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Abstract Under global warming, drought will reduce
productivity of Pinus halepensis s.1. (subspecies halepensis
and brutia) and cause a retreat from its rear edge distribu-
tion (latitudinal/elevational) in the Mediterranean. To test
whether topography can influence this scenario, we studied
for approximately 40 years the growth of six natural pine
stands in water-limited habitats on the islands of Zakinthos
and Samos (eastern Mediterranean Greece), and determined
the critical moisture sources that drove pine growth. Domi-
nant pines were selected with no permanent water sources
under contrasting moisture conditions created by topogra-
phy (“wet’-gulley/valley vs. “dry”-upslope habitats). The
responses of P. halepensis s.1. to drought under a moderate
and a worst case scenario were tested, projected under global
warming (approx. —25% and 40% in annual precipitation
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compared to 1961-1990 average). Our results show that
“wet” habitat pines had higher productivity under normal
to wet climate. However, the more precipitation declined,
“wet” habitat tree growth was reduced at a significantly
faster rate, but also showed a faster recovery, once rainfall
returned. Thus, Pinus halepensis s.1. populations in gullies/
valleys, may be more drought resilient and less likely to
retreat towards higher elevation/latitudes under global warm-
ing, compared to pines on dry upslope sites. Under moderate
drought, both ecosystems relied on deeper moisture pools
supplied by rainfall of the previous 3-6 years (including
the year of growth). However, valley/gully habitat pines on
significantly deeper soils (and probably on deeper heavily
weathered bedrock), appeared to utilize surface moisture
from winter/spring rainfall more efficiently for survival and
recovery. Thus, deep soils may provide the key “buffer” for
pine survival in such ecosystems that could act as potential
refugia for P. halepensis s.1. under climate change.

Keywords Tree rings - Refugia - Rooting depth - Soil
depth - Mediterranean

Introduction

Under global warming scenarios, climate models project
intense warming and reduced precipitation for mid-lati-
tude regions of the planet, with the rate of warming for hot
extremes to double that of the average rate of global warm-
ing (IPCC 2023). For the Mediterranean region, average
temperatures are predicted to increase by 20%, precipitation
to decline between 4% and 22% and droughts to be 5-10
times more frequent (Cherif et al. 2020). At global warming
levels of 2.5-3.5 °C, climate risks are expected to become
very high for species of the Mediterranean drylands, leaving
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migration from their current distribution range as a possible
option (Guiot and Cramer 2016; Balzan et al. 2020).

The expected increase in stress conditions will impact
forests and affect their growth and survival, mainly in arid
areas (Vicente-Serrano et al. 2010). Thus, plant species are
expected to shift poleward and upwards in response to warm-
ing and drought intensification, leading to geographic shifts
towards more climatically suitable areas (Pounds et al. 1999;
Christmas et al. 2016), fundamentally altering forest com-
position, structure, and biogeography (Allen et al. 2010).

There is evidence to suggest that forests are responding to
recent changes in climate. For instance: (1) changes in plant
distribution across temperate and Mediterranean mountain
forests in western Europe (Lenoir et al. 2008); (2) upward
migration of forest species in the Italian Apennines (Pal-
ombo et al. 2013), Spain (Pefiuelas and Boada 2003; Pefiue-
las et al. 2007; Améztegui et al. 2010, 2016) and in south-
eastern France (Bodin et al. 2013); (3) significant growth
reductions for eastern Mediterranean pine forests growing
close to sea level caused by recent reductions in precipi-
tation unprecedented in more than 100 years (Sarris el al.
2011; Dorman et al. 2015b). These last phenomena have
been accompanied by increases of stand mortality across
different species (Korner et al. 2005; Sarris et al. 2007,
2011; Allen et al. 2010; Dorman et al. 2015c), especially
for species growing at their lowest latitudinal/elevational
range (Sarris el al. 2011; Dorman et al. 2015c¢). Investigat-
ing these responses is critical for Mediterranean ecosystems,
as they may experience the greatest proportional change in
biodiversity under global warming (Sala et al. 2000).

However, it is not only climate that determines plant
species productivity and distribution. Upward migration of
lower zone species can be influenced by topography and
geomorphology (Chen et al. 2007; Kazakis et al. 2007).
Topography creates contrasting microclimates, especially
between northern and southern slopes in drylands, which
results in distinct differences in plant cover patterns in the
landscape, effecting tree establishment, growth rates and
survival (Principe et al. 2019; Balzan et al. 2020). Besides
climatic variables, topography affects soil water movement
and therefore soil moisture availability in complex terrains
(Stephenson 1990; Chen et al. 2007). Therefore, to better
understand and predict the response of ecosystems or their
components to climatic change, it is very important that the
interaction of climate with topography is investigated, as has
been shown, e.g., for modeling net primary production (Xu
et al. 2008; Govind et al. 2009; Huang et al. 2010), for deter-
mining species richness (Denslow 1995; Daws et al. 2002)
and for accessing stand mortality (Allen and Breshears 1998;
Guarin and Taylor 2005).

To investigate these effects, this study focused on Pinus
halepensis s.1., the dominant conifer at low elevations in the
Mediterranean (Ne’eman and Trabaud 2000). Its subspecies
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halepensis is located at the western part of the basin, while
the subspecies brutia is found at its eastern edge (Chris-
tensen 1997). Both taxa combined occupy an area of some
7.5 million ha (Fady et al. 2003; Fig. 1). Other research-
ers consider them as separate species, i.e., Pinus halepen-
sis Mill. (Aleppo pine) and Pinus brutia Ten. (Turkish or
Calabrian pine) (Mauri et al. 2016). However, both have
been found to be equally sensitive to changes in moisture
availability or resilience to drought (Sarris et al. 2011; Veuil-
len et al. 2023a).

Under global warming, the degree of Pinus halepensis
sl. retreat is unclear. Some models project a slight north-
ward expansion with contraction from the extreme southeast
and southwest of its current range, whereas others suggest
that this contraction will be minute (Thuiller 2003). At is
southwestern limits in Spain, approximately 20% of current
stands are predicted to become unsuitable for P. halepensis
by 2050-2080 according to different models under climatic
change (Keenan et al. 2011). However, other studies docu-
ment its resilience capacity and suggest that it will thrive in
a drier future climate (Gazol et al. 2022). Although several
studies have investigated the role of climate on the distri-
bution and growth of P. halepensis, few have considered
the effect of local site conditions nor their interaction with
climate (Vennetier et al. 2018).

