenarios. Popov (2018) reported a
positive correlation between S. capillifolium and high humidity, as
well as a negative correlation between the species and both monthly
and annual mean temperatures in the Eastern European Plain and
Eastern Fennoscandia. Additionally, the species was observed to
flourish in regions with an annual precipitation exceeding 450-460
mm and an average annual temperature below +7°C. However, the
results of our study indicate that the distribution areas of the species
are undergoing a positive development in response to the predicted
temperature increase for the coming years, as illustrated in the
simulated maps. The selected climate scenarios (SSP1-2.6 and SSP5-
8.5) and the applied model indicate that there will be reductions in
the current distribution areas for S. auriculatum between 2021 and
2040, with a further decline in the 2081-2100 period. Indeed, the
data associated with the SSP5-8.5 scenario points to a more
pessimistic outlook with regard to habitat loss but does not
disappear at all. In accordance with the projected climate
scenarios for the period between 2081 and 2100, it can be stated
that S. centrale will experience a notable reduction in its distribution
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The distribution patterns of Sphagnum squarrosum, Sphagnum subsecundum, Sphagnum teres, and Sphagnum warnstorfii under both present and future climatic conditions based on consensus
ensemble model.
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areas as a consequence of rising temperatures, with the potential for
even greater habitat loss. Popov (2016) indicates that the abundance
of S. centrale exhibits a markedly positive correlation with
precipitation and relative humidity during the period from late
summer to mid-autumn (August-October), and a negative
correlation with temperature during this same period.
Furthermore, the author indicates that the presence of this species
is inversely correlated with summer temperatures. The fact that the
species has lost suitable habitats in its current local distribution in
the eastern part of the Black Sea Region with the increase in
temperature under different climate scenarios in the coming years
supports what was described by Popov (2016).

Sphagnum compactum (shown in the period 2021-2040 and the
scenario SSP1-2.6) and S. contortum (shown in the period 2081-2100
and the scenario SSP1-2.6) reaches the highest frequency in the
northern distributions of Tirkiye with the simulated suitable
habitats. Two distinct scenarios for the forthcoming two decades
(2021-2040) revealed an eastward expansion in the distribution of S.
contortum, accompanied by a southward expansion of the species’
distribution area between the latitudes 38°N and 42°N. In their 2007
study, Hajkova and Hajek (2007) reported that S. contortum is a
spring-growing species that typically occupies streams. They noted
that it is relatively common in Bulgarian mires. However, this species
is categorized as VU, EN and LC in the Red List for many different
countries (Papp et al., 2010; Stefanut and Goia, 2012; Sergio et al.,
2007; Lazarevic et al., 2016; Misikova et al,, 2020). The findings of our
study indicate that the species is likely to expand its range in
accordance with projected future climate scenarios. The distribution
maps simulated for future years indicate a decrease in the distribution
of S. divinum, with a particularly notable decline observed in the
western and central parts of the Black Sea Region. According to both
climate scenarios, the habitat loss in this area is predicted to occur
between 40°N and 42°N between the years 2081 and 2100. According
to Kirmaci et al. (2022b), S. divinum was evaluated as Near Threatened
within the IUCN categories. According to the findings of our study,
the fact that the species shows habitat loss under future climate
scenarios supports the idea that the species will become threatened
in the near future as stated by the authors.

It is projected that the distribution of Sphagnum fallax will
expand significantly in comparison to its current range under the
selected climate scenarios for the forthcoming years. Furthermore,
there are indications of an expansion from the south-eastern part of
the Marmara Region to the western part of the Mediterranean
Region. The results presented herewith diverge from those observed
in the studies conducted by Bragazza et al. (2016); Norby et al.
(2019), and Jassey and Signarbieux (2019). Bragazza et al. (2016)
presents the findings of a transplantation experiment involving peat
mesocosms, which were relocated from high to low altitude in order
to simulate a mean annual temperature approximately 5°C higher
and a mean annual precipitation approximately 60% lower over a
three-year period. The authors posited that the decline in annual
productivity observed in the peat moss S. fallax in transplanted
mesocosms was attributable to a combination of physical and
biological constraints, namely water scarcity and light
competition, respectively. Furthermore, it was demonstrated that
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the productivity of S. fallax declined by 60% in mesocosms that had
been relocated to a warmer (+5°C) environment. In a further study,
Norby et al. (2019) investigated the impact of experimental
warming on the decline of S. fallax in a bog environment. Their
hypothesis was based on the observation that S. fallax exhibited a
50% reduction in occurrence when transplanted to a location with a
higher temperature (+5°C) and lower humidity. Regarding these
contrasting results, Norby et al. (2019) argued that mound-pit
microtopography has a greater influence on Sphagnum responses
to warming than species-specific traits. Jassey and Signarbieux
(2019) demonstrated that the negative effects of summer droughts
on S. fallax water content were exacerbated by warming, resulting in
an even sharper decrease in water content. The findings of our study
suggest that the projected increase in temperature over the coming
decades will not have a detrimental impact on the distribution of S.
fallax. The estimated distribution maps indicate a slight decrease in
the distribution of S. fuscum in the western part of the Black Sea
Region and a slight increase in the north-eastern part of Tirkiye
over the next 20 years. However, the SSP1-2.6 and SSP5-8.5
scenarios predict a significant increase in the current distribution
areas of the same species between 2081 and 2100. The distribution
of S. fuscum under the SSP1-2.6 and SSP5-8.5 scenarios within the
2081-2100 period is consistent with the findings of different studies.
Breeuwer et al. (2008) conducted a greenhouse experiment to
investigate the impact of varying temperature treatments. The
results demonstrated that the lowest to the highest temperature
treatments in monocultures led to an increase in biomass
production of S. fuscum. Naumov and Kosykh (2011) observed
that the species possesses the capacity to retain moisture for
extended periods, which may be regarded as an adaptation to
desiccation. Furthermore, Bengtsson et al. (2021) demonstrated
that S. fuscum exhibits a diminished reliance on a sustained wet
climate, and the moss display enhanced stability and resilience to
climatic fluctuations. It is capable of maintaining photosynthetic
activity during periods of drought and in the absence of
precipitation. The species occurrences in the aforementioned
period and scenarios appear to corroborate the hypothesis put
forth by the authors in relation to global warming. The most
significant habitat loss for S. girgensohnii was observed in the
SSP5-8.5 climate scenario between 2081-2100.

