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ARTICLE INFO ABSTRACT

Keywords: A sequence of central European summer droughts since 2018 has intensified the quest for suitable reforestation

Climate change species. The fact that newly planted trees will experience a warmer, drier and likely also more variable climate,

gendrﬁc}lron"l"gy however, challenge the forest sector. Here, we explore the drought resistance and resilience of Taurus fir (Abies
rought

cilicica (Ant. & Kotschy) Carr.), and discuss its potential for ecosystem service, timber production and carbon
storage under future climate change. We measured earlywood and latewood widths of 109 Taurus firs from two
neighbouring sites in southern Tiirkiye. Average summer temperatures at the species’ biogeographic heartland
are comparable to those of the exceptional central European heatwave in 2018, while precipitation at our sites is
still much lower. Mean tree age is 89 years, and the average growth rate of 1.5 mm is dominated by 75 %
earlywood. The various tree-ring chronologies correlate significantly with May to July precipitation (r > 0.7;
1960-2022), and their tailed positive distributions are indicative of arid baseline conditions. We suggest Abies
cilicica as a potential candidate for mixed-species reforestation on appropriate soils in central Europe.
Acknowledging the long-term consequences of silvicultural decisions, stronger collaborations between stake-
holders and researchers are needed to prepare the forestry sector for direct and indirect effects of anticipated
climate change.

Forest management
Global warming
Resilience

Tree rings

1. Introduction The hydroclimatic extreme triggered widespread forest dieback across
much of the continent (Schuldt, 2020; Senf and Seidl, 2021; Knutzen
et al., 2025), followed by a cascade of ecological and economic conse-

quences across different spatiotemporal scales (Obladen et al., 2021;

The observed and predicted increase in the frequency and intensity
of summer droughts poses a combined threat to natural and societal

systems alike. Anthropogenic climate change has been reported to
impact water availability, food security and ecosystem productivity
around the world (Ciais et al., 2005; Samaniego et al., 2018; Trnka et al.,
2019; Gampe et al., 2021). Forests are no exception in this regard, and
their vulnerability to hydroclimatic extremes is likely to increase under
global warming (Allen et al., 2010; Anderegg et al., 2015; Vitali et al.,
2017; Martinez del Castillo et al., 2024; Tew et al., 2024).

Exceeding the well-documented central European heatwaves of 1976
and 2003 in magnitude and duration, the exceptional summer drought
of 2018 was unparalleled in the past 2000 years (Biintgen et al., 2021a).

Treml et al., 2022). In addition to the immediate physiological vulner-
ability of forest ecosystems to severe water stress (Bose et al., 2024),
successive bark beetle outbreaks were particularly devastating for
spruce-dominated central European forests (Bottero et al., 2021; D’An-
drea et al., 2023; Hlasny et al., 2021; Knutzen et al., 2025).

Since regional rates of tree mortality have reached up to 100 % in
parts of Germany, France, Switzerland, Austria, and the Czech Republic,
there is an urgent need to identify alternative tree species and improve
forest management practices (Vacek et al., 2023; Tew et al., 2024).
Among innovative sylvicultural considerations is the afforestation of
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drought-resistant and pest-tolerant broadleaf and conifer species with
high resilience levels to biotic and abiotic stressors (del Rio et al., 2021).
Assisted migration and the introduction of non-native species into cen-
tral Europe are also gaining attention to prepare forest ecosystems for a
warmer and drier climate (Chakraborty et al., 2024; Dumroese et al.,
2015; Pedlar et al., 2012; Streit et al., 2024; Williams and Dumroese,
2013). Assisted migration refers to the introduction of trees species into
new regions, such as Douglas fir (Pseudotsuga mengziesii) in central
Europe (Isaac-Renton et al., 2014; Hintsteiner et al., 2018), or western
larch (Larix occidentalis Nutt.) in northern British Columbia (Roskilly
and Aitken, 2024). Despite its suggested benefits, assisted migration has
potential risks as relocated species can become invasive or disruptive.
Moreover, little attention has been given to understanding the growth
rates and climate responses of niche species from Mediterranean cli-
mates. While the demand for reforestation in central Europe has
considerably increased since 2018 (Schuldt, 2020; Bottero et al., 2021;
Hlasny et al., 2021; Obladen et al., 2021; Senf and Seidl, 2021; Treml
et al., 2022; D’Andrea et al., 2023; Bose et al., 2024; Knutzen et al.,
2025), and priorities have rapidly shifted away from extensive mono-
cultures (Tew et al., 2024), much remains unknown about the natural
range in which forest ecosystems can operate.

