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Abstract: Since the mid-Miocene, climatic cooling and Quaternary climatic oscillations have significantly
reduced plant diversity. Consequently, Cenozoic plant communities across the Northern Hemisphere ex-
perienced range contractions, surviving as relict floras in southern refugia. Anatolia has served as a critical
refugium during Pleistocene glaciations due to its geographic and paleoclimatic features, thus maintaining
a rich relict flora. This study evaluates the overlooked population of the Cenozoic relict tree Pterocarya
fraxinifolia along the Panayir River in Northwestern Thrace, Tiirkiye, addressing the anthropogenic and en-
vironmental threats impacting this disjunct population. Field surveys were conducted in 2024 to examine
the population, outline its floristic composition, and assess associated threats. Furthermore, the climatic
characteristics of the habitat were evaluated using high-resolution CHELSA climate data, which were vali-
dated against local meteorological station records through regression analyses and error metrics in R. This
population is notable because it represents the westernmost known distribution of the species and is the
closest population to Europe, where it formed part of mixed evergreen and deciduous forests during the
Miocene and Pliocene periods. This small population is strictly restricted to the main course of the river and
is established on the alluvial soils overlying the Quaternary alluvial deposits. This small area is surrounded
with a plant community dominated by moisture-demanding species, highlighting the tree’s strong reliance
on humid riparian environments. The Panayir River dunes and their surrounding landscape has already
been proposed for protection in the literature due to its habitat diversity, biodiversity, and the presence of
threatened rare and endemic species. Additionally, it is home to one of the rare remaining populations of
the important relict species Pterocarya fraxinifolia in Anatolia. Despite the threats posed by summer visitors,
litter, overgrazing, logging, potential sea level rise, and the proposed nuclear power plant, the Panayir River
lacks any formal protection status. Relict plant species offer valuable insights into both past and present
evolutionary and biogeographical processes; therefore, the conservation of the Panayir River population is
of vital importance due to these critical ecological and research aspects.
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Introduction

The Earth’s climate has undergone continuous
fluctuations driven by internal and external forces,
influencing the evolution and spatial distribution of
plant species. Despite periods of climatic optimum
during the Cenozoic, the era is largely defined by
a progressive temperature decline (Mosbrugger et
al., 2005; Tiffney & Manchester, 2001; Zachos et
al., 2001). From around 15 million years ago, this
trend contributed to a loss in temperate and sub-
tropical plant diversity across the Northern Hemi-
sphere, leading to a southward retreat into refugia
that retained warm and humid conditions (Pound
et al., 2012; Pound & Salzmann, 2017; Utescher et
al., 2007). Furthermore, during the Pleistocene ep-
och, the climate oscillated between warm interglacial
periods and cold glacial periods (Epica community
members, 2004; Jouzel et al., 2007; Lisiecki & Ray-
mo, 2007). As a result of these changes, some plants
lost their distribution ranges, while others persisted
in refugial areas with suitable climatic conditions
(Hampe & Jump, 2011; Jackson & Weng, 1999; Or-
donez & Svenning, 2016; Svenning et al., 2015).
Consequently, plant communities that were once
widely distributed across the Northern Hemisphere
throughout the Cenozoic era became relict floras due
to the contraction of their range. These relict plants
have persisted in refugial areas located in south-
eastern and western North America, East Asia, and
southwestern Eurasia (Milne & Abbott, 2002).

Anatolia is distinguished by its rich flora and high
level of endemism. This remarkable biodiversity can
be attributed to the region’s geographical location,
paleoclimatic history, and geomorphological com-
plexity (Avci, 2005; Davis, 1971; Noroozi et al., 2021;
Zohary, 1973). These characteristics have made Ana-
tolia an important refuge for plants over the years,
including during the Pleistocene glacial periods (Mé-
dail & Diadema, 2009). Consequently, relict species
such as Pterocarya fraxinifolia (Poir.) Spach, Zelkova
carpinifolia (Pall) K. Koch (Bétrisey et al., 2018; Kog et
al., 2024; Novdk et al., 2024), Quercus pontica K. Koch
(Menitsky, 2005; Strijk & Carrero, 2020), and Liquid-
ambar orientalis Mill. (Giinal, 1994; Kog et al., 2026;
Ozdilek et al., 2012; Oztiirk et al., 2008) contribute
significantly to the diversity of Anatolia’s flora.