The habitat and abundance of Sphagnum inundatum in the Black
Sea region during the period 2021-2040, according to both the SSP1-
2.6 and SSP5-8.5 scenarios. While there is a notable expansion in the
current distribution of S. palustre between 2021 and 2040, it is
projected that this species will experience a considerable reduction
in its habitat under the SSP5-8.5 climate scenario during the 2081-
2100 period. It is likely that S. palustre will persist in a restricted area,
particularly in the northeastern regions of the country. According to
the results of the regression analysis in the study of Popov (2016), the
climatic factors affect the occurrence of S. palustre in the East
European Plain. Also, the author explained that the distribution of
the species with the increasing of summer temperatures. This idea
supports the species distributions in the 2021-2040 and 2081-2100
periods and targeted to the climate scenarios, except the scenario
SSP5-8.5 in the year 2081-2100. The future of S. plathyphyllum
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appears to be rather pessimistic. It is assumed that the species will
experience a contraction in its habitat within the next twenty years.
Furthermore, it is predicted that it will become extinct in all areas of
Anatolia throughout the 2081-2100 period, most notably under the
SSP5-8.5 climate scenario. S. plathyphyllum is typically found in wet
lo-cations, where it grows submerged or in close proximity to the
water surface (Daniels and Eddy, 1990). Similarly, the results of the
study conducted by Campbell et al. (2021) indicate that the future of
Sphagnum diversity in Europe is most strongly contingent upon
alterations in water availability and seasonal temperature
fluctuations. The distribution map of S. plathyphyllum, which was
created as a result of the model applied by taking into account the 4.4°
C temperature increase predicted between 2081-2100, illustrates the
impact of habitat loss. This can be explained by the reduction of water
availability and the restriction in the potential distribution of the
species due to a drier climate, which is a probable consequence of
climate change in the eastern part of the Black Sea Region. While the
long-term survival of the species S. rubellum is not at risk, it is
expected that the species will continue to expand its distribution
range towards the northern regions of Anatolia. In a study conducted
by Robroek et al. (2007), it was observed that the biomass production
of S. rubellum was significantly higher at elevated temperatures than
at lower temperatures. According to the authors, this finding aligns
with the observation that this species has a more southern
distribution. Our findings support the idea of the mentioned study,
in connection with global warming. Ma et al. (2022) indicated that the
precipitation of the driest month is one of the most significant
environmental variables for S. rubellum, with 52.7% of the species
currently occurring under such conditions. Similarly, Oke and Hager
(2017) found that the temperature of driest quarter as second variable
for the occurrence of S. rubellum on peatlands in North America
using single-and multi-species models with 26.9%. This finding is
consistent with the precipitation of the driest quarter result obtained
for the moss, which demonstrated a value of 96%. Therefore, the
results indicate that extreme dry periods do not impact the
distribution of S. rubellum, as illustrated in the simulated maps.

In the long term and under the SSP5-8.5 climate scenario, the
greatest habitat loss and abundance decline will be experienced by
Sphagnum subsecundum and S. squarrosum, respectively, in comparison
to their current habitats. Daniels and Eddy (1990) reported that the S.
subsecundum is most commonly found in habitats adjacent to streams
or on wet and peaty slopes. In light of the aforementioned ecological
preferences of the species, it is anticipated that there will be a partial
reduction in the extent of the species” habitat as a consequence of rising
temperatures in the coming years. The applied model indicates that new
distribution areas and an increase in existing habitats for S. teres towards
the western part of the Black Sea Region are likely to occur between
2021 and 2040, according to both climate scenarios. However, it
suggests that the species may persist only in North-East Anatolia
during the 2081-2100-time period and under the SSP5-8.5 climate
scenario. Despite the anticipated increase in temperature and aridity
over the 2081-2100 period, the most favorable outlook was identified for
S. warnstorfii. The most noteworthy observation was made in the 2081-
2100-time period and under the SSP1-2.6 climate scenario. The model
indicates that the species will experience significant distribution in
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Thrace, the western and central parts of the Black Sea Region, the
north-east of the country and Eastern Anatolia Region during the
specified time period and climate scenario. Pakarinen (1979) proposed
that this extensive distribution may be attributable to the existence of
genetically differentiated ecotypes within S. warnstorfii. Mikulaskova
et al. (2015) concluded that genetics may explain the relatively broad
niche of S. warnstorfii, which consists of numerous cryptic species with
broadly overlapping geo-graphical ranges (Hajkova and Hajek, 2007).
Flatberg et al. (2006) observed the formation of hybrids between the
calcium-tolerant S. warnstorfii. Brauer et al. (2023) postulated that
natural hybridization may serve to mitigate the vulnerability of species
to climate change. The results of our study generally corroborate the
aforementioned observations. The projected expansion of this species in
response to a temperature increase could be attributed to genetically
determined ecotypic differentiation.