In addressing topographic effects on the productivity of
P. halepensis s.1., one hypothesis is that in valleys or gullies,
(land depressions), deep soils are formed supported by run-
off from surrounding slopes, creating “wetter” habitats com-
pared to neighboring hill slopes as suggested by Vennetier
et al. (2018). It would be expected that forest productivity
in such habitats would benefit from the additional supply of
moisture and nutrients created by runoff even when soil and
bedrock type do not permit permanent surface water accu-
mulation (e.g., calcareous habitats; Sarris et al. 2007). As a
result, better growth rates and denser stands may be expected
compared to “drier” neighboring slopes. However, this may
increase within stand competition, (if climate becomes
drier), which in turn may increase water stress (Innes 1992;
Dolph et al. 1995). Thus, these trees cannot be excluded
from vulnerability to drought triggered dieback (Allen and
Breshears 1998; Guarin and Taylor 2005).

Fast-growing tree species, before the onset of drought,
may exhibit higher mortality than slower-growing ones,
possibly due to physiological adaptations prior to drought,
with micro-site or genetic conditions favorable for rapid
growth early in life predisposing trees to vulnerability to
drought later in life (Levani€ et al. 2011). Higher resource
expenses for readjusting to cope with drought, e.g., for real-
location or/and expansion of root systems, compared to trees
already adapted to drier conditions, could also play a role.
Thus, since both high and low growth levels are associated
with mortality (Jenkins and Pallardy 1995; Sarris et al.
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Fig. 1 Biogeographical distribution of Pinus halepensis (gray) and P. brutia (black) across the Mediterranean (EUFORGEN 2009a,b) grouped
as P. halepensis s.1. Boxes show locations of Zakinthos and Samos Islands in the eastern Mediterranean

2007; Haavika et al. 2008; Wyckoff and Bowers 2010), it
is still not clear which trees of the two systems (“wet” vs.
“dry” or “fast” vs. “slow” growing or “less” vs. “more”
drought adapted) will become more vulnerable under global
warming.

This paper explores the impact that climatic change may
have on P. halepensis s.1. productivity and future distribu-
tion in the Mediterranean by considering the effects of cli-
mate and topography. By determining to what degree pine
responses differ between the two systems of potentially
diverse moisture and growth conditions (“wet” vs. “dry”), it
may be possible to identify in which of the two P. halepensis
s.l. forest stands will become more vulnerable under climate
change. Such information will improve our understanding
of the process behind the current and future distribution of
tree species in drylands, permit more accurate projections
for distribution models and improve management practices
to address the impacts of climatic change. The two tree
responses that we investigated were radial growth and criti-
cal moisture utilized to sustain annual variability. A novel
tree ring analysis was applied focusing on natural popula-
tions from the Greek islands of Zakinthos and Samos.

Specifically, the following questions were addressed:

1) Is soil depth and soil moisture holding capacity or stand
density more likely to differ in topographic systems of
upslope vs. gully/valley sites without permanent water
sources under Mediterranean climate conditions? We

hypothesized that gullies/valleys will hold denser tree
stands with deeper and wetter soils.

2) In which of the above two ecosystems will pines grow
better under moderate or under extreme drought condi-
tions, and how is water utilization that sustains annual
growth affected? Our hypothesis is that the more drought
intensifies, the more growth is expected to decline in the
driest habitat, while the higher the dependence on deep
ground moisture supplies for annual growth.

3) Which of the above drivers is more important for the
sustainable management of such stands (e.g., using
selective thinning) and for identifying potential refugia
to foster climate change adaptation for P.
halepensis s.1. at its xeric limits? We consider that both
retention of soil moisture and stand density would play a
role and that forest management would need to conserve
the most favorable conditions in each habitat
to provide the highest resistance to the retreat of pine
populations towards colder/wetter regions.

Materials and methods
Site parameters and tree selection
We investigated the combined long-term effect of topog-

raphy and climate on P. halepensis s.1. populations on two
islands of the eastern Mediterranean, Zakinthos for Pinus
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halepensis subsp. halepensis, and Samos for Pinus halepen-
sis subsp. brutia, both islands of southern Greece (Fig. 1).
Both receive winter rainfall > 600 mm (data for 1986-2000).
In addition, they experience a six-month dry season. Forests
grow on a calcareous substrate, rendzina type soils that drain
rapidly. The latter provide conditions where tree growth is
water- limited, placing low elevation pine populations close
to P. halepensis s.1. drought tolerance margins. All habitats
selected belong to the thermo-Mediterranean vegetation belt
(Oleo-Ceratonion), the driest of vegetation belts in the Med-
iterranean. To obtain even stronger responses to drought, a
sharp contrast in time and space was used, taking advantage
of a quasi-manipulation experiment “by nature”: (1) for rep-
licating significant differences in moisture availability, we
used a short distance moisture contrast between valley/gully
and upper slope habitats; (2) to simulate conditions for mod-
erate and for severe drought expected towards the mid or the
end of the twenty-first century (—25% and —40% in annual
precipitation, respectively, compared to 1961-1990 average;
IPCC 2007; Giorgi and Lionello 2008), we took advantage
of extreme drought conditions the eastern Mediterranean
experienced towards the end of the 20th Century (Sarris
etal. 2011; Hoerling et al. 2012).

We analyzed low elevation growth (200-300 m a.s.1.)
Pinus halepensis s.1. forests (natural stands; no afforestation/
reforestation) from south facing “dry” upper slope habitats
(no permanent water for the last three decades of the twen-
tieth century). Dominant, undamaged trees without signs
of past harvesting in their neighborhood were sampled and
core samples taken at breast height, including a wide range
of stem diameters (Table 1). We excluded trees with bent
trunks or with asymmetric crowns (avoiding reaction wood).
From each tree, two or more core samples were taken from
opposite sides with a 5 mm increment corer (Mora, Sweden).
The core reaching closest to the pith was kept. These data
were compared with “wet” habitat ring data sampled in the
same manner (e.g., trees in valleys, gullies, dry river beds at
60-70 m a.s.l.). The “wet” habitat trees received additional
moisture from hillside precipitation run-off (Figs. 2 and 3).

Table 1 Tree habitats and meteorological station details

Fig. 2 The four habitats on Samos Island. a “Wet” P. brutia site
(depression/gully; 65 m a.s.l.; foreground) and its “dry” counterpart
in Limnionas area (upper slope; 210 m a.s.l.; b “Wet” habitat (val-
ley; 60 m a.s.l) and its “dry” counterpart (upper slope; 290 m a.s.l) in
Vourliotes area (photographs by D. Sarris)

A total of six pine populations were evaluated, three “wet”
and three “dry” habitats, two pairs for Samos and one for
Zakinthos.