Tertiary relicts are long-lived phylogenetic line-
ages that have endured changing environmental con-
ditions, including long-term climatic fluctuations,
over millions of years. As such, they are considered
extant representatives of ancient floras. These relict
taxa offer valuable insights into both historical and
contemporary evolutionary and biogeographical pro-
cesses (Kozlowski & Gratzfeld, 2013). In this con-
text, Song et al. (2020) demonstrated that the dis-
junct distribution of Pterocarya between East Asia and

southwestern Eurasia was shaped by the formation
of the Gobi Desert and climatic cooling in northern
Siberia during the Miocene, which fragmented the
once continuous distribution of the genus. Thus, it
is crucial to conduct comprehensive studies on rel-
ict species distributions and to ensure the conser-
vation of known populations. Therefore, the aim of
this study is to examine the distribution pattern of
a previously known but unstudied population of the
Tertiary relict tree Pterocarya fraxinifolia (Juglandace-
ae) in Northwestern Thrace, Tiirkiye, and to assess
the threats facing this population. This population
is notable for representing the westernmost known
limit of its distribution, and is the closest population
to Europe, where it formed a component of mixed
evergreen and deciduous forests during the Miocene
and Pliocene (Jiménez-Moreno & Suc, 2007; Magri
et al., 2017; Popescu et al., 2010). Leroy et al. (2023)
interpreted the absence of Pterocarya in modern and
Holocene pollen records as evidence of its Pleisto-
cene extinction in the Marmara Region and Europe.
However, local sedimentary archives frequently fail
to detect the species even when populations are
present nearby (Bottema et al., 1993; Karlioglu Kilig,
2019; Karlioglu Kilig et al., 2020; Leroy et al., 2009;
Yilmaz Dagdeviren & Karlioglu Kilig, 2023; Yilmaz
Dagdeviren et al., 2024). Conversely, Late Holocene
Pterocarya pollen in Bulgarian marine sediments (Fil-
ipova-Marinova et al., 2024) might reflect the pres-
ence of Thracian populations such as the Panayir lo-
cality, or indicate transport from eastern populations,
though counter-clockwise Black Sea currents (Oguz
et al., 1993) make the latter less probable. Therefore,
asserting regional extinction based purely on local
pollen absence is requires cautious interpretation.
This absence in local archives is likely driven by geo-
morphological barriers, which may restrict wind-driv-
en pollen dispersal (Maharramova et al., 2018). The
North Anatolian Fault Zone’s heterogeneous land-
scape (Okay et al., 2000; Sengtr et al., 2005) and the
deeply entrenched river valleys of Thrace (Turoglu,
2014) act as physical barriers that may substantially
constrain horizontal pollen flow. Situated inside such
a deep valley, the Panayir population is topographi-
cally confined, which likely prevents its pollen from
reaching regional archives. Furthermore, Cetin et al.
(2025) observed that Diizce and Samsun populations
diverge phylogenetically, suggesting that the western
Black Sea region might harbor independent refugia.
Given these complex dynamics, the origin of the
Panayir population, which represents the absolute
westernmost limit of the species, holds great bioge-
ographical importance. However, this study does not
involve genetic or molecular analyses. Instead, we
investigate this isolated population independently to
reveal its ecological characteristics, associated plant
species, and conservation status, simply because its
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severe isolation and potential historical value make it
a critical priority for protection.

Riparian forests function as moisture-buffered
ecological corridors that may serve as microrefugia
under past and ongoing climatic fluctuations. Their
stable hydrological conditions enable the persistence
of relict and thermophilous species, contributing
significantly to regional biogeographic continuity.
Prior to this study, the distribution of P. fraxinifolia
in Tiirkiye was considered to be restricted solely to
the Anatolian side (Sabbagh et al., 2025), with its
westernmost limit documented at Karadere, south of
Izmit (Yaltirik, 1982). The Panayir River population
is located approximately 205 km from this locality,
indicating a geographically isolated western distribu-
tion. Such marked spatial discontinuity suggests that
western populations persist as isolated remnants
rather than forming a continuous range. Despite its
biogeographical significance, this population has re-
ceived little attention in the literature. The present
study therefore provides a field-based assessment of
this overlooked population, establishing baseline in-
formation on its ecological context and conservation
needs.

35° 9, 0"E

Material and Methods
Pterocarya fraxinifolia and new location

Pterocarya is a Tertiary relict genus comprising six
species of deciduous trees distributed in Southwest-
ern Eurasia and Southeastern Asia. While five of the
six are found in Southeastern Asia, P. fraxinifolia is
the sole representative in Southwestern Eurasia (Ko-
zlowski et al., 2018; Yaltirik, 1982). P. fraxinifolia is
distributed along the eastern coast of the Black Sea in
Georgia, on the southern slopes of the Greater Cauca-
sus, in the Talysh Mountains of Azerbaijan, and along
the southern coasts of the Caspian Sea, including the
Elburz Mountains in Iran (Bétrisey et al., 2019; Brow-
icz & Zielinski, 1982; Kozlowski et al., 2018). Addi-
tionally, there is an isolated population present in the
Zagros Mountains (Akhani & Salimian, 2003) in Iran
and in Tiirkiye, it is distributed in fragmented and
restricted areas in both Northern and Southeastern
Anatolia (Fig. 1; Avsar & Ok, 2004; Yaltirik, 1982).