Variables that contribute the most to the model applied for the
distribution of all Sphagnum species were precipitation seasonality,
and mean temperature of the warmest quarter, respectively. The
precipitation of the wettest month, the precipitation of the wettest
quarter, and the precipitation of the warmest quarter were identified
as the other bioclimatic variables that were found to be significant in
the creation of species distribution maps, among the remaining
variables. The most relative variable can determine the distribution
of Sphagnum fuscum was noticed as the precipitation of warmest
quarter (Bio18) with 97.7%. Unlike S. fuscum, the precipitation of the
driest quarter (Biol7) was identified as the most effective variable for
S. rubellum, with a correlation coefficient of 0.96. Seasonality
precipitation (Biol5) was the least effective variable in determining
the distribution of S. inundatum in Anatolia with a value of 10.5%.
Cong et al. (2020) asserts that Sphagnum development is significantly
influenced by climatic factors, and that optimal conditions for
Sphagnum growth are characterized by specific humidity and
temperature levels. Bengtsson et al. (2021) stated that temperature
is a significant climatic factor influencing plant production, with
increased precipitation expected to enhance growth. Also, Ma et al.
(2022) reports that the mean temperature of the coldest quarter and
precipitation of the driest month are the primary factors influencing
the habitat availability of Sphagnum mosses. Similar to the studies
mentioned above, the results of our study confirm these hypotheses.

5 Conclusions

The objective of this study is to predict the pattern of change in
the national-scale distribution of Sphagnum mosses in Tirkiye
under future climate change scenarios. Given the differing rates at
which Sphagnum species respond to future climate scenarios, the
ranges of species in Tiirkiye are subject to constant flux. Climate
scenarios for Tiirkiye predict a drastic reduction in the distributions
of S. auriculatum, S. centrale and S. plathyphyllum by the end of the
twenty-first century. In light of the potential climatic variables that
could negatively impact the distribution of all three species,
temperature was identified as the most crucial parameter. The
total disappearance of the three Sphagnum species from their
native habitats is undoubtedly associated with a consistent decline
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in precipitation levels, which has led to a notable reduction in the
local water balance. The rise in temperature had no adverse impact
on the habitats where S. rubellum was present, whereas it had a
beneficial effect on S. capillifolium, S. contortum, S. fallax, S. fuscum,
and S. warnstorfii. It is predicted that species that will benefit from
climate change will be those that are able to survive in habitats that
are not at risk of being adversely affected by a changing climate, and
which have the capacity to disperse and colonize new areas. It can
be reasonably inferred that certain characteristics of Sphagnum may
render them less susceptible to fluctuations in temperature. This
study is of significant importance for the conservation of Sphagnum
species with specialized habitats, as well as for future research on the
responses of these species to climate change.

Future research should include an assessment of the potential
impacts of climate change on Sphagnum species in Tirkiye and
conservation strategies to mitigate negative impacts. The aim
should be to develop conservation strategies to protect Sphagnum
species and associated habitats in Tirkiye based on available
ecological data and field surveys. Changes in Sphagnum habitats,
including changes in hydrology and soil composition, should be
analyzed when assessing ecological impacts. In assessing
conservation and habitat management strategies, priority
conservation areas for Sphagnum species should be identified, ex
situ and in situ conservation measures should be developed,
including habitat restoration and climate adaptation techniques,
and stakeholders (e.g. policy makers, conservation organizations)
should be involved to integrate the findings into national
conservation plans. The expected outcomes are a detailed
projection of the future distribution of Sphagnum species, insights
into the wider ecological consequences of possible climate change
on Sphagnum habitats in Tirkiye, and feasible conservation
recommendations to mitigate habitat loss and biodiversity decline.

In summary, this study provides important, data-driven
insights to help inform local and regional conservation strategies,
support climate adaptation efforts, and guide water and ecosystem
management policies. The findings contribute directly to achieving
key global goals for climate action, water conservation and
biodiversity conservation.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

References

Abay, G., and Kegeli, T. (2014). Sphagnum molle (Sphagnaceae, bryophyta) in
turkey and SW asia. Cryptogam. Bryol. 35 (1), 105-112. doi: 10.7872/
cryb.v35.iss1.2014.105

Abay, G., Uyar, G., and Kegeli, T. (2009a). Contributions to the bryoflora of kagkar
mts (NE anatolia, turkey). Phytol. Balcan. 15 (3), 317-329.

Abay, G., Uyar, G., and Keceli, T. (2009b). Sphagnum centrale and other remarkable
bryophyte records from the kagkar mountains (Northern turkey). Cryptogam. Bryol. 30
(3), 399-407.

Frontiers in Plant Science

13

10.3389/fpls.2025.1540845

Author contributions

GA: Conceptualization, Investigation, Methodology, Resources,
Validation, Writing — original draft, Writing - review & editing. SG:
Conceptualization, Formal analysis, Funding acquisition,
Investigation, Methodology, Validation, Visualization, Writing -
original draft, Writing — review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was
supported by the Recep Tayyip Erdogan University Development
Foundation (Grant number: 02024012023225).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1540845/

full#supplementary-material

Allouche, O., Tsoar, A., and Kadmon, R. (2006). Assessing the accuracy of species
distribution models: Prevalence, kappa and the true skill statistic (TSS). J. Appl. Ecol. 43,
1223-1232. doi: 10.1111/.1365-2664.2006.01214.x

Amaral, 1. S, Bandeira Pereira, J., Vancine, M. H., Morales, A. E., Althoff, S. L.,
Gregorin, R, et al. (2023). Where do they live? Predictive geographic distribution of
Tadarida brasiliensis brasiliensis (Chiroptera, Molossidae) in South America. In
Diversity and Wildlife Management: The legacy of PPG Biologia Unisinos. Neotrop.
Biol. Conserv. 18, 139-156. doi: 10.3897/neotropical.18.e101390

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1540845/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1540845/full#supplementary-material
https://doi.org/10.7872/cryb.v35.iss1.2014.105
https://doi.org/10.7872/cryb.v35.iss1.2014.105
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.3897/neotropical.18.e101390
https://doi.org/10.3389/fpls.2025.1540845
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Abay and Gul