In each habitat, 500 m? wide plots were delimited to
record vegetation parameters such as: (1) number of trees

Island region ~ Habitat

Meteorological station

Geographical coordinates ~ Elevation (m)  Slope (%)  Number WMO Geographical coordinates ~ Elevation (m)
of trees No
Zakinthos 37046’ N, 200 41" E (d) 224 +20 0-15 35 16719 37°45'N, 20° 54'E 8
370 40" N, 200 48’ E (w) 70+10 0 8
Samos 37°42' N, 26° 38’ E (d) 210+40 15-30 30 16721 37°46'N, 26° 52'E 46
37°42'N, 26° 38" E (w) 65+5 0-5 10 16723 37°42'N, 26° 55'E 7
37°47'N, 26° 51" E (d) 290+35 15-30 17
37°47' N, 26° 51" E (w) 60+5 0 11

(d) for dry; (w) for wet habitat; WMO for World Meteorological Organization
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Fig. 3 The two habitats on Zakinthos Island. a “Wet” P. halepensis
site (valley; 70 m a.s.l.); b its “dry” counterpart (upper slope; 225 m
a.s.l)

and (2) their circumference at breast height for trunks
above 10 cm circumference (to be transformed into diam-
eter at breast height (DBH) and basal area (BA) per tree,
as a proxy of total forest biomass and structural complex-
ity (McElhinny et al. 2005), (3) height and (4) ground
cover for pines as well as for plant species of the under-
story taller than 30 cm. For each island, three plots were
selected per habitat type, except for the upper slope habitat
on Zakinthos where two plots were established, for a total
of 11 plots (Table 2).

For evaluating soil conditions in each plot, two non-
contiguous assessment zones for profile and depth were
carefully selected as representative of within plot con-
ditions (e.g., in proximity to dominant pines, avoiding
exposed bedrock, etc.). Within each zone, measurements
were made by digging a 0.5- to 1-m wide trench down to
the bedrock or to course rock debris (22 trench profiles).
Immediately after excavation, a Delta-T soil moisture
sensor (SM150-UM-1) was used to record volumetric soil
moisture content (%) at the side of each trench, 10 cm from
the surface. A minimum of two measurements were made
per trench before mid-day in May on Zakinthos and early
July on Samos.

Dendrochronological analysis

The age of cores with pith was determined by counting the
number of annual rings from bark to pith. The number of
missing rings in cores that failed to hit the pith was esti-
mated by assuming homocentric circles of rings. Annual
increments to the nearest 0.01 mm, from bark to pith, were
measured by a computer-linked mechanical platform under
a stereomicroscope and the software package, Time Series
Analysis and Presentation, TSAP, (Frank Rinn, Heidel-
berg, Germany). The first 15 years of growth at coring
height were not used, to avoid early growth anomalies.
After cross-dating our tree-ring series (Sarris et al. 2007,
2011), we selected those that provided the highest syn-
chronicity (GL > 65%, CDI>95; P<0.01; Rinn 2003) to
obtain trees with the strongest possible common climatic
signal.

To account for the impact of “age trend”, i.e., the ten-
dency of tree rings to become narrower as trees age, the
tree ring width series were converted into basal-area incre-
ment series in order to be able to assess tree growth vari-
ability (BAI; Biondi and Qaedan 2008; Linares and Tiscar
2011; Dorman et al. 2015a). A raw BAI chronology in cm?
was built for each site as the average of individual-tree BAI
series per year. In contrast to ‘classical’ detrending, this
method is among those still capable of removing the effects
of “age trend”, while retaining, at most, the valuable low-
frequency growth variability needed to assess growth trends
and potential long-term climatic effects on tree growth (see
Mazza and Sarris 2021).

Moreover, to compare growth and its possible climatic
drivers between gully/valley trees and trees growing upslope,
we selected trees of similar age within mature stands. Trees
require time to establish and develop canopies and root sys-
tems. By selecting mature trees of similar age, we limited
the effect of differences related to the tree’s life stage, e.g.,
avoiding the comparison between young trees with insuffi-
cient time for their root systems to mature compared to older
trees with fully established roots.

Therefore, 25 trees for Samos out of 68 sampled (10 trees
for “wet” and 15 for “dry” habitats) satisfied the above cri-
teria related to homogeneity of growth patterns (i.e. cross-
dating) and age. For Zakinthos, 18 trees out of 43 sampled (8
for “wet” and 10 for “dry” habitats) were used. The selected
trees were 53 (“wet”) to 58 (“dry”) years-old on average
for the two habitats of Samos and 75 years-old (“wet”) 88
(“dry”) for Zakinthos (in the year 2000).

BAI chronologies were converted into 5-year and 10-year
running means to obtain general growth patterns. Standard
errors were calculated and plotted to test whether differ-
ences in growth between the two habitats remained signifi-
cant throughout the changes in drought conditions within
the 1963-2000 period of investigation. For 1963-2000, BAI
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chronologies included growth values from all trees selected
for analysis.

Research has identified trees and shrubs growing on
slopes as being the most sensitive to drought based on past
dieback phenomena within the regions of analysis (Kérner
et al. 2005; Sarris et al. 2007). Thus, to determine periods
of the greatest growth decline and recovery, BAI chronolo-
gies from the upslope habitat were used (Figs. S1 and S2;
Table 3).

Dendroclimatological analysis

We examined whether the selected trees showed differential
changes in ground water utilization per habitat related to
the variability of precipitation over 1963-2000. A longer
integration period of precipitation needed for growth would
suggest that trees, without access to the water table, have
been utilizing moisture stored in deeper ground, accumu-
lated from rainfall events provided even multiple years prior
to growth (see Sarris et al. 2007, 2013; Sarris and Mazza
2021).

To access such climatic influences, differences in growth
for each tree related to habitat were first removed, i.e., each
annual ring series was standardized for habitat effects. This
was achieved by dividing each annual BAI by the mean
BAI of all rings from the specific tree (mean for all years
of growth; Mazza and Sarris 2021). Thus, the original data
was transformed into indices which retained the year to year
variation. The indexed tree-ring series were then averaged,
creating standardized ring width chronologies unbiased from
habitat effects, but still potentially influenced by climatic
signals since they retained both high and low frequency
variability.

As a tool in investigating ground water utilization under
variability in climate dryness, a running correlation analysis
was preformed using moving “windows” between growth
and periods of precipitation known to influence growth
(Sarris et al. 2007; Mazza et al. 2018; Mazza and Sarris
2021). A 10-year correlation “window” was selected (Sar-
ris et al. 2007; Mazza and Sarris 2021). The significance

of correlations between growth and precipitation variables
ranged from P <0.05, to P <0.001; considered as satisfac-
tory for identifying the best climatic drivers for growth
per analysis “window”. This method provided a detailed
tracking of moisture utilization zones using tree rings. The
precipitation periods correlated with tree growth, included
potentially effective rainfall periods promoting growth in
Mediterranean climate conditions (Sarris et al. 2007; Dor-
man et al. 2015b; Mazza and Sarris 2021). The lower range
of these integration periods was monthly precipitation from
1 to 12 months within the year of ring formation. The upper
range was multiple years of precipitation, from 2 to 6 years
prior to and including the year of ring formation. A total of
21 integration periods of precipitation were tested (Figs. 6
and 7).