In addition to its known distribution in Anatolia,
there is a disjunct population in the Panayir River in
Northwestern Thrace. Although this population has
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Fig. 1. Distribution map of Pterocarya fraxinifolia across Anatolia and its global range. The main map displays the regional
distribution within Anatolia; red dot represents the disjunct Panayir River population. The inset map illustrates the

global distribution records of the species
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been known since a specimen (EDTU Herbarium no.
6623) was collected by Baki Kasapligil from the area
in 1964, it has not been addressed in the literature.
Field studies were conducted on 12 April, 30 June
and 28 August 2024 to examine the population in
question, outline its floristic composition, and assess
the threats to the population. Initially, a field survey
was carried out between the Kumlu River and Lake
Saka (Fig. 2a). Sampling points were established at
approximately 1 km intervals, and their geographic
coordinates were recorded using GPS. At each sam-
pling point, the surrounding area, including near-
by stream corridors, was examined for woody and
climbing plant species, while herbaceous taxa were
excluded. Since no other P. fraxinifolia populations
were found in this broader area, the detailed vege-
tation survey was specifically focused on the Panayir
River valley. In this area, a cross-sectional topograph-
ic transect of approximately 1 km was established,
descending from the upper slopes (~50 m a.s.l.) to
the riverbed (~10 m a.s.l.). Along this transect, all
woody and climbing plant species associated with
P. fraxinifolia were identified and their spatial posi-
tions were recorded to construct a vegetation profile
(Fig. 5). In this context, samples of trees, shrubs, and
climbing plants surrounding P. fraxinifolia specimens
were collected. A voucher specimen of P. fraxinifolia
collected during these field studies was deposited at
the ISTO herbarium (ISTO 39172). The identifica-
tion of the collected plant specimens was based on

Flora of Turkey and the East Aegean Islands (Davis,
1965-1985; Davis et al., 1988; Giiner et al., 2000)
and List of Turkey’s Plants (Vascular Plants) (Giiner
et al., 2012). The taxonomic names of the species
and their authorities were verified using the Inter-
national Plant Names Index (IPNI, 2026) database.
Furthermore, anthropogenic and environmental
threats to the population were evaluated through di-
rect qualitative field observations.

CHELSA is a climate dataset that contains
high-resolution temperature and precipitation data-
sets for different time periods globally. To interpret
the general climatic characteristics of the study area
where the population is located, CHELSA Version
2.1 data for the period 1979-2021 were utilized
(Karger et al., 2017). Although nearby meteoro-
logical stations exist, their data are incomplete and
lack extended historical coverage, making CHELSA
a more reliable source for this analysis. To evaluate
the suitability of CHELSA data for the study area,
observed temperature and precipitation records from
the Igneada meteorological station (1979-1993;
41°52'59"N, 27°58'59"E), located 20 meters above
sea level to the northwest of the population, were
used. Ordinary Least Squares (OLS) linear regres-
sion analyses were conducted on a monthly basis to
assess the agreement between station observations
and CHELSA-derived values. Additionally, Root
Mean Squared Error (RMSE) and Mean Bias Error
(MBE) metrics were calculated to quantify prediction

Table 1. Woody and climbing plant species composition of the riparian forest associated with the Pterocarya fraxinifolia

population along the Panayir River

Species

Acer campestre L.

Alnus glutinosa subsp. glutinosa (L.) Gaertn.
Arbutus unedo L.

Asparagus acutifolius L.

Calystegia silvatica (Kit.) Griseb.

Carpinus orientalis L.

Cistus creticus L.

Clematis vitalba L.

Cornus mas L.

Corylus avellana L.

Crataegus germanica (L.) Kuntze

Crataegus monogyna Jacq.

Dioscorea communis (L.) Caddick & Wilkin
Erica arborea L.

Erigeron sumatrensis Retz.

Ficus carica L. subsp. carica

Fraxinus ornus L.subsp. ornus

Fagus orientalis Lipsky.

Hedera helix L. subsp. poetarum (Nicotra) Nyman
Humulus lupulus L.

Juglans regia L.

Malus sylvestris (L.) Mill. subsp. orientalis (A. Uglitzkich) Browicz
Paliurus spina-christi Mill.

Phillyrea latifolia L.

Phytolacca americana L.

Pistacia terebinthus L. subsp. terebinthus
Prunus spinosa L.

Pteridium aquilinum (L.) Kuhn
Pterocarya fraxinifolia (Poir.) Spach
Pyrus spinosa Forssk.

Quercus cerris L.