The widespread dieback of Norway spruce and Scots pine in many
parts of central Europe since 2018 further emphasises the need for more
drought-resistant tree species (Bottero et al., 2021; Castagneri et al.,
2022). Although Norway spruce is amongst the economically important
tree species on the continent, its high level susceptibility to summer
droughts and subsequent bark beetle outbreaks limits its cultivation
potential under future climate change (Knutzen et al., 2025). Although
Douglas fir (Pseudotsuga mengziesii (Mirb.) Franko) and black pine (Pinus
nigraschul, F. F. Arnold.) have been proposed as potential surrogates for
Norway spruce (Picea abies (L.) Karst.), as well as Scots pine (Pinus
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sylvestris L.) (Hintsteiner et al., 2018; Thiel et al., 2012; Vitali et al.,
2017, 2018), more research into the suitability of conifer species from
arid environments for mixed-stand reforestation programmes north of
the Alpine arc is needed (Lindenmayer et al., 2016; Sanchez-Salguero
et al., 2017). This is particularly the case since contrasting results have
been reported for silver fir (Abies alba Mill.) (Bosela et al., 2016, 2018;
Vitasse et al., 2019; Walder et al., 2021; Rybar et al., 2023; Marcis et al.,
2025).

Here, we introduce the Taurus fir (Abies cilicica) as a possible sur-
rogate species for mixed-species reforestation programmes under suit-
able site conditions across Europe. We assess ring width variability and
climate sensitivity at two neighbouring forest sites at the species’
biogeographic centre in southern Tiirkiye. We analyse the species’
summer drought resistance and resilience. Comparison of the clima-
tology of the warm and dry eastern Mediterranean region with that of
the Harz mountain in central Germany suggests that the hitherto over-
looked Taurus fir is potentially suitable for central European silviculture
under predicted climate change.

2. Materials and methods
2.1. Study region and species description

Our two sampling sites are located next to each other in the central
Taurus mountains, north of the harbour city of Mersin in southern
Tiirkiye (Fig. 1 inset). The circa 50-100 km wide mountain range
stretches parallel to the Mediterranean coastline and extends over
~2000 km from the Aegean Sea ~28° East to the Iranian border ~44°
East (Parolly, 2015). With several summits > 3500 m asl and a distinct
Oro-Mediterranean climate (Atalay et al., 2014; Kavgaci et al. 2021;
Cetin and Meydan 2023), the Taurus mountains contain a rich endemic
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Fig. 1. (A) Example of spruce (Picea abies) mortality at the Harz mountain in central Germany triggered by the 2018 summer heatwave (left), and an example of a
healthy Cilician or Taurus fir (Abies cilicica) forest in the central Taurus mountains near Camliyayla in southern Tiirkiye (right). (B) Monthly mean temperatures
(lines) and precipitation totals (bars) obtained from the meteorological station in Pozant: circa 40 km northeast of our dendrochronological sampling sites (i.e.,
Central Taurus), and gridded climate data averaged over 48-52°N and 4-18°E to represent larger scale climatology (i.e., Central Europe). We applied a 0.5°C lapse
rate to cool the monthly temperatures from Pozanti by 4°C to best represent the conditions at our sampling sites. All values are calculated over the common period
1961-1986 defined by the rather short Pozanti record. The inset map shows the natural distribution of Abies cilicica in southern Tiirkiye and the Near East (Caudullo
et al. 2017), with the red square referring to our sampling sites around 37°10’ North and 34°32’ East.
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flora and extensive pastoralism. Summers are hot and dry (Fig. 1), but
winters are cold and snowy. Mean monthly winter temperatures at our
study sites are similar to those of central Europe (Fig. 1B), but summers
and autumns are on average 2-3°C warmer. Winter and spring precip-
itation totals at our study site almost double those of central Europe,
whereas summer rainfall between June and September is approximately
one tenth that of central Europe. Summer temperatures during the
exceptional 2003 and 2018 heatwaves in central Europe were compa-
rably high as the long-term mean at our study region, whereas the very
dry summer of 1976 was less hot. The climatological comparison be-
tween our study region and central Europe underlines the severity of
summer drought Abies cilicica withstands each year.