The deviation in rainfall from 1961 to 1990 has been used
in various climate model studies as a measure for projecting
precipitation in the Mediterranean region during the twenty-
first century (IPCC 2007; Giorgi and Lionello 2008; Somot
et al. 2008). Annual precipitation for Zakinthos was 943 mm
and 782 mm for Samos over 1961-1990. We calculated the
deviation of recent precipitation conditions (5- and 10-year
running means) from the 1961-1990 annual precipitation
average as a measure of climatic dryness. This provided
an assessment of the degree to which current conditions
simulated the projected precipitation regime for the region
towards the end of the twenty-first century.

Precipitation data, annual and monthly, were provided
by the Hellenic National Meteorological Service from the
nearest weather stations to our sites (<30 km). The char-
acteristics of these two stations and available data periods
are given in Table 1. To verify the records provided by a
particular weather station, data were compared with those
of the nearest other weather station. In both cases, annual
precipitation trends were found to be similar (Sarris et al.
2007,2011).

Other factors such as temperature were considered in
explaining annual ring variability. Based upon the literature,
the tree growth at the elevations and latitudes investigated
is controlled by temperature seasonally, i.e., no growth in

Table 3 Slope of regression

. ; . Island Period 5-year Prec. Habitat type Line’s slope P
lines per island region and extreme (mm) (BAI)
habitat for periods of growth
decline (d) and recovery (r) Samos d, 19861992 577 (min) Wet 23 0.001
from severe drought (Figs. 4
Dry -0.5
and 5)
T 1992-1997 737 (max) Wet 1.8
Dry 0.6
Zakinthos d, 1982-1991 544 (min) Wet -1.5 0.001
Dry -0.7
r, 1991-1995 787 (max) Wet 1.0 0.025
Dry 0.4
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midwinter (see Liphschitz et al. 1984; Sarris et al. 2013),
and thus, rain falling during this period contributes to deep
water storage but has no immediate effect on growth (Sarris
et al. 2013). Furthermore, there had not been any significant
increase in temperatures during winter or during the rest of
the year until 2000 that could have resulted in any signifi-
cant effect on growth, as has generally been the case for the
eastern Mediterranean over the last decades of the twentieth
century (Mitchell and Hulme 2000; Klein Tank et al. 2002).

Statistical analysis

The IBM SPSS program v. 25.0. for statistical analysis
tested our data for normal distribution with the Kolmogo-
rov—Smirnov test and for homogenous variance throughout
the series with the Levene’s test. For data normally distrib-
uted, one-way ANOVA was performed to compare means.
Pearson’s correlation coefficient () was used as the standard
for correlating normally distributed data. Its coefficient of
determination (+°) determined the degree to which ring vari-
ability is explained by precipitation. Differences in slope (b)
between regression lines were tested by applying an analysis
of covariance (ANCOVA).

Results
Stand and soil parameters across the study habitats

The analysis of stands within the 11 selected plots revealed
that “wet” habitats had generally a higher number of trees
on Zakinthos (approx. 50% more; Table 2). For Samos,
“wet” habitat tree numbers exceeded the “dry” habitat by
approximately 10% when including olive and carob popula-
tions > 10 cm circumference (>3 cm DBH) in mixed pine
stands. In all cases, maximum pine height was about 30%
greater in “wet” habitats as was the undergrowth tree and
shrub vegetation. “Wet” habitat pines covered some 75%
more ground on Zakinthos and 40% more in Samos com-
pared to “dry” habitats. When considering total basal area
(BA), “wet” habitats produced approx. 20% more biomass
per ha, whereas on Samos, the BA was the same when mixed
pine, olive and carob species were included. There were no
statistically significant differences between the two habitats
for average basal area per tree, with or without including the
mixed pine stands on Samos.

On the other hand, the analysis of soil parameters showed
distinct differences between the two systems on both islands.
Soils were found~ 4 times deeper in gully/valley habitats
(P <0.01), whereas soil moisture for gully/valley habitats
was- 105% higher on Zakinthos at the beginning of the dry
season (6.5% vs. 3.2%), and some 85% higher on Samos in
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mid-summer (3.9% vs. 2.1%) at the 10-cm depth (P <0.01;
Table 2; Fig. S3).

Growth trends under drought and rainfall recovery

“Wet” habitat trees on both Samos and Zakinthos showed
significantly improved growth (approximately 4.5 and 2
times higher basal area increment; 32.4 cm? cf. 7.2 cm?
for Samos, 34.2 cm? cf. 16.1 cm? for Zakinthos) than their
“dry” habitat counterparts over the period of investigation
(1968—-1998 in 5-year running means; 1963-2000 in actual
calendar years; Figs. 4 and 5; Figs. S4 and S5 for annual
growth for 1963-2000). Thinner solid and broken lines mark
standard error (n=10 or 15; Figs. 4a, b; n=8 or 10; Figs. 5a,
b). Boxes d, and r, (Figs. 4a, ¢ and Figs. 5a, c) cover the
period of greatest growth decline and recovery for “dry”
habitat trees (Figs. S1 and S2).

Nevertheless, when precipitation declined, the differences
in radial increment between the two habitats were consider-
ably reduced (Figs. 4 and 5), as also supported by the sig-
nificant correlation between precipitation and the differences
in BAI of the two habitats. For Samos, this correlation was
significant at P=0.004 (r=0.52 for 1969-1998; n=29) and
for Zakinthos at P <0.0001 (r=0.62 for 1965-1998; n=34;
correlations not shown). The greatest decline in precipitation
was synchronous for both islands and occurred in the early
1990s. This period was selected for an in-depth growth anal-
ysis based on “dry” habitat tree performance (Table 3, Figs.
S1 and S2). In all cases, differences in slopes between two
regression lines of the same period (one line from “wet” the
other from “dry” habitat trees) were statistically significant.
As a measure of climatic dryness, the minimum or maxi-
mum precipitation (5-year mean) within each investigated
period is given (min for Zakinthos and for Samos at —-42%
and —26% below the 1961-1990 annual precipitation mean).

“Wet” habitat tree growth appeared to decline at sig-
nificantly faster rates on both islands. For Samos, it was
4.5 times faster for “wet” habitat trees (2.3 cm? a™' vs.
~0.5 cm® a™! for “dry” habitat trees; P<0.001; 1986-1992),
whereas for Zakinthos, it was twice as fast (— 1.5 cm?a!vs.
—0.7cm?a~! for “dry” habitat trees; P <0.001; 1982-1991).
However, when precipitation started to recover in the mid-
1990s, “wet” habitat trees responded more rapidly. For
Samos, this growth recovery was 3.2 times faster for “wet”
habitat trees (1.8 cm? a~! vs. 0.6 cm? a~! for “dry” habitat
trees; P<0.001; 1992-1997). For Zakinthos, “wet” habitat
tree recovery was 2.4 times faster (1 cm? a=! vs. 0.4 cm?
a~! for “dry” habitat trees; P=0.025; 1991-1995; Table 3).