Quercus frainetto Ten.

Quercus petraea (Matt.) Liebl.
Robinia pseudoacacia L.

Rosa canina L.

Rubus sp.

Ruscus aculeatus L.

Salix alba L.

Sambucus ebulus L.

Sambucus nigra L.

Smilax excelsa L.

Sorbus aucuparia L.

Tilia tomentosa Moench

Torminalis glaberrima (Gand.) Sennikov & Kurtto
Viscum album L.

Vitis vinifera L.
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Fig. 2. (A) Topographic map of the surroundings of the Pterocarya fraxinifolia locality along the Panayir River. The pop-
ulation is indicated by a red rectangle. Inset maps show (left) the regional location of the study area and (right) the
position of the Panayir River within Northern Thrace. (B) Satellite image of the Panayir River and its surroundings,

viewed from the northeast (Google Earth)



An isolated population of relict Pterocarya fraxinifolia at the NW limit of its distribution range

99

accuracy and systematic bias, respectively. Based on
the validated CHELSA dataset, annual mean temper-
ature, total annual precipitation, and seasonal cli-
mate variables (Fig. 3, Fig. 6) were calculated and
visualized for Igneada. These variables formed the
basis of subsequent climate-related interpretations.
All analyses were conducted in R (v 4.4.3; R Core
Team, 2026) using the RStudio integrated develop-
ment environment.

Results

The P fraxinifolia population located along the
Panayir River between 41°46'14.94"N, 28°00'48.53"E
and 41°46'14.27"N, 28°00'51.60"E (Fig. 2), which has
not been addressed in the literature, was evaluated,
along with the surrounding trees, shrubs, and climb-
ing plants (Table 1). This small population is strictly

restricted to the main course of the river and occurs
on alluvial soils overlying Quaternary alluvial depos-
its (Fig. 5), which aligns with the typical habitat de-
scribed for the species (Davitashvili et al., 2024). The
comparison between CHELSA data and observations
from the Igneada meteorological station for the peri-
od 1979-1993 demonstrates a strong agreement, es-
pecially for temperature. The linear regression results
(Fig. 3c) show a very high correlation (R* = 0.99,
p < 0.001), a low mean bias (0.64 °C), and a root
mean square error (RMSE) of 0.95 °C, confirming
that CHELSA temperature estimates closely align
with observed values. For precipitation, the relation-
ship is moderately strong (R* = 0.76, p < 0.001),
with CHELSA slightly underestimating observed
values (mean bias = -11.45 mm; RMSE = 31.15
mm) (Fig. 3d). Although discrepancies are more no-
ticeable during extreme precipitation events, these
are not a concern for this study, which focuses on
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Fig. 3. Climatic trends and dataset comparison for the igneada region (1979-2021). (A-B) illustrate annual mean tem-
perature and total annual precipitation with fitted linear and polynomial trend lines. (C-D) present linear regression
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general climatic patterns. The overall consistency be-
tween CHELSA and station data supports the use of
CHELSA (1979-2021) as a reliable climatic source
for the study area.

The long-term annual mean temperature in
Igneada is 14.1 °C, ranging from a minimum of
12.9 °C in 1987 to a maximum of 15.3 °C, recorded
in both 2019 and 2020. Linear, polynomial, weight-
ed average, and 5-year moving average trends all
indicate an overall increase in annual mean temper-
atures since 1987, with record-high values repeat-
edly observed since the early 2000s (Fig. 3a). The
long-term average annual precipitation in Igneada is
around 700 mm, with totals ranging from 423 mm
in 2008 to over 1120 mm in 2014. Annual precip-
itation fluctuates noticeably, and many years since
2009 have seen above-average totals. While trend
lines suggest a slight increase, low R* values indicate

this is not statistically significant (Fig. 3). The popu-
lation is situated on a north-facing aspect (Fig. 4b),
which increases its exposure to humid air masses
and influences local climatic conditions. Such hu-
mid microclimatic conditions align with the broader
climatic regime of northwestern Tiirkiye. Accord-
ing to the Koppen-Geiger classification, the region
is largely assigned to the Cfa climate type (Tasoglu
et al., 2024). Within this macroclimatic framework,
CHELSA Version 2.1 data show that the Panayir Riv-
er valley maintains a temperate and humid climate
(Cfa), potentially contributing to the persistence of
this relict population.