Bengtsson, F., Rydin, H., Baltzer, J. L., Bragazza, L., Bu, Z. J., Caporn, S. J., et al.
(2021). Environmental drivers of Sphagnum growth in peatlands across the Holarctic
region. J. Ecol. 109, 417-431. doi: 10.1111/1365-2745.13499

Bragazza, L., Buttler, A., Robroek, B. J., Albrecht, R., Zaccone, C., Jassey, V. E., et al.
(2016). Persistent high temperature and low precipitation reduce peat carbon
accumulation. Glob. Change Biol. 22, 4114-4123. doi: 10.1111/gcb.2016.22.issue-12

Brauer, C. J., Sandoval-Castillo, J., Gates, K., Hammer, M. P.,
Unmack, P. J., Bernatchez, L., et al. (2023). Natural hybridization reduces
vulnerability to climate change. Nat. Clim. Change. 13, 282-289. doi: 10.1038/
541558-022-01585-1

Breeuwer, A., Heijmans, M. M., Robroek, B. J., and Berendse, F. (2008). The effect of
temperature on growth and competition between Sphagnum species. Oecologia 156,
155-167. doi: 10.1007/500442-008-0963-8

Breiman, L. (2001). Random forests. Mach. Learn. 45, 5-32. doi: 10.1023/
A:1010933404324

Campbell, C., Granath, G., and Rydin, H. (2021). Climatic drivers of Sphagnum
species distributions. Front. Biogeogr. 13, e51146. doi: 10.21425/F5FBG51146

Canogluy, F. B., Bagbiilbiil, G., and Kirmaci, M. (2019). Determination of antibacterial
activities of sphagnum centrale C.E.O. jensen and s. capillifolium (Ehrh.) hedw. which
are naturally growing in turkey. Anatolian Bryol. 5 (2), 100-106. doi: 10.26672/
anatolianbryology.587719

Carlos-Janior, L. A, Creed, J. C., Marrs, R,, Lewis, R. J., Moulton, T. P., Feijo-Lima,
R, et al. (2020). Generalized linear models outperform commonly used canonical
analysis in estimating spatial structure of presence/absence data. Peer] 8, €9777.
doi: 10.7717/peer}.9777

Cerrejon, C., Valeria, O., Mufioz, J., and Fenton, N. J. (2022). Small but visible:
Predicting rare bryophyte distribution and richness patterns using remote sensing-
based ensembles of small models. PloS One 17, €0262525. doi: 10.1371/
journal.pone.0260543

Cetin, B. (1999). The moss flora of the uludag national park (Bursa/Turkey). Turk. J.
Bot. 23 (3), 187-194.

Cetin, B. (1988). Checklist of mosses of Turkey. Lindbergia 14, 15-23.

Cong, M,, Xu, Y, Tang, L., Yang, W., and Jian, M. (2020). Predicting the dynamic
distribution of Sphagnum bogs in China under climate change since the last interglacial
period. PloS One 15, €0230969. doi: 10.1371/journal.pone.0230969

Daniels, R. E.,, and Eddy, A. (1990). Handbook of European Sphagna (London:
Institute of Terrestrial Ecology), p. 257.

Drake, J. M., Randin, C., and Guisan, A. (2006). Modelling ecological niches with
support vector machines. J. Appl. Ecol. 43, 424-432. doi: 10.1111/j.1365-
2664.2006.01141.x

Elias, W. C., Sintayehu, D. W., Arbo, B. F., and Hadera, A. K. (2022).
Modelling the distribution of Oxytenanthera abyssinica (A. Richard) under
changing climate: implications for future dryland ecosystem restoration. Heliyon 24,
€10393. doi: 10.1016/j.heliyon.2022.e10393

Ellis, L. T., Alatas, M., Aleffi, M., Alvaro Alba, W. R,, Becerra Infante, D. A., and
Cardenas Espinosa, K. A. (2021). New national and regional bryophyte records, 66. |
Bryol. 43 (2), 193-212. doi: 10.1080/03736687.2021.1942590

Erata, H., Batan, N., and Ozdemir, T. (2018). The bryophyte flora of sis mountain
(Giresun-trabzon, turkey). Anatolian Bryol. 4 (1), 46-64. doi: 10.26672/
anatolianbryology.430389

Erata, H., and Batan, N. (2020). New and remarkable bryophyte records from
Turkey and South-West Asia. Plant Biosyst. 154, 376-383. doi: 10.1080/
11263504.2019.1635219

Erata, H., and Batan, N. (2022). Additional bryophyte records from Dereli
District (Giresun, Turkey). Anatolian Bryol. 8, 86-95. doi: 10.26672/
anatolianbryology.1161590

Erata, H., Batan, N., Abay, G., and Ozdemir, T. (2021b). Anzer Vadisi ve Cevresinin
Briyofit Florasi (ikizdere, Rize). Anatolian Bryol. 7, 131-145. doi: 10.26672/
anatolianbryology.993644

Erata, H., Batan, N., and Alatag, M. (2021a). The bryophyte flora of Kiimbet High
Plateau (Dereli district, Turkey). Anatolian Bryol. 7, 77-89. doi: 10.26672/
anatolianbryology.926654

Erata, H., Batan, N., Alatag, M., and Ozen, O. (2020b). Bryophytes records from
Magka District (Trabzon Province-Turkey). Lindbergia 43, lindbg.01127.
doi: 10.25227/linbg.01127

Erata, H., Batan, N., Ozen, O., and Alatas, M. (2020a). Contributions to the
bryophyte flora of Salpazar1 and Tonya districts (Trabzon, Turkey). Phytol. Balc. 26,
71-79. doi: 10.25227/linbg.01127

Erata, H., Batan, N., and Ozen Oztiirk, O. (2022). [amp]]Ccedil;aykara ilgesi
(Trabzon, Tirkiye) Briyofit Florasina Katkilar. Anatolian Bryol. 8, 131-139.
doi: 10.26672/anatolianbryology.1199275

Erdag, A., and Kiirschner, H. (2021). Tirkiye bitkileri listesi, karayosunlar::
Eklentiler 2018-2020. Bagbahge Bilim Dergisi. 8 (2), 32-37.