Growth periods of “dry” or “wet” habitat trees that were
best correlated with monthly to annual rainfall are high-
lighted in light blue shading under normal-wet climate,
while light green shading is applied when climate was dry.
Growth periods are highlighted in light red shading when
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multiple years of rainfall were the best in explaining growth
under dry climate. Precipitation is color shaded for periods
when both “dry” and “wet” growth-climate correlations pro-
duce the same pattern (Figs. 4 and 5). For actual correlation
patterns see Fig. 6 and 7.

Correlations between growth and precipitation

For each “window” of Figs. 6 and 7, the difference (%)
between annual precipitation for 10-year means and its
1961-1990 mean is given as a measure of climate dryness.
The integration periods of precipitation are ranked from the
lowest to the highest supplied amounts as a proxy of sur-
face cf. deeper ground water utilization; dry climate years
in bold; peak drought years underlined; peak wet years in
italics. Monthly to full year rainfall signals in red and bold.

Thick boxes mark the main range for precipitation integra-
tion periods influencing growth as climatic dryness levels
fluctuate. Color shaded P when at least “dry” or “wet” habi-
tat trees are correlated with monthly to annual rainfall under
normal-wet climate (light blue), or under dry climate (light
green), and when best correlated with multiple years of rain-
fall under dry climate (light red). Colored precipitation when
both “dry” and “wet” growth-climate correlations produce
the same pattern.

Growth of “wet” habitat trees on Samos was significantly
correlated with seasonal to annual precipitation, known to
influence tree growth, from 1967 to 1984 (central year of
10-year running analysis “windows” reported; i.e., the 5th
year) when precipitation ranged from—6% to+ 7% compared
to the 1961-1990 mean (light blue and green shading in
Figs. 4 and 6). Thus, seasonal to annual rainfall signals

Year 1967 1968

1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 19!

&

2 1993 1994 1995

Deviation from

1961-1990 3 -1 0 4 6 -4 -3 1 2 0 2 5 7 3 2 2 -2 -2 -10 -14 17 -8 -17 -16 -15 -17 -16 -15 -17
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P -dr
MAY *
APR
MAR Rk &
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-g DEC-FEB * % * * % * % * w% | %
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Fig. 6 Significance levels from correlating “dry” (top) and “wet”
(bottom) habitats from Samos Island with key periods of precipitation
known to influence annual growth; correlations using 10-year mov-
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ing “windows” (5th year of 10-year “window” shown). * for P <0.05,
**P<0.01, #*P <0.001. Asterisk in red and bold for monthly to full
year rainfall signals (see text for color interpretation)
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Fig. 7 Significance levels from correlating “dry” (top) and “wet”
(bottom) habitats from Zakinthos Island with key periods of pre-
cipitation known to influence annual growth; correlations using

recorded in tree-rings can be related to both moderate dry
and moderate wet climatic conditions for “wet” habitat trees.
However, when rainfall ranged between —14% and —18%
below the 1961-1990 mean, only long-term rainfall supplies
from the previous 2—-6 years including the year of growth (4
or 6 years at P <0.001) were significantly correlated with
BAI (from 1986 until 1995; light red shading in Figs. 4 and
6). “Dry” habitat trees of Samos produced a similar pat-
tern to their “wet” habitat counterparts during the period of
drought intensification from 1987 to 1995 (Fig. 6). It was
then that long periods of rainfall, mostly 4 to 6 years, could
explain growth at P <0.001 (light red shading; Figs. 4 and
6). On the other hand, during periods where precipitation
recovered and reached its peak, —4% to +7% compared to

10-year moving “windows” (5th year of 10-year “window” shown).
* for P<0.05, **P<0.01, ***P<0.001. Asterisk in red and bold for
monthly to full year rainfall signals (see text for color interpretation)

the 1961-1990 mean; 1972-1982), growth of “dry” habitat
trees was best correlated with somewhat shorter integration
periods of precipitation, centered around 2-year rainfall sup-
plies (P <0.001). “Wet” habitat tree growth appeared to have
been driven by even shorter rainfall amounts and related to
December—April or October—April precipitation (P <0.001),
under this period of higher moisture availability (light blue
shading Figs. 4 and 6).

For Zakinthos, both “wet” and “dry” habitat trees were
significantly correlated with seasonal to annual precipi-
tation under moderate wet (+5% to + 14%; 1967-1971;
light blue shading), but also under extreme dry condi-
tions (—19% to —27%; compared to the 1961-1990
mean; 1988-1995; light green shading; Figs. 5 and 7).
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This indicates that seasonal to annual rainfall signals
recorded in tree rings can be related not only to moder-
ately wet climates but can also appear under extreme dry
climatic conditions for both “wet” and “dry” habitat trees.
However, such signals from “wet” habitat trees appeared
stronger. For instance, BAI climate correlations for “wet”
habitat trees produced significant correlations at P <0.001,
e.g., for winter or winter-spring precipitation when the
climax of drought occurred (—26% and —27% below the
1961-1990 mean; early 1990s). “Dry” habitat trees of
the same time period showed significant correlations at
P <0.01, but only for February precipitation (Fig. 7).

In almost all cases under moderately dry climate con-
ditions within 1974-1986 (—3% to — 12% below the
1961-1990 mean; light red shading; Fig. 7), BAI from
both habitats was correlated best with multiple year pre-
cipitation from 2 to 6 years. However, it was “dry” habi-
tat trees that showed stronger BAI-climate correlations.
These drivers were related to long-term rainfall supplies
for almost the entire 1974—1986 period and even reached
significance levels of P <0.001 (e.g., for 3 and 4-year pre-
cipitation). “Wet” habitat trees produced similar correla-
tion signals but at P <0.01. On the other hand, they did
not appear to be solely driven by multiple year rainfall,
under this time period of normal to moderate dry climate.
Seasonal rainfall (e.g., May) also appears to have played a
role, for example in 1979 (light green shading; — 7% rain-
fall) or in 1983 (when rainfall returned to average; light
blue shading; central year of 10-year analysis “window”).
Such signals suggest that “wet” habitat trees are more sen-
sitive to precipitation variability.

To summarize, average to above average precipitation
(light blue shading), coincided with growth correlated sig-
nificantly with monthly to seasonal precipitation signals
exclusively. The signals were found in both “wet” habitat
trees and for Zakinthos, mostly in “dry” habitat trees. All
such cases were characterized by high growth rates, particu-
larly when rainfall reached peak levels (Figs. 4, 5, 6, and 7).

Below average rainfall periods were connected with two
opposite signals, long and short-term. Long-term signals,
produced from significant correlations between growth and
rainfall levels from 2 to 6 previous years, including the year
of growth, appeared on both islands and for both habitat
types. The significant influence of such rainfall levels on
pine growth from both “wet” habitats, as well as from the
“dry” habitat on Zakinthos, coincided with declining growth
or with growth at the lowest. This occurred under declining
precipitation or during rainfall minima (light red shading;
Figs. 4, 5, 6, and 7). On the other hand, short-term signals of
seasonal to annual precipitation were found to drive growth
in both habitat types. Again they coincided with declining
precipitation or at rainfall minima levels, followed by declin-
ing or very low growth rates. These signals also matched

@ Springer

with growth recovery phases after decadal rainfall had
reached a minimum (light green shading).