The Panayir River flows through a narrow val-
ley of the same name before discharging into the
Black Sea. At its mouth on the Black Sea coast, an
extensive dune system (Panayir dunes) has devel-
oped, representing one of the least disturbed coastal

Fig. 4. Structural features of the Pterocarya fraxinifolia population in the Panayir River valley, northwestern Ttirkiye. (A)
Tree-form individual bearing a fruiting spike. (B) Dense shrub layer beneath mature trees. (C) Regenerating shrub-
form individuals within the understory. (D) Closed canopy formed by mature individuals
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dune areas in Thrace and extending approximately
20 km (Ozhatay et al., 2013). The population of P
fraxinifolia is located along the river at an elevation
of 14 m a.s.l., approximately 330 m inland from the
dune system, within the valley. To the north, it is
bordered by an area disturbed by human activities,
including logging. On its western side, the popula-
tion is delimited by a road that also forms a clear
boundary. Between the road and the riverbed, P
fraxinifolia constitutes the dominant woody element,
exhibiting a continuous distribution composed of
both mature trees and regenerating shrubs (Fig. 4).
The population is confined within a restricted ripar-
ian polygon of approximately 4,658 m? (perimeter:
0.38 km). Active regeneration was observed in the
form of both vegetative shoots and seed-origin seed-
lings. Furthermore, fruiting spikes were present on
relatively young individuals, indicating that seed pro-
duction is not restricted to old mature trees. Consid-
ering that the species has been known in this locality
since a specimen (EDTU Herbarium no. 6623) was
collected by Baki Kasapligil in 1964, the coexistence
of mature trees, seed-producing younger individu-
als, and seed-origin seedlings provides field evidence
consistent with continued recruitment and popula-
tion persistence. At the northern boundary of the
population, in the area impacted by human activity,
Robinia pseudoacacia is present. Following this, Ptero-
carya is found densely along the roadside, extending
to the riverbank. Within the core of the population,
where P. fraxinifolia is most dominant, the vegetation
is characterized by a dense layer of climbers such as
Smilax excelsa, Hedera helix, and Clematis vitalba, along-
side Sambucus nigra and Rubus sp. Towards the periph-
ery of the riparian stand and the adjacent forest ma-
trix, the vegetation transitions into a diverse arboreal
assemblage comprising Alnus glutinosa, Fraxinus ornus,
Carpinus orientalis, Acer campestre, Quercus petraea, Til-
ia tomentosa, Ficus carica, Juglans regia, and Salix alba.
The shrub layer in these surrounding areas includes
Cornus mas, Corylus avellana, Prunus spinosa, Crataegus
germanica, Crataegus monogyna, Rosa canina, and Ruscus
aculeatus. In addition, herbaceous taxa such as Pterid-
ium aquilinum and Phytolacca americana occur in the
area (Fig. 5b).

Discussion

The Panayir River is located in northern Thrace,
in northwestern Tiirkiye, along the Black Sea coast.
Thrace represents the southeastern extension of the
Balkan Peninsula and is bordered by the Black Sea
to the northeast and east, and by the Aegean Sea to
the south. Despite its generally lower elevation com-
pared to Anatolia, the region harbors a remarkable
rich flora, comprising approximately 2,350 species,