Fick, S. E., and Hijman, R. J. (2017). WorldClim 2: new 1 km spatial resolution climate
surfaces for global land areas. Int. J. Climatol. 37 (12), 4302-4315. doi: 10.1002/joc.5086

Frontiers in Plant Science

14

10.3389/fpls.2025.1540845

Flatberg, K., Thingsgaard, K., and Sastad, S. (2006). Interploidal gene flow and
introgression in bryophytes: Sphagnum girgensohnii x S. russowii, a case of spontaneous
neotriploidy. J. Bryol. 28, 27-37. doi: 10.1179/174328206X90459

Gajewski, K., Viau, A., Sawada, M., Atkinson, D., and Wilson, S. (2001). Sphagnum
peatland distribution in North America and Eurasia during the past 21,000 years. Glob.
Biogeochem. Cycles 15, 297-310. doi: 10.1029/2000GB001286

Genet, H., Oberbauer, S. F., Colby, S. J.,, Staudhammer, C. L., and Starr, G.
(2013). Growth responses of Sphagnum hollows to a growing season lengthening
manipulation in Alaskan Arctic tundra. Polar Biol. 36, 41-50. doi: 10.1007/s00300-012-
1236-x

Gerdol, R,, and Vicentini, R. (2011). Response to heat stress of populations of two
Sphagnum species from alpine bogs at different altitudes. Environ. Exp. Bot. 74, 22-30.
doi: 10.1016/j.envexpbot.2011.04.010

Glime, J. M. (2017).Bryophyta - Sphagnopsida. In: Bryophyte Ecology (Physiological
Ecology. Michigan Technological University and the International Association of
Bryologists). Available online at: http://digitalcommons.mtu.edu/bryophyte-ecology/
(Accessed March 22, 2023).

Gomez, D., Salvador, P., Sanz, J., Casanova, C., Taratiel, D., and Casanova, J. L.
(2018). Machine learning approach to locate desert locust breeding areas based on ESA
CCI soil moisture. J. Appl. Rem Sens. 12 (03), 1. doi: 10.1117/1.JRS.12.036011

Gozct, M. C,, Uyar, G., Oren, M., Ezer, T., and Alatas, M. (2019). The bryophyte
flora of the samanli mountains (Sakarya, kocaeli, yalova, bursa) in north-west turkey.
Arctoa 28 (1), 58-74. doi: 10.15298/arctoa.28.07

Grimmett, L., Whitsed, R., and Horta, A. (2020). Presence-only species distribution
models are sensitive to sample prevalence: evaluating models using spatial prediction
stability and accuracy metrics. Ecol. Model. 431, 109194. doi: 10.1016/
j.ecolmodel.2020.109194

Hajek, T., and Adamec, L. (2009). Mineral nutrient economy in competing species of
Sphagnum mosses. Ecol. Res. 24, 291-302. doi: 10.1007/511284-008-0506-0

Hajkova, P., and Hajek, M. (2007). Sphagnum distribution patterns along
environmental gradients in Bulgaria. J. Bryol. 29, 18-26. doi: 10.1179/
174328207X160577

Hao, T., Elith, J., Lahoz-Monfort, J. J., and Guillera-Arroita, G. (2020). Testing
whether ensemble modelling is advantageous for maximising predictive performance of
species distribution models. Ecography. 43 (4), 549-558. doi: 10.1111/ecog.04890

Harris, A., Bryant, R. G, and Baird, A. J. (2005). Detecting near-surface moisture
stress in Sphagnum spp. Remote Sens. Environ. 97, 371-381. doi: 10.1016/
j.rse.2005.05.001

Hodgetts, N., and Lockhart, N. (2020). Checklist and country status of European
bryophytes - Update 2020. Irish Wildlife Manuals, No. 123 (Ireland: National Parks and
Wildlife Service, Department of Culture, Heritage and the Gaeltacht).

[zmirli Giizel, $., and Giil, S. (2023). Modeling of current and future distributions of
camellia sinensis in tiirkiye under climate change. Theor. Appl. Climatol. 154, 1323—
1332. doi: 10.1007/s00704-023-04627-6

Jassey, V. E., and Signarbieux, C. (2019). Effects of climate warming on Sphagnum
photosynthesis in peatlands depend on peat moisture and species-specific anatomical
traits. Glob. Change Biol. 25, 3859-3870. doi: 10.1111/gcb.v25.11

Kirmaci, M., Erdag, A., and Kiirschner, H. (2016). Novelties to the bryophyte flora
from uludag Bursa/Turkey. Biol. Diversity Conserv. 9 (3), 78-83.

Kirmaci, M., and Kiirschner, H. (2013). The genus sphagnum 1. @ in turkey-with s.
contortum, s. fallax, s. magellanicum and s. rubellum, new to turkey and southwest asia.
Nova Hedwig. 96 (3-4), 383-397. doi: 10.1127/0029-5035/2013/0079

Kirmaci, M., and Kiirschner, H. (2017). Sphagnum tenellum (Brid.) brid.-in: New
national and regional bryophyte records, 50. J. Bryol. 39, 109. doi: 10.1080/
03736687.2016.1259931

Kirmaci, M., Semiz, A., Filiz, F., and Catak, U. (2019). Turkish blanket bogs and
sphagnum (Bryophyta) diversity of these blanket bogs. Acta Biologica Turcica 32 (4),
211-219.