Discussion

Soil depth and moisture as the key growth drivers
influenced by dryland topography

Our original hypothesizes that gullies/valleys will have
deeper soils that hold significantly more moisture at their
upper soil horizon compared to upper slope sites is sup-
ported by our results. Accumulation for millennia of loose
soil and rock debris from weathered bedrock, together with
plant litter material from higher ground, has created deep
formations in the gullies/valleys investigated (Fig. 8) as a
result of surface water runoft and other geophysical pro-
cesses (Daws et al. 2002; Lanza et al. 2010). Whereas trees
of both systems appear equally equipped to utilize deeper
moisture pools (Figs. 6 and 7), the soil and weathered bed-
rock conditions of valley-gully systems provides pines with
more moisture from winter/spring rainfall; critical for their
survival and recovery during and after drought, particularly
when deep moisture pools dry out. Such habitats have higher
tree growth rates than upper slopes (Figs. 4 and 5) and the
potential to act as refugia for P. halepensis s.l. and likely
other drought adapted species under climate change.
Topography directly contributes to water balance by
controlling water flows and indirectly drives important soil
variables (depth, colluvium, texture, past land uses; Ven-
netier et al. 2018). The 150-200 m elevational difference
between the two habitat types, together with their deeper
soil formations at lower elevations, are most likely the fac-
tors that explain the significantly higher moisture retained in
the upper soil horizon of gully/valley habitats as a result of
infiltrating rainfall runoff. Moreover, our gully/valley habi-
tats most likely have a deeper matrix of weathered bedrock
(Fig. 8). As reviewed by Dawson et al. (2020), the greater
quantities of water stored in the fractures and matrix of
weathered bedrock, characterized as rock moisture within
the critical zone for sustaining life, can become a valuable
water source that regulates plant sensitivity to drought and
plant community distribution, particularly in seasonally dry
climates (Klos et al. 2018; Rempe and Dietrich 2018; Szutu
and Papuga 2019). All the above confirms our characteriza-
tion of “wet” vs. “dry” for the systems investigated. Note
that our soil moisture assessment was conducted within the
dry season when moisture levels are expected to be low.
Thus, the actual soil moisture differences are likely to be
greater within the wet season of a year with normal rainfall.
Moreover, the calcareous substrate (rendzina type soils) that
characterized all habitats investigated, drains quickly. Com-
bined with high summer temperatures, such conditions do
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Fig. 8 Example of soil and
tree growth conditions similar
to the habitats from Samos
Island. “dry”’/upslope trees
with shallow top soil and larger
runoff potential (a). “wet”/
valley-gully trees with potential
to accumulate larger runoff and
debris, creating deeper top soils
over deep and heavily weather
bedrock with higher moisture
holding capacity (b)

not permit rainfall to permanently accumulate, even within
“wetter” soils, causing, most likely, a depletion of surface
soil moisture pools in all habitats and particularly during dry
years towards the end of the dry season.

We expected that the above topographic drivers would
create more favorable conditions for vegetation within “wet”
habitats. The indicators evaluated included both the domi-
nant pine vegetation and the understory. In Zakinthos, which
received on average 20% more precipitation than Samos over
1961-1990, there was evidence that “wet” habitats may con-
tain denser pine stands (50% more trees and 20% higher
BA), with greater ground cover produced from both pines
and the understory. Higher fracture densities in limestone
may explain increased woody plant cover (Liu et al. 2019).
Parameters for Samos vegetation, however, appear to be
more similar between the two habitat types; approximately
10% more trees were measured in “wet” habitats, but with-
out resulting in higher BA, when also considering the under-
story vegetation in mixed pine stands with olive and carob
(Table 2). Hence, our original hypothesis that gullies/valleys
contain denser stands, although it seems likely, requires fur-
ther investigation. One additional aspect to consider would
be biomass from all woody vegetation with stem circumfer-
ences < 10 cm, not considered in this study.

“Wet”” habitat pines on deeper soils experience a faster
growth decline and recovery

Pines on both islands have been adapted to average rain-
falls of >600 mm, falling mainly in winter, followed by a
six-month dry season, typical of the Mediterranean climate.
Dominant “wet” habitat pines on both Samos and Zakinthos

Higher 7 9

growth
: - rates
Valley:-= “wet” habitat

;Photoé': Sarris p :

showed significantly improved growth rates (4.5 times and
2 times higher increment), respectively, compared to their
“dry” habitat counterparts, considering the entire period of
investigation and particularly during normal or wet years
(Figs. 4 and 5). Higher growth rates in “wet” habitats are
a product of higher accumulation of soil moisture due by
topography (Table 2; Fig. S3) in these water limited systems
(Sarris et al. 2011; Dorman et al. 2015a).

It was hypothesized that the more drought intensifies,
the more pine growth would decline for the driest habitat.
Nevertheless, when precipitation drastically declined by
20-40% below the 1961-1990 average in the early 1990s,
the difference in radial increment between the two habi-
tats of contrasting moisture availability was considerably
reduced. “Wet” habitat pine growth declined 1.5-2 times
faster than its “dry” counterpart. On the other hand, “wet”
habitat trees responded more rapidly once precipitation
started to recover (Table 3). These findings create at first
impression a paradox. “Wet” habitat pines could be more
sensitive to rainfall decline and together more resilient than
“dry” habitat pines. Veuillen et al. (2023b), focusing on P.
halepensis across its distribution range, concluded that its
resilience was improved by favorable conditions following
drought. Similarly, favorable post-drought conditions have
been found to produce a positive effect on ecosystem recov-
ery (Jiao et al. 2021). Therefore, why have our two systems
responded differently in terms of growth recovery to favora-
ble post drought conditions?