supported by diverse habitats such as coastal dunes,
mountainous areas, plains, and floodplain forests
(Urusak et al., 2013). The Istranca Mountains, ex-
tending in a northwest-southeast direction across
northern Thrace, exert a strong influence on the
regional climate. Orographic uplift associated with
these mountains enhances precipitation, making this
the wettest part of Thrace, with annual totals reach-
ing up to 1,400 mm. The interaction between humid
air masses from the Black Sea and the complex topog-
raphy creates locally mesic and stable climatic condi-
tions, which may facilitate the persistence of relict and
mesophilous woody species in sheltered valley sys-
tems such as the Panayir River corridor. South of the
Istranca Mountains, precipitation decreases marked-
ly, and this gradient is clearly reflected in the region-
al vegetation structure. Humid deciduous forests are
primarily concentrated along the northern slopes of
the Istranca range and extend northwards, in some
locations reaching near sea level. These forests are
heavily dominated by Fagus orientalis, while towards
the coastal zone, the dominance gradually shifts to
humid oak communities (Baytop, 1961; Dénmez,
1968; Yaltuirik & Efe, 1988). In the area surround-
ing the Panayir River, Quercus petraea constitutes the
main canopy species, locally accompanied by Quercus
frainetto, Fraxinus ornus, and Carpinus orientalis. Along
a northwest-southeast topographic gradient, at ap-
proximately 50 m a.s.l. in the western sector, mixed
stands of Q. petraea and Q. frainetto are prominent.
The shrub layer in these stands includes Crataegus
monogyna, Pyrus spinosa, Torminalis glaberrima, Phillyrea
latifolia, Arbutus unedo, Pistacia terebinthus, Erica arbo-
rea, and Cistus creticus. Descending into the Panayir
valley (30-25 m a.s.l.), a noticeable compositional
shift occurs in the shrub layer, characterized by the
increased presence of Fraxinus ornus, Carpinus orien-
talis, Rubus spp., Ruscus aculeatus, Crataegus germanica,
and Quercus cerris. With further decrease in elevation
towards the road corridor, forest density gradually
declines, transitioning into a more open vegetation
structure. The clearing adjacent to the Pterocarya
stand supports a mixed shrub-herbaceous assem-
blage beneath scattered Quercus frainetto and less
frequent Q. petraea, reflecting increased light availa-
bility and disturbance influence. The road separating
this area from the Pterocarya population represents
a distinct anthropogenic boundary that likely con-
tributes to edge effects and structural fragmentation.
In contrast, the Pterocarya population at 14 m a.s.l.
forms a relatively continuous corridor between the
roadside and the Panayir riverbed. The presence of
Alnus glutinosa and climbing species such as Hedera
helix and Smilax excelsa indicates mesic and structur-
ally complex conditions typical of riparian-influenced
habitats. This contrasts with the more open and dis-
turbance-associated vegetation observed outside the
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stand. The dominance of Robinia pseudoacacia in the
disturbed northern sector further highlights ongoing
anthropogenic pressure. As a widely recognized inva-
sive species in both Anatolia and Europe (Cierjacks
et al.,, 2013; Kayacik, 1968; Pysek et al., 2009), its
presence highlights the ongoing anthropogenic dis-
turbance affecting the surrounding habitat. Similarly,
Erigeron sumatrensis represents another invasive ele-
ment associated with disturbed habitats. It is doc-
umented as an alien species in the flora of Tiirkiye
(Uludag et al., 2017) and has significantly expanded
its range across Southeastern Europe (Vladimirov et
al., 2016). The occurrence of Phytolacca americana fur-
ther reinforces the disturbance signal. This species,
widely introduced in Central Europe, the Mediterra-
nean Basin, and East Asia, is considered ecological-
ly harmful due to its competitive impact on native
plant communities (Balogh & Juhdsz, 2008). These
alien species are currently confined to the disturbed
margins and roadside edges, remaining absent from
the core stand of P. fraxinifolia. In contrast, the south-
ern sector of the population along the river corridor
exhibits a more mesic and structurally developed
vegetation. Species such as Juglans regia, Ficus carica,
Corylus avellana, Quercus petraea, and Salix alba occur
in proximity to the river, while Alnus glutinosa be-
comes locally dominant along the riparian stretch.
The presence of Fagus orientalis in this sector is par-
ticularly noteworthy, as it reflects the influence of
humid conditions associated with the river system.
On the opposite slope of the Panayir River, extending
southwest, mixed stands of Quercus frainetto and Q.
cerris dominate the lower elevations. With increasing
elevation, this association gradually transitions to-
wards Q. petraea dominance, indicating a clear altitu-
dinal and moisture-related vegetation gradient. This
vegetation mosaic highlights the strong influence of
topography and moisture gradients on species distri-
bution, potentially creating localized refugial condi-
tions within the river valley system (Fig. 5).

The surrounding area of the population contains
numerous valleys and river systems. These areas
were surveyed to assess the potential occurrence of
additional P fraxinifolia populations; However, no
further populations were detected. During field ob-
servations conducted on 30 June 2024, all rivers in
the vicinity -except the Panayir River- were found to
have dried up. A subsequent survey on 28 August
2024 revealed that the Panayir River had also dried,
with the exception of a small pond adjacent to the
population (Fig. 6d—e). Given the projected increase
in the frequency and duration of extreme climatic
events under ongoing climate change, seasonal trend
analyzes were performed using the Mann-Kendall
test. The results indicate significant increasing trends
in seasonal temperature for the period 1979-2021
based on CHELSA data (r = 0.292-0.570, p < 0.01;

Fig. 6a). In contrast, no statistically significant trends
were detected for seasonal precipitation (p > 0.05;
Fig. 6b). Although precipitation anomalies exhibit a
slight upward trend (Fig. 6¢), the low R? value indi-
cates that the model explains only a small proportion
of the interannual variability. Notably, most years
between 2000 and 2012 experienced below-average
precipitation. Climatic projections for northwestern
Tiirkiye suggest a general warming trend accompa-
nied by increased atmospheric moisture and greater
climatic instability. Several studies indicate that the
northward displacement of westerly storm tracks,
particularly Atlantic cyclones, may increase precipi-
tation along the southern Black Sea coast (Aykut &
Turoglu, 2023; Barcikowska et al., 2018; Giorgi & Li-
onello, 2008). However, rising temperatures are ex-
pected to enhance evapotranspiration rates, thereby
intensifying seasonal water deficits especially during
summer months when precipitation does not com-
pensate for evaporative losses (Deveci & Konukcu,
2024). This pattern substantially increases the risk
of seasonal drought. Field observations already re-
flect these emerging climatic pressures. Consequent-
ly, the isolated P fraxinifolia population along the
Panayir River appears increasingly vulnerable to pro-
longed drought stress. These findings highlight the
urgent need for targeted conservation measures to
ensure the persistence of this isolated population.
On the other hand, while ecological niche modeling
indicates that the SSP5-8.5 scenario projected for
2070 may lead to the emergence of climatically suita-
ble habitats in Thrace and the Balkans, the historical
failure of the species to naturally recolonize Europe
during the Holocene demonstrates severe dispersal
limitations that raise uncertainty about its ability to
reach these new areas (Song et al., 2021).