Kirmaci, M., Catak, U., and Filiz, F. (2022b). Preliminary red list assessment of
Turkish Sphagnum (Sphagnopsida). Anatolian Bryol. 8, 1-10. doi: 10.26672/
anatolianbryology.956824

Kirmaci, M., and Filiz, F. (2021). Sphagnum cuspidatum Ehrh. ex Hoffm. New
national and regional bryophyte records, 66. J. Bryol. 43, 204. doi: 10.1080/
03736687.2021.1942590

Kirmaci, M., Semiz, A., Sari, A., Ozgiin Acar, O., Catak, U., and Filiz, F. (2022a).
Molecular analysis of the section Sphagnum (Sphagnaceae): First study on Turkish

bryophytes using nucleotide sequences of the trnL intron region. Turk. J. Bot. 46, 490—
499. doi: 10.55730/1300-008X.2724

Kiirschner, H., Kirmaci, M., and Erdag, A. (2019a). Sphagnum medium limpr.-in:
New national and regional bryophyte records, 59. J. Bryol. 41, 188. doi: 10.1080/
03736687.2019.1613112

Kiirschner, H., Kirmaci, M., and Erdag, A. (2019b). Sphagnum divinum flatberg &
hassel-in: New national and regional bryophyte records, 61. J. Bryol. 41, 377.
doi: 10.1080/03736687.2019.1673601

Kiirschner, H., and Erdag, A. (2021). Bryophyte locality data from the Near and
Middle East 1775-2019. Bryophyta, Vol.6 (Istanbul: Hiperyayin), 1284.

frontiersin.org


https://doi.org/10.1111/1365-2745.13499
https://doi.org/10.1111/gcb.2016.22.issue-12
https://doi.org/10.1038/s41558-022-01585-1
https://doi.org/10.1038/s41558-022-01585-1
https://doi.org/10.1007/s00442-008-0963-8
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.21425/F5FBG51146
https://doi.org/10.26672/anatolianbryology.587719
https://doi.org/10.26672/anatolianbryology.587719
https://doi.org/10.7717/peerj.9777
https://doi.org/10.1371/journal.pone.0260543
https://doi.org/10.1371/journal.pone.0260543
https://doi.org/10.1371/journal.pone.0230969
https://doi.org/10.1111/j.1365-2664.2006.01141.x
https://doi.org/10.1111/j.1365-2664.2006.01141.x
https://doi.org/10.1016/j.heliyon.2022.e10393
https://doi.org/10.1080/03736687.2021.1942590
https://doi.org/10.26672/anatolianbryology.430389
https://doi.org/10.26672/anatolianbryology.430389
https://doi.org/10.1080/11263504.2019.1635219
https://doi.org/10.1080/11263504.2019.1635219
https://doi.org/10.26672/anatolianbryology.1161590
https://doi.org/10.26672/anatolianbryology.1161590
https://doi.org/10.26672/anatolianbryology.993644
https://doi.org/10.26672/anatolianbryology.993644
https://doi.org/10.26672/anatolianbryology.926654
https://doi.org/10.26672/anatolianbryology.926654
https://doi.org/10.25227/linbg.01127
https://doi.org/10.25227/linbg.01127
https://doi.org/10.26672/anatolianbryology.1199275
https://doi.org/10.1002/joc.5086
https://doi.org/10.1179/174328206X90459
https://doi.org/10.1029/2000GB001286
https://doi.org/10.1007/s00300-012-1236-x
https://doi.org/10.1007/s00300-012-1236-x
https://doi.org/10.1016/j.envexpbot.2011.04.010
http://digitalcommons.mtu.edu/bryophyte-ecology/
https://doi.org/10.1117/1.JRS.12.036011
https://doi.org/10.15298/arctoa.28.07
https://doi.org/10.1016/j.ecolmodel.2020.109194
https://doi.org/10.1016/j.ecolmodel.2020.109194
https://doi.org/10.1007/s11284-008-0506-0
https://doi.org/10.1179/174328207X160577
https://doi.org/10.1179/174328207X160577
https://doi.org/10.1111/ecog.04890
https://doi.org/10.1016/j.rse.2005.05.001
https://doi.org/10.1016/j.rse.2005.05.001
https://doi.org/10.1007/s00704-023-04627-6
https://doi.org/10.1111/gcb.v25.11
https://doi.org/10.1127/0029-5035/2013/0079
https://doi.org/10.1080/03736687.2016.1259931
https://doi.org/10.1080/03736687.2016.1259931
https://doi.org/10.26672/anatolianbryology.956824
https://doi.org/10.26672/anatolianbryology.956824
https://doi.org/10.1080/03736687.2021.1942590
https://doi.org/10.1080/03736687.2021.1942590
https://doi.org/10.55730/1300-008X.2724
https://doi.org/10.1080/03736687.2019.1613112
https://doi.org/10.1080/03736687.2019.1613112
https://doi.org/10.1080/03736687.2019.1673601
https://doi.org/10.3389/fpls.2025.1540845
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Abay and Gul

Kiirschner, H., and Erdag, A. (2023). Tiirkiye Karayosunlar: Floras: (Istanbul:
Hiperyayn), p. 605.

Laine, J., Flatberg, K. I, Harju, P., Timonen, T., Minkkinen, K. J., and Laine, A.
(2018). Sphagnum Mosses: The Stars of European Mires (Finland: Sphagna Ky).

Lazarevi¢, P., Pantovic, J., Szurdoki, E., Papp, B., and Sabovljevic, M. (2016).
Distribution, ecology, and threat status evaluation of Sphagnum species in Serbia.
Wulfenia 23, 37-51.