As part of a regional national park, healthy fir (Abies cilicica) forests
near the village of Camliyayla have been designated as one of 79 official
gene protection zones in Tiirkiye. Commonly known as Cilician or
Taurus fir, Abies cilicica is one of four native fir species in southern
Tiirkiye, northern Syria and the Lebanon (Aussenac, 2002). The species
can be separated morphologically into a western lineage with smooth
shoots and resin-rich buds (Abies cilicica subsp. isaurica) and an eastern
lineage with young, hairy shoots and resin-free buds (Abies cilicica subsp.
cilicica). The species often co-occurs with Cedrus libani A. Rich., Juniperus
excelsa M. Bieb., J. drupacea Labill., J. foetidissima Willd. and Pinus nigra
and covers an estimated extent of 1700 km? in Tiirkiye (Bozkus 1988).
Pure Abies cilicica forests are widespread on the north facing slopes near
Camliyayla (Atalay et al., 2014). Amongst other circum-Mediterranean
fir species (Aussenac, 2002), Abies cilicica occupies the largest area
(350,000 ha) (Bozkus 1988).

The shade tolerant species usually grows on shallow and well-
drained calcareous substrate, where tree heights can reach 30-35m
(Farjon, 2017). Needle lengths vary between 2 and 3 cm, and cylindri-
cal, reddish-brown female cones of 15-30 cm length mature after one
year. Up to 2 m thick stems and distinct taproot structures make Abies
cilicica resistant to winds (Farjon, 2017), and sensitive stomata allow
thriving under xeric conditions (Parolly, 2015; Aussenac, 2002). Abies
cilicica can produce 2-6 m>/ha/year of timber and has a water potential
corresponding to partial and total transpiration controls of —1.8 and
—2.6 MPa (Aussenac, 2002), respectively. Dendrochronological, clima-
tological and paleo-ecological investigations of the species are rare
(Akkemik, 2000; Sanchez-Salguero et al., 2017).

2.2. Sample collection and data investigation

We selected two undisturbed, neighbouring forest sites at the
biogeographic centre of the natural distribution of Abies cilicica at the
fringe of a protected seed bank near Camliyayla around 37°10° North
and 34°32’ East (Table 1). Both sampling sites L23 and H24 are char-
acterised by calcareous limestone and sandy soils in an undisturbed
Abies cilicica forest of approximately 24.4 ha. Existing sylvicultural es-
timates suggest mean stand density of 708 stems/ha, mean annual
increment of 8 m® /ha, and a growing stock volume of 340 m?® /ha
(Bozkus 1988).

We extracted two 5 mm increment cores at breast height from 53 and
56 randomly selected, healthy and mature Abies cilicica trees in July
2023 at around 1500 m asl (L23) and in September 2024 at around
1600 m asl (H24) (Table 1). Assigned with a unique ID, each sample was
air dried for subsequent analyses. Cores were glued onto wooden mounts
with their cross-sectional view upwards to ensure visibility of ring
boundaries after sanding with progressively finer grain sizes up to 800
grit size. Visual cross-dating under microscopic magnification was
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supplemented by skeleton plots to associate each ring with a calendar
year. Cores were then scanned and high-resolution images processed
with the CDendro & CooRecorder software package (Maxwell and
Larsson, 2021) to measure earlywood (EWW), latewood (LWW) and
total ring width (TRW) separately at a resolution of 0.01 mm. Pith-offset
was estimated and measurement accuracy statistically validated with
COFECHA (Holmes, 1983).