P. fraxinifolia and riparian forests face significant
threats from various anthropogenic activities, includ-
ing logging, agricultural expansion, riverbed modifi-
cations, and hydroelectric power plant development
(Kozlowski et al., 2018). In both Iran and Georgia,
riparian forests have historically been severely im-
pacted, often cleared or converted into pastures or
plantations (Kozlowski & Gratzfeld, 2013). In Tiir-
kiye, the recent rapid increase in hydroelectric power
plants poses a substantial risk to riparian forests and
river ecosystems (Sekercioglu et al., 2011). As a re-
sult, P. fraxinifolia has been classified as “vulnerable”
according to IUCN criteria (Bétrisey et al., 2019).
Although P. fraxinifolia is protected within various
national parks and state reserves across Azerbaijan,
Georgia, and Iran (Denk et al., 2001), current con-
servation frameworks do not always encompass the
populations with the highest genetic diversity. Spe-
cifically, in the alluvial lowlands of Iran, core genetic
groups remain underrepresented within the protect-
ed areas (Yousefzadeh et al., 2018). This gap is also
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evident in Anatolia, where the species is distribut-
ed in highly fragmented populations across distinct
northern and southern regions. In the south, specifi-
cally in Adryaman, these populations are restricted to
riverbanks in shrub like forms and face a severe risk
of local extinction (Yilmaz, 2015). Consequently, the
fact that most populations in Tiirkiye remain outside
protected areas emphasizes the urgent need for tar-
geted conservation measures.

The Panayir River is subject to multiple anthropo-
genic pressures, including intensive recreational use,
litter accumulation, illegal construction, logging, and
grazing (Ozhatay et al., 2013). These disturbances
directly affect riparian habitat integrity and may exac-
erbate stress on the isolated P. fraxinifolia population.
An additional potential threat arises from the pro-
posed nuclear power plant in Igneada (World Nucle-
ar Association, 2026), located in close proximity to
the population. Although nuclear energy is promoted
as a low-carbon strategy within Tiirkiye’s long-term
energy planning framework, large-scale infrastruc-
ture projects of this nature involve substantial land
clearing, habitat degradation, and hydrological alter-
ation during site preparation and construction phas-
es. Evidence from other nuclear power plant pro-
jects in Tiirkiye demonstrates extensive forest loss
and landscape transformation associated with such
developments. For example, at the Sinop site, more
than 650,000 trees were reportedly removed and ap-
proximately 268 ha of forest were cleared during in-
itial site preparation (Colak et al., 2019). Similarly,
construction activities at the Akkuyu site resulted in
significant forest cover reduction and expansion of
artificial surfaces within the surrounding landscape
(Iban & Sahin, 2022). Beyond direct habitat destruc-
tion, nuclear power plants may generate additional
environmental pressures, including habitat fragmen-
tation, road construction impacts, and thermal pollu-
tion associated with cooling water discharge. In coast-
al systems, elevated discharge temperatures can alter
aquatic community composition and favor opportun-
istic species over sensitive taxa (Guimaries et al.,
2023; Zhou et al., 2025). Furthermore, uncertainties
regarding water supply sources raise concerns under
projected drought scenarios. The potential reliance
on regional reservoirs during consecutive dry years
could intensify existing water stress in the broader
region. Given the already increasing climatic vulner-
ability of the Panayir River system, the cumulative
effects of recreational pressure, land-use change, and
potential large-scale infrastructure development may
substantially heighten extinction risk for this isolat-
ed P, fraxinifolia population.