Lobo, J. M., Jimeénez-Valverde, A., and Real, R. (2008). AUC: a misleading measure of
the performance of predictive distribution models. Glob Ecol. Biogeogr. 17 (2), 145-151.
doi: 10.1111/j.1466-8238.2007.00358.x

Ma, X. Y., Xu, H,, Cao, Z. Y., Shu, L., and Zhu, R. L. (2022). Will climate change cause
the global peatland to expand or contract? Evidence from the habitat shift pattern of
Sphagnum mosses. Glob. Change Biol. 28, 6419-6432. doi: 10.1111/gcb.v28.21

Marquardt, D. W. (1970). Generalized inverses, ridge regression, biased linear
estimation, and nonlinear estimation. Technometrics. 12 (3), 591-612. doi: 10.2307/
1267205

McCullagh, P., and Nelder, J. A. (1989). Generalized linear models (2nd edition)
(London: Chapman and Hall).

Michaelis, D. (2019). The Sphagnum Species of the World. Bibliotheca Botanica Vol.
162 (Germany: Schweizerbart Science Publishers).

Mikulaskova, E., Hajek, M., Veleba, A., Johnson, M. G., Hajek, T., and Shaw, J. A.
(2015). Local adaptations in bryophytes revisited: the genetic structure of the calcium-
tolerant peatmoss Sphagnum warnstorfii along geographic and pH gradients. Ecol.
Evol. 5, 229-242. doi: 10.1002/ece3.1351

Misikova, K., Godovitova, K., Sirka, P., and Soltés, R. (2020). Checklist and red
list of mosses (Bryophyta) of Slovakia. Biologia 75, 21-37. doi: 10.2478/s11756-019-
00349-1

Naimi, B., and Aragjo, M. B. (2016). Sdm: a reproducible and extensible r platform
for species distribution modelling. Ecography. 39 (4), 368-375. doi: 10.1111/ecog.01881

Naimi, B., Hamm, N. A., Groen, T. A., Skidmore, A. K., and Toxopeus, A. G. (2014).
Where is positional uncertainty a problem for species distribution modelling?
Ecography 37 (2), 191-203. doi: 10.1111/j.1600-0587.2013.00205.x

Naumov, A. V., and Kosykh, N. P. (2011). “The structure and functional features of
Sphagnum cover of the Northern West Siberian mires in connection with forecasting
global environmental and climatic changes,” in Bryophyte Ecology and Climate Change
(Cambridge University Press, New York), 299-315.

Nix, H. A. (1986). “A biogeographic analysis of australian elapid snakes,” in Atlas of
elapid snakes of australia: Australian flora and fauna series 7. Ed. R. Longmore
(Canberra: Bureau of Flora and Fauna), 4-15.

Norby, R. J., Childs, J., Hanson, P. J., and Warren, J. M. (2019). Rapid loss of an
ecosystem engineer: Sphagnum decline in an experimentally warmed bog. Ecol. Evol. 9,
12571-12585. doi: 10.1002/ece3.v9.22

Oke, T. A, and Hager, H. A. (2017). Assessing environmental attributes and
effects of climate change on Sphagnum peatland distributions in North America using
single- and multi-species models. PloS One 12, €0175978. doi: 10.1371/journal.pone.0175978

Oren, M., Uyar, G., Ezer, T., and Gézcii, M. C. (2017). New and noteworthy bryophyte
records for turkey and southwest asia. Telopea 20, 97-104. doi: 10.7751/telopeal1088

Ozdemir, T., and Batan, N. (2016). The bryophyte flora of ordu province (Turkey).
Arctoa 25 (1), 144-159. doi: 10.15298/arctoa.25.13

Ozdemir, T., and Cetin, B. (1999). The moss flora of trabzon and environs. Turk. J.
Bot. 23 (6), 391-404.

Ozen-Oztiirk, O., Ozdemir, T., Batan, N., and Erata, H. (2023). Three Sphagnum taxa
new to Turkey and South-West Asia. Bot. Serb. 47, 47-53. doi: 10.2298/
BOTSERB23010470

Pakarinen, P. (1979). “Ecological indicators and species groups of bryophytes in
boreal peatlands,” in Classification of Peat and Peatlands, Proceedings of the
International Symposium Hyytidld (Finland: International Peat Society), 121-134.

Papp, B., Erzberger, P., Odor, P., Hock, Z., Szovenyi, P., Szurdoki, E., et al. (2010).
Updated checklist and red list of Hungarian bryophytes. Stud. Bot. Hung. 41, 31-59.

Frontiers in Plant Science

15

10.3389/fpls.2025.1540845

Payne, R,, Eastwood, W., and Charman, D. (2007). The ongoing destruction of
turkey’s largest upland mire. IMCG Newslett. 1, 5-6.

Phillips, S. J., Anderson, R. P., and Schapire, R. E. (2006). Maximum entropy
modeling of species geographic distributions. Ecol. Model. 190 (3-4), 231-259.
doi: 10.1016/j.ecolmodel.2005.03.026

Phillips, S. J., and Dudik, M. (2008). Modeling of species distributions with maxent:
new extensions and a comprehensive evaluation. Ecography. 31 (2), 161-175.
doi: 10.1111/j.0906-7590.2008.5203.x

Phillips, S. J., Dudik, M., and Schapire, R. E. (2024)Maxent software for modeling
species niches and distributions (Version 3.4.1). Available at: http://
biodiversityinformatics.amnh.org/open_source/maxent/ (Accessed 2024 Nov 10).

Pielke, R., Burgess, M. G., and Ritchie, J. (2022). Plausible 2005-2050 emissions
scenariosproject between 2 °C and 3 °C of warming by2100. Environ. Res. Lett. 17,
024027.

Popov, S. Y. (2016). The climatic patterning of Sphagnum sect. Sphagnum species
distribution in the East European Plain. Arctoa 25, 332-352. doi: 10.15298/arctoa.25.26

Popov, S. Y. (2018). Distribution patterns of Sphagnum sect. Acutifolia species in the
Eastern European Plain and Eastern Fennoscandia. Arctoa 27, 34-48. doi: 10.15298/
arctoa.27.04

Robroek, B. J., Limpens, J., Breeuwer, A., and Schouten, M. G. (2007). Effects of water
level and temperature on performance of four Sphagnum mosses. Plant Ecol. 190, 97—
107. doi: 10.1007/s11258-006-9193-5

Rydin, H., Jeglum, J. K., and Bennett, K. D. (2013). The Biology of Peatlands (2nd Ed.)
(Oxford: OUP Oxford).