An integrative ensemble approach was applied to evaluate and
remove non-climatic, age-related trends in the raw EWW, LWW and
TRW measurement series. We averaged the parameter- and site-specific
dimensionless timeseries from single series detrending with cubic
smoothing splines with 50 % frequency cut-off at 50, 75, 100, and 125
years, negative exponential functions (Cook and Peters, 1981), and the
Regional Curve Standardisation technique (RCS; Briffa et al., 1992;
Esper et al., 2003). Combined with index calculation as ratios or re-
siduals after power transformation (Cook and Peters, 1997), these
detrending options resulted in an ensemble of 12 slightly different ver-
sions for each EWW, LWW and TRW chronology from the two sites L.23
and H24 (i.e., 12 x 3 x 2 = 76). Pith-offset estimates were considered
for RCS detrending, and inter-series correlation (Rbar) and the
Expressed Population Signal (EPS; Wigley et al., 1984) were calculated
over 30-year windows lagged by 15 years.

To account for methodological biases (Biintgen et al., 2021b, 2024),
minimum and maximum annual values of the individual ensemble
members were used for uncertainty estimates. The parameter- and
site-specific ensemble means were averaged for growth-climate analysis.
Monthly and seasonal minimum, mean and maximum temperatures, as
well as precipitation totals were obtained from the gridded 0.25°
x 0.25° E-OBS land surface dataset (v30.02; updated from Cornes et al.,
2018). A split period approach was used to test for temporal stability,
and temperature and precipitation measurements from the nearby
meteorological station in Pozant1 were used for comparison with the
gridded product (WMO station 17351.2). A 0.5°C/100 m lapse rate was
used to adjust the monthly temperature means at Pozant: to conditions
at our sampling sites (i.e., 4°C was subtracted from the station values to
account for the elevational difference of circa 750 m between Pozanti
and our sampling sites). The gridded 0.5° x 0.5° CRU TS 4.08 dataset
(Harris et al., 2020) was used to compare the occurrence of ground frost
days at our sampling sites in southern Tiirkiye with those of the Harz
mountain in central Germany. We also employed a gridded monthly sea
level pressure dataset (HadSLP2; Allan and Ansell, 2006) to derive
composite maps for combinations of positive and negative EWW, LWW
and TRW anomalies.

The raw TRW measurements were transformed into basal area
increment (BAI) to assess the species’ resistance, resilience and recovery
using the bai.out function of the dpIR package (Bunn, 2008; Martinez del
Castillo et al., 2024). The resulting BAI data were detrended using a
100-year spline method to remove long-term age trends while retaining
interannual variability relevant to climate extremes. Resistance, resil-
ience and recovery metrics were calculated over four-year pre- and
post-disturbance intervals, using the ten driest regional summers with
the lowest precipitation totals between May and August recorded at
Pozant1 (1-10: 1984, 1989, 1966, 2006, 1978, 1974, 1994, 2005, 2004,
1996), as well as the next ten driest years (11-20: 1961, 2021, 2020,
1990, 2019, 2013, 1991, 2010, 1965, 1960). The resistance metric
evaluates the immediate impact of a disturbance event, such as summer
drought stress, on radial stem growth, while the resilience metric reflects
the capacity of trees to return to pre-disturbance growth levels. The
species’ resistance, resilience and recovery were also evaluated against

Table 1

Characteristics of the tree-ring datasets from both sampling sites L23 and H24.
Site Latitude Longitude Elevation Trees Cores Start End MSL M EWW M LWW M TRW
H24 37°10°11"N 34°32°20"E 1600 m asl 56 103 1851 2024 96 0.918 0.342 1.260
L23 37°10°25"N 34°33'40"E 1500 m asl 53 105 1897 2022 82 1.236 0.425 1.661
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the years with the highest number of ground frost days in April and May
3. Results