The isolated P. fraxinifolia population along the
Panayir River represents a relict stand with unique
ecological and biogeographical significance. Its dis-
tribution and composition are strongly governed by

topography and local moisture gradients, which fa-
cilitate microrefugial conditions that have allowed
the species to persist despite regional climatic fluc-
tuations. However, field surveys confirming the
absence of additional populations in surrounding
valleys underscore its extreme isolation. Seasonal
analyses of CHELSA data reveal significant warming
trends across all seasons, while stable precipitation
patterns-combined with rising temperatures-point
to an emerging water stress regime, as evidenced by
the river desiccation events observed in 2024. This
climatic vulnerability is exacerbated by multiple an-
thropogenic pressures, including intensive recrea-
tional use, habitat fragmentation, and the potential
impacts of large-scale infrastructure projects, such
as the proposed Igneada nuclear power plant. Fur-
thermore, global mean sea level rise, projected to
reach up to 1.01 meters under the SSP5-8.5 scenario
by 2100 (IPCC, 2022), poses a critical threat to the
Panayir coastal dunes and this vulnerable riparian
corridor, which has already been identified as a ‘high-
risk’ zone according to the Coastal Vulnerability In-
dex (Ozsahin et al., 2023). Given that this popula-
tion represents the westernmost limit of the species’
global distribution and currently remains outside of
any formal protected status, there is an urgent need
for the legal designation of the Panayir River valley as
a protected area to ensure the long-term persistence
of this relict lineage.

The woody vegetation of the Panayir River valley
shows notable similarities to that of the Strandzha
Nature Park, located on the northern slopes of the Is-
tranca (Strandzha) Mountains. Both localities share
key taxa such as Fagus orientalis, Quercus petraea, Q.
cerris, Q. frainetto, Arbutus unedo, and Acer campestre
(Stoyanov et al., 2022). However, a distinction is
the absence of Pterocarya fraxinifolia records in the
Strandzha Nature Park. In this context, the Panayir
River vegetation provides complementary informa-
tion on the relict woody flora currently present in
Thrace. Overall, the floristic similarities between
these localities highlight the importance of the
southeastern Balkan refugium in the broader con-
text of southeastern European refugia. Nevertheless,
whether this isolated population represents a direct
relict of a historical European lineage or the result
of a Holocene colonization from eastern populations
remains an open question. In the absence of genet-
ic data, future phylogeographic analyses would help
clarify the evolutionary origin and colonization his-
tory of this marginal stand.

Although the Igneada Floodplain Forests Na-
tional Park holds significant protection status, the
Panayir River basin and its associated coastal dunes
remain largely excluded from these effective conser-
vation boundaries. This gap in protection is critical;
Ozhatay et al. (2013) identified the Panayir River
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region as a priority conservation area in Northwest
Thrace, emphasizing its rich biodiversity and the
presence of endemic and rare species, threatened
habitats. Consequently, leaving this ecologically sen-
sitive area without formal legal protection makes the
P. fraxinifolia population particularly vulnerable to
anthropogenic threats.

Conclusion

Relict plants, which have persisted through mil-
lions of years of environmental change, including
past climate shifts, are increasingly threatened by
anthropogenic pressures. Their limited natural hab-
itats make them particularly vulnerable, potentially
leading to local or complete extinction. These species
provide valuable insights into evolutionary and bi-
ogeographic processes, highlighting the importance
of studying their distribution and protecting known
populations. This study focuses on the Panayir River
population of P. fraxinifolia, the westernmost known
population of the species, and assesses its climat-
ic, geological, floristic, and environmental context.
The Panayir valley has been identified in previous
studies as a priority area due to its habitat diversi-
ty, rich biodiversity, and the presence of threatened
and endemic species. It also harbors one of the few
remaining populations of this important relict spe-
cies in Anatolia. Based on our field observations, the
absence of formal protection and limited local aware-
ness of the ecological significance of the species are
associated with human-induced clearings. These dis-
turbances create structural gaps that may facilitate
the establishment and spread of alien species such as
Robinia pseudoacacia, which are currently confined to
disturbed margins and roadside edges. Furthermore,
our climatic trend analyses indicate significant sea-
sonal temperature increases that coincide with the
observed summer desiccation of the river. This pat-
tern raises concerns regarding potential future water
stress for this moisture-dependent species. Accord-
ingly, management efforts should prioritize the pro-
tection of the riparian habitat, prevention of further
habitat disturbance, and monitoring of alien species
at the margins of the population. The expansion
of the adjacent Igneada Floodplain Forests Nation-
al Park boundaries to encompass the Panayir valley
could provide an effective framework for long-term
protection of the site. Local conservation actions
should also include regulating recreational access
where necessary, increasing public awareness, and
monitoring and controlling alien species at the stand
margins to prevent their spread toward the core area.
Protecting this specific site is also important be-
cause, as the westernmost known stand, the isolat-
ed Panayir population may provide valuable material

for future phylogeographic and biogeographic stud-
ies. While there is potential for other undiscovered
populations, particularly in Thrace and northern
Anatolia, the floristic, edaphic, and climatic base-
line established in this study can serve as a practical
guide for identifying such populations. The riparian
forests preferred by P. fraxinifolia are highly valuable
biological systems, and their protection is important
not only for maintaining this isolated population but
also for sustaining the broader ecological integrity of
these sensitive environments.
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