Stand densities could play a role (Gea-Izquierdo et al.
2009; Sohn et al. 2016). The gully/valley habitats could
contain denser stands as a result of their topographically
improved moisture status compared to upslope sites. This
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higher stand density may in turn result in a negative impact
under declining moisture conditions. It could create greater
pressure from competition in gully/valley stands compared
to upslope sites, explaining the former’s faster rate of growth
decline. When moisture conditions improve, gully/valley
habitats again receive more moisture and thus trees recover
faster. However, for this to be valid, we would at least expect
to see different responses between the two islands in rela-
tion to differences in stand density. This does not definitely
appear to be the case. Zakinthos, despite being more likely
to contain denser stands in valley/gully habitats compared
to Samos (34.2 vs. 32.2 m*/ha BA), and despite a steeper
rainfall decline (—45% for Zakinthos vs. — 18% for Samos;
from 982 mm in 1984 to 544 mm in 1991 vs. from 706 mm
in 1986 to 577 mm in 1991; Figs. 4 and 5), its pines do not
appear to experience a faster decline in growth compared to
Samos (— 1.5 vs. —2.3 in regression slopes; Table 3).
Under severe soil water depletion, growth can decline
dramatically in trees with significantly higher growth levels
than ones that survived mortality related to a drainage event
followed by natural drought. This was presumed to be the
result of fast growing trees being hydraulically under built
for dry conditions (Levanic¢ et al. 2011). A lower root bio-
mass or a lower ratio of root area to leaf area for fast grow-
ing trees can, in turn, predispose trees to severe hydraulic
constraints and subsequent mortality under drought (Levanic¢
et al. 2011). Similarly, Zhang et al. (2021) suggested that
favorable past climates could stimulate vegetation growth
to surpass ecosystem carrying capacity, leaving an ecosys-
tem vulnerable to climate stresses, a phenomenon known
as structural overshoot. In our case, dominant “wet” habi-
tat trees were by approximately 5 m taller than their “dry”
habitat counterparts (Table 2), suggesting better developed
crowns and foliage (above ground biomass). Such features
could place them in a more stressful situation under drought
intensification. Thus, it cannot be ruled out that our “wet”
habitat trees experienced higher evapotranspiration, particu-
larly if they retain less root biomass or lower ratios of root
area to leaf area compared to trees on slopes.
Nevertheless, our results do not support the less root
biomass hypothesis. By correlating tree-ring width with
precipitation that determine groundwater availability,
it is possible to indirectly determine whether pines are
deep rooted and the origin of the moisture resources their
roots have access to (Sarris and Mazza 2021). Signals
of long integration periods of precipitation recorded in
annual rings from trees not connected to the water table
are associated with deeper moisture utilization by pines
and correspond to deep root systems (Sarris et al. 2007,
2013; the latter for carbon and oxygen isotope confirma-
tion). The climate signals recorded in annual rings sug-
gest that trees from both habitat types had the ability to
utilize deep moisture resources accumulated below ground
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from precipitation of past years. The particular moisture
resources may have been the result of four to six years of
rainfall on Samos, coinciding with the climax of drought
from the early to mid-1990s (P < 0.001; light red shade;
Fig. 6), and by three to four years of rainfall on Zakinthos
in periods of moderate to severe rainfall decline, which
occurred in the late 1970s or mid to late 1980s (P < 0.001;
light red shade; Fig. 7). These findings also contradict our
original hypothesis that, under drought, the driest habi-
tat would exhibit a higher dependence on deep ground
moisture resources for annual growth. Pines in valleys
and depressions appear as deep rooted as pines growing
upslope, making it highly unlikely that less root biomass
can alone explain the faster growth decline and recovery
of “wet” habitat trees under precipitation decrease or
increase.

Hence, as drought intensifies and as long as deeper mois-
ture pools are available, both “wet” and “dry” habitat trees
appear to be equally equipped to exploit these resources.
Note, that our sites are considered as well supplied in winter
rainfall in terms of P. halepensis s.1. distribution across the
Mediterranean (precipitation > 600 mm, 1986-2000 data;
Mauri et al. 2016), permitting sufficient rainfall infiltration
in deeper ground layers during rainy periods. In such cases,
roots of some, but not all plants, follow water depletion
down the soil/bedrock layers (Bledsoe et al. 2014). Pines
in Mediterranean climates have been known to track water.
As the seasonal climate becomes drier and the overlying
substrate is depleted of moisture, progressively deeper water
sources, including weathered bedrock, can be exploited to
a depth of several meters, enabling trees to escape desicca-
tion (Rose et al. 2003; Sarris et al. 2013). Plants commonly
access such rock moisture pools from bedrock, which pro-
vides an important water source during drought, as reflected
by tree water status and dieback phenomena (McCormick
et al. 2021; Nardini et al. 2021).

However, this does not seem to be the case under normal
or wet climates, where surface moisture supplies provided
to trees within their growing season appear to drive growth.
Moisture utilization signals related to surface monthly to
seasonal rainfall appeared more frequently for Samos “wet”
habitat trees, while a similar tendency appeared for Zakin-
thos pines under periods of average or increased precipita-
tion (up to 7% above the 1961-1990 average for Samos, up
to 14% for Zakinthos; light blue shading; Figs. 6 and 7).
These signals were best related to rainfall supplies of March
up to September—August for Samos trees and April or May
up to September—August for trees from Zakinthos. “Dry”
habitat trees during the same normal to rainy years, clearly
took up water supplied by longer periods of rainfall provided
by two to three-years on Samos (Fig. 6). In Zakinthos, either
signals were less strongly related to seasonal moisture sup-
plies (P <0.01 for April-May rainfall vs. P <0.001 for April
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rainfall signals produced by “wet” habitat trees in the early
1970s), or no signals were captured during the same rainy
time periods (early 1980s; Fig. 7).

All the evidence suggests that the dominant P. halepensis
s.l. trees growing in the valleys/gullies have a wider range of
options in terms of utilizing moisture sources. Under normal
or wet climate, they can rely on upper soil moisture pools
supplied by monthly or seasonal rainfall within the growing
season. Such resources permit high growth rates. However,
these pools can also be rapidly depleted under drought inten-
sification, particularly under high evapotranspiration, which
possibly explains the rapid growth decline for “wet” habitat
trees. Under a dry climate, these trees can still utilize deeper
moisture pools, most likely “rock moisture” stored in weath-
ered bedrock (Rempe and Dietrich 2018) supplied by past
rainfall events, as is the case for their counterparts growing
on upslope sites. However, low supplies of water and nutri-
ents likely reduces growth to the level of “dry” habitat trees.
Such shifts in water utilization from different soil horizons is
typical of plants with dimorphic roots in Mediterranean-type
ecosystems (Dawson and Pate 1996).

Under rainfall recovery, a key moisture source again
becomes available, supplied by monthly and seasonal rain-
fall infiltration, particularly if deeper “rock moisture” pools
run dry. During such conditions, trees on deeper soils have a
key advantage. Deep soils, together with the usually under-
lying co-occurring thicker and heavily weathered bedrock
formations, provide increased moisture holding capacities
that can store more of these surface moisture inputs, ampli-
fied by runoff accumulating from higher ground. In contrast,
“dry” habitats with shallow soils on top of lightly weathered
bedrock lack such storage capacity (Fig. 8). As a result, sur-
face moisture can become more easily lost to evaporation.
Water content of soil on a slope is greatest at the base and
becomes progressively less towards the top (Daws et al.
2002). Our “dry” habitat trees were all selected at upper to
mid-slope, i.e., at the driest part of a slope. Such soil cap-
tured less moisture from any winter or spring precipitation,
still available during severely dry years or during rainfall
recovery, compared to soil (and it’s just underlying geo-
logical formations) on valleys/gullies. This became evident
in “wet” habitats of both Samos and Zakinthos, boosting
growth recovery. As exemplified by “wet” habitat trees of
Zakinthos, pines showed 2.5 times faster growth recovery
than their “dry” habitat counterparts (Table 3; Fig. 5) by
relying on February rainfall (decade centered in 1994; light
green shading; Fig. 7). “Dry” habitat trees on Zakinthos, at
the same time, produced water utilization signals of seasonal
to annual (December—February to January—December). This
suggests that they depended on longer rainfall supply periods
for growth because their shallower soils did not permit an
as efficient exploitation of monthly rainfall as valley/gully
trees. The outcome was poor growth recovery rates.