The mean segment length of all 208 core samples is 89 years
(Fig. 2 A), with little difference between L.23 and H24 (82 and 96 years).
Sample size and signal strength are very high at both sites (Fig. S1). The
EPS calculated for the individual, raw EWW, LWW and TRW measure-
ment series exceeds 0.85 at both sites from the 1930s onwards. The
inter-series correlation (Rbar) ranges between 0.2 and 0.5 over the past
seven decades. The mean annual growth rate is 1.66 and 1.26 mm at L.23
and H24, respectively. EWW-LWW proportions are similar at both sites,
with TRW being dominated by EWW (75 %). There is a clear relation-
ship between decreasing growth rates with increasing segment lengths
as rings are getting narrower with increasing tree age. When aligning the
raw EWW, LWW and TRW measurement series by their innermost rings,
the so-called regional curves reveal different growth rates and trends for
the two sites (Fig. 2B). None of the parameter-specific regional curves
shows a marked juvenile growth increase at L23, whereas the first 20-40
years of cambial age at H24 exhibit inflated stem growth. This pattern
does not change when considering pith-offset estimates that are similar
for both sites (Fig. 2B). A closer look at germination and sapling for-
mation suggests that almost half of the trees at H24 established before
the 20th century (Fig. 3), whereas most of the trees at L23 started to
grow in the first two decades of the 20th century.

The grand average correlation between the three parameter-specific
raw chronologies without detrending is 0.87 for L23 and 0.90 for H24,
when using the 1917-2022 period during which sample size in each
dataset exceeds ten series (Fig. S2). The highest correlations of 0.98 are
found between EWW and TRW at both sites. The lowest, though still
highly significant correlations of 0.76 and 0.81 are found between EWW
and LWW at L23 and H24, respectively. The parameter-specific chro-
nologies after detrending exhibit exceptional agreement at the site level
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(Fig. 4). The site-specific ensemble means for EWW, LWW and TRW
correlate at 0.80, 0.83 and 0.82 (1917-2022), respectively. The first-
order autocorrelation is highest for the EWW chronologies (0.30 and
0.49) and lowest for the LWW chronologies (-0.02 and 0.15), with values
for TRW ranging in between (Fig. 4). Multi-year growth depressions in
all chronologies are most pronounced from 1927-1929, 1965-1967, and
2002-2008.

Unlike most tree-ring chronologies, the annual values in our chro-
nologies, and especially for LWW, are slightly skewed towards more
extreme positive growth anomalies (Fig. S3). This tailed distribution
reflects a drought-induced lower growth baseline and positive anoma-
lies result from sporadic summer wetness. The three parameter-specific
chronologies, averaged over both sites, reveal similar correlation maps
against gridded May-August precipitation totals over 1960-2022
(Fig. 4). Significant positive correlations are evident for much of Tiirkiye
(p < 0.01), with the highest correlations > 0.6 found over the Taurus
mountains and surrounding Anatolia. A similar pattern, with the
exception of additional significant positive correlations over the Balkan
Peninsula, is found when calculating measured May-August precipita-
tion totals from the Pozanti station against the gridded E-OBS product
(Fig. S4). Significant positive correlations are found for all monthly and
seasonal precipitation totals between May and August (p < 0.01)
(Fig. S5).

Composite maps of mean May-August sea level pressure for the 20
most positive (negative) growth anomalies > 1.15 (<0.80) describe
distinct patterns over the North Atlantic/European sector and the
Mediterranean basin (Fig. 5). Increased tree growth coincides with two
anomalously high-pressure cells over the Atlantic west of France and the
Iberian Peninsula, as well as over the Baltic and into Russia. Reduced
tree growth, however, coincides with a distinct longitudinal belt of
anomalously high pressure from the North Atlantic, south of Iceland,
over the British Isles, into France and across the Mediterranean to the
Near East. Even more pronounced are the pressure patterns obtained
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Fig. 2. (A) Relationship between segment length (i.e., the number of annual tree rings per core) and growth rate (i.e., earlywood width, latewood width and total
ring width) in all 105 and 103 samples from the two sites L23 and H24, respectively. The mean segment length (MSL) and average growth rate (AGR) are provided for
each site and parameter. (B) Age-related growth trends (i.e., Regional Curves) of all tree-ring parameters, calculated with and without considering pith-offset es-
timates (dashed and solid lines, respectively). The mean pith-offset (MPO) is indicated for each site.
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Fig. 3. Stand history of the two sites L23 and H24, for which we estimated pith-offset for each core sample, subtracted 8-12 years depending on average growth rate,
and used the oldest date per tree for sapling formation. The picture shows site L23 in July 2023.
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chronology length (see Fig. S4 for station-grid correlation fields and Fig. S5 for individual climate responses).