San Keskin, N. O., and Uyar, G. (2019). Methylene blue dye removal using sphagnum
palustre 1. bog-moss as a reusable biosorbent. Anatolian Bryol. 5 (1), 1-7. doi: 10.26672/
anatolianbryology.469358

Stefanut, S., and Goia, 1. (2012). Checklist and red list of bryophytes of Romania.
Nova Hedwig 95, 59-104. doi: 10.1127/0029-5035/2012/0044

Sergio, C., Brugués, M., Cros, R. M., Casas, C., and Garcia, C. (2007). The 2006 Red
List and an updated checklist of bryophytes of the Iberian Peninsula (Portugal, Spain,
and Andorra). Lindbergia 31, 109-125.

Séylemez, B., Oren, M., Ursavas, S., and Kegeli, T. (2017). The bryophyte flora of
sinop peninsula turkey. Biol. Diversity Conserv. 10 (3), 120-129.

Uyar, G., Oren, M., and Alatag, M. (2020). The bryophyte flora of akyazi, arifiye,
geyve, karapiirgek districts (Sakarya, turkey). Biol. Diversity Conserv. 13 (1), 27-43.
doi: 10.46309/biodicon.2020.731878

Valavi, R, Elith, J., Lahoz-Monfort, J. J., and Guillera-Arroita, G. (2021). Modelling
species presence-only data with random forests. Ecography. 44 (12), 1731-1742.
doi: 10.1111/ecog.05615

van de Koot, W. Q., Msonda, J., Olver, O. P., Doonan, J. H., and Nibau, C. (2024).
Variation in water-holding capacity in Sphagnum species depends on both plant and
colony structure. Plants 13, 1061. doi: 10.3390/plants13081061

Vapnik, V., Guyon, L, and Hastie, T. (1995). Support vector machines. Mach. Learn.
20 (3), 273-297.

Vitt, D. H., Wieder, R. K., and Goffinet, B. (2008). “The structure and function of
bryophyte-dominated peatlands,” in Bryophyte Biology. Ed. A. ]J. Shaw (Cambridge
University Press, Cambridge), 357-392).

Wu, T, Lu, Y, Fang, Y., Xin, X,, Li, L., Li, W,, et al. (2019). The Beijing climate center
climate system model (BCC-CSM): the main progress from CMIP5 to CMIP6. Geosci.
Model Dev. 12, 1573-1600. doi: 10.5194/gmd-12-1573-2019

Yayintas, O. T. (2013). New moss records from western part of turkey. Bangladesh J.
Bot. 42 (2), 371-375. doi: 10.3329/bjb.v42i2.18047

Yoshikawa, K., Overduin, P. P., and Harden, J. W. (2004). Moisture content
measurements of moss (Sphagnum spp.) using commercial sensors. Permafr.
Periglac. Process. 15, 309-318. doi: 10.1002/ppp.v15:4

Zhao, Y., Liu, C,, Li, X., Ma, L., Zhai, G., and Feng, X. (2023). Sphagnum increases
soil’s sequestration capacity of mineral-associated organic carbon via activating metal
oxides. Nat. Commun. 14, 5052. doi: 10.1038/s41467-023-40863-0

frontiersin.org


https://doi.org/10.1111/j.1466-8238.2007.00358.x
https://doi.org/10.1111/gcb.v28.21
https://doi.org/10.2307/1267205
https://doi.org/10.2307/1267205
https://doi.org/10.1002/ece3.1351
https://doi.org/10.2478/s11756-019-00349-1
https://doi.org/10.2478/s11756-019-00349-1
https://doi.org/10.1111/ecog.01881
https://doi.org/10.1111/j.1600-0587.2013.00205.x
https://doi.org/10.1002/ece3.v9.22
https://doi.org/10.1371/journal.pone.0175978
https://doi.org/10.7751/telopea11088
https://doi.org/10.15298/arctoa.25.13
https://doi.org/10.2298/BOTSERB2301047O
https://doi.org/10.2298/BOTSERB2301047O
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1111/j.0906-7590.2008.5203.x
http://biodiversityinformatics.amnh.org/open_source/maxent/
http://biodiversityinformatics.amnh.org/open_source/maxent/
https://doi.org/10.15298/arctoa.25.26
https://doi.org/10.15298/arctoa.27.04
https://doi.org/10.15298/arctoa.27.04
https://doi.org/10.1007/s11258-006-9193-5
https://doi.org/10.26672/anatolianbryology.469358
https://doi.org/10.26672/anatolianbryology.469358
https://doi.org/10.1127/0029-5035/2012/0044
https://doi.org/10.46309/biodicon.2020.731878
https://doi.org/10.1111/ecog.05615
https://doi.org/10.3390/plants13081061
https://doi.org/10.5194/gmd-12-1573-2019
https://doi.org/10.3329/bjb.v42i2.18047
https://doi.org/10.1002/ppp.v15:4
https://doi.org/10.1038/s41467-023-40863-0
https://doi.org/10.3389/fpls.2025.1540845
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Predicting the distribution of Sphagna (Bryophyta) in T&uuml;rkiye: a perspective of present and future climate scenarios
	1 Introduction
	2 Materials and methods
	2.1 Samples
	2.2 Brief information on the characteristics of Sphagnums
	2.3 Species occurrence data
	2.4 Climatic variables
	2.5 The execution of the model

	3 Results
	3.1 Importance of variables
	3.2 The performance of models
	3.3 Present and future distribution patterns of Sphagnum species in T&uuml;rkiye

	4 Discussion
	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