from the EWW and LWW chronologies (Fig. S6). These findings
corroborate the assumption that high pressure blocking of westerly
airflow causes dry summers in the Taurus mountains during which
radial stem growth of Abies cilicica is reduced. Low pressure and
increased precipitation, however, enhance forest productivity. Contrary
to common expectations, the number of ground frost days in the central
Taurus mountains is higher than in the Harz mountain in central Ger-
many (Fig. S7).

Similar resistance, resilience and recovery rates at both sites under-
line the species’ overall drought tolerance (Fig. 6), whereas no system-
atic negative TRW responses to spring frosts were found (not shown).

4. Discussion

The montane Abies cilicica forests on the north-exposed slopes of the
central Taurus mountains in southern Tiirkiye exhibit considerable
drought resistance. The species’ high proportion of EWW is indicative of
rapid resource utilization in response to seasonal precipitation shortfalls
(Yang et al., 2024). Our data also suggest minimal growth reductions
during prolonged summer drought (Fig. 4), which is particularly rele-
vant as hydroclimatic extremes are likely to increase in central Europe
until the end of the century (Chakraborty et al., 2024; Spinoni et al.,
2018; Suarez-Gutierrez et al., 2023). The tailed distribution of Abies



U. Biintgen et al.

90° -

20°-
10°-,

Forest Ecology and Management 597 (2025) 123120

I 1
20° 0° 20° 40° 60° 80°

40°

Fig. 5. Composite maps of mean May-August sea level pressure (SLP) for the 20 most positivise (left map) and negative (right map) tree-ring width (TRW) indices
> 1.15 and < 0.80 (Table S1), respectively (note different scales). Both maps are based on the combined ensemble means of both sites L23 and H24 (green dot) and
the gridded HadSLP2 dataset (Allan and Ansell, 2006). See Fig. S6 for SLP composite maps of the earlywood and latewood chronologies (EWW and LWW).
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cilicica growth anomalies differs from most temperature-sensitive
tree-ring chronologies, because radial stem growth is water- rather
than temperature-limited. Although we did not expect temperature
changes to play an important role in tree growth at our sampling sites,
we were surprised by the strong agreement between summer precipi-
tation and ring width formation. At the same time, the species exhibits a
high degree of resistance and resilience to summer droughts compared
with other Mediterranean conifer species (Gazol et al., 2018; Ovenden
et al., 2021; Martinez del Castillo et al., 2024).

Genetic evidence further suggests the ability of fir to thrive in a
warmer and drier environment (Cosgun et al., 2025). This is consistent
with our findings and indicates that fir might be a suitable surrogate for
reforestation north of the European Alps. More research is, however,

needed to integrate dendrophenotypes in genetic association studies to
understand the response of individual fir trees to heat and drought stress
(Heer et al., 2018). Dendrochronological investigations of other Medi-
terranean forest species, including Pinus halepensis Mill. Pinus nigra,
Quercus robur L., or Quercus ilex L. are also needed to increase the
portfolio of possible surrogates for central European reforestation pol-
icies. A critical factor in selecting candidate species is their frost toler-
ance (Matyas et al, 2021), because species that are adapted to
Mediterranean climates may struggle with harsh winters and the
occurrence of spring frosts. Although late frosts can trigger growth re-
ductions and impact seed viability and regeneration (Lisella et al.,
2025), we found no effect of frost events in April and May on the
resistance and resilience of Abies cilicica. This finding, i.e., the absence of
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negative influences of spring frosts on radial stem growth, is even more
striking since the frequency of ground frost days in the Taurus moun-
tains is higher than in the Harz mountain in central Germany (Fig. S7).
This tolerance to late frosts emphasises the importance of Abies cilicica as
a potential surrogate species for central European reforestation on
suitable soils. The species may therefore increase the portfolio of mixed
reforestation programmes.
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