There have been increasing examples over the past decade
across the Mediterranean region of similar findings, with
pines shifting to surface moisture pools during drought
intensification. Dorman et al. (2015b), for P. halepensis in
central Israel, found that in habitats classified between mesic
to xeric, pines depended on deeper moisture resources in
rainy years. Although after severe drought, deeper moisture
pools most likely became depleted, and these pines shifted
their water uptake to surface moisture. Mazza et al. (2018)
reported that P. nigra subsp. laricio in Calabria, within the
species mesic to xeric distribution range, that under a dry
climate, approximately one-third of the trees significantly
reduced their capacity to utilize deeper ground moisture and
depended mostly on surface rainfall provided by summer
rainfall for growth (see also Mazza and Sarris (2021) for P.
pinea). Therefore, we are possibly confronted with a situ-
ation that deserves further attention, since it appears wide-
spread across different pine species. However, the preceding
findings have been mostly linked with poor growth rates
from poor habitats, resembling responses produced by our
“dry” habitat trees. In this study, we were able to detect for
the first time that a shift towards surface moisture utilization
can also be linked with growth recovery phases when more
favorable habitats are included.

Role of soil depth in delaying the retreat of P. halepensis
s.l. under climate change at its drought tolerance limits

Soil depth, by influencing rooting depth, together with the
degree of exposure to the sun’s radiation, has been consid-
ered to be among the prime factors that determines pine
desiccation or survival (Dorman et al. 2015c). Deep soils,
for instance, may influence tree architecture, prohibiting
deep rooting into the bedrock, which in turn, can lead to
elevated vulnerability in times of drought. This has been
suggested for failures in pine afforestation in arid climates
(average rainfall <300 mm) and on south-facing slopes with
sparse pines, particularly when the entire soil profile dries
out, while water stored in rock layers is beyond the reach
of roots (Fensham and Fairfax 2007; Dorman et al. 2015c¢).

Our findings, however, suggest that valley/gully trees take
better advantage of surface moisture inputs from late winter
and spring rainfall compared to trees on slopes. Such inputs
are known to drive early wood formation (Sarris et al. 2013).
Taking better advantage of late winter—early spring rainfalls,
did not permit growth levels of dominant pines from “wet”
habitats to fall below those of “dry” habitat trees (Figs. 4 and
5). Trees on upper slope sites apparently lack such “buffer-
ing effects” of deep soils, and heavily weathered bedrock
formations, most likely, that can store additional “rock mois-
ture” (Fig. 8; Rempe and Dietrich 2018; McCormick et al.
2021; Luo et al. 2023). Thus, in conditions where chronic
drought has depleted deeper ground moisture pools, but still
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some late winter- early spring rainfall occurs, habitats with
greater moisture holding capacities may have an advantage
for tree survival under severe drought. Indeed, drought-
driven incidents of desiccation have been documented for
vegetation on slopes in Samos, irrespective of life form, i.e.,
for macchia-type sclerophyllous woodland as well as low
elevation pine forests (Korner et al. 2005; Sarris et al. 2007).

A limitation of our study was the scarcity of natural P.
halepensis and P. brutia populations at gully/valley sites in
the islands investigated, out of which more “dry”- “wet”
habitat systems could be studied to provide higher tree num-
bers at the mature life-stage. Human disturbances, and par-
ticularly wildfires, which spread rapidly in the habitat pro-
duced by these fire-adapted pines (Moreno et al. 2021) could
make such efforts more difficult in the near future. Using
more sites, tree numbers and species, will be needed though
for future research efforts investigating the impact of topog-
raphy in shaping the future distribution of drought- adapted
species under climate change. Towards this direction, apart
from Vennetier et al. (2018), there is more recent evidence
in support of our results. Juniperus thurifera growing in val-
ley bottoms of Spain experience conditions that buffer them
against intensified aridification, compared to junipers grow-
ing on steep slopes (Camarero et al. 2023).

Therefore, it is likely that “wet” habitats may consider-
ably delay the retreat of P. halepensis s.1. within its natural
distribution range compared to what some models project
under global warming (Thuiller 2003; Keenan et al. 2011)
if the effects of topography are considered. It is possible that
this is also the case for other species adapted to semi-arid
conditions. Such effects should be considered in modeling
the future biogeography of P. halepensis s.1. or of similar
species growing in semiarid conditions. They can also be
used for detecting potential refugia (Christmas et al. 2016)
at species rear-end distribution limits. More favorable habi-
tats for growth should provide the highest resistance to the
future retreat of pine populations towards colder/wetter
regions. This is as long as the taxa inside such favorable
sites can be sustained within their drought tolerance lim-
its and not outcompeted by better drought adapted species
(Rodriguez-Ramirez et al. 2017). The precipitation decline
in our ecosystems falls within the mid and upper range of
projected reductions for the Mediterranean region towards
the end of the twenty-first century (based on climate model
studies using 1961-1990 as a reference period for climate
projections; IPCC 2007; Giorgi and Lionello 2008). Thus,
our study provided a unique test for simulating the future
responses of P. halepensis s.1. to climate change and for
evaluating the potential of “wet” habitats as refugia.

In dense stands, increased water stress because of drought
may increase the vulnerability and susceptibility of trees
to mortality (Allen and Breshears 1998; Guarin and Taylor
2005; Gea-Izquierdo et al. 2009). Thinning stands, and thus

e
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reducing density, is one management practice that could
improve resistance for individual trees to drought stress
(Laurent et al. 2003; Moreno and Cubera 2008; Sohn et al.
2016), as has also been suggested for P. halepensis (Helluy
et al. 2020; Manrique-Alba et al. 2020). Increasing rooting
depth, where deep moisture pools might exist, and remov-
ing individual pines that have low productivity and shallow
root systems can be a management option for increasing
forest resilience to drought (Sarris and Mazza 2021). For
Pinus pinaster, it has been shown that stands of lower den-
sity utilize deeper moisture resources provided by rainfall of
past years compared to denser stands (Mazza et al. 2014).
After thinning, trees may develop more extensive root sys-
tems over time, hence increasing their ability to extract soil
water during and after drought periods, compared to trees
in unthinned stands (Laurent et al. 2003; Raz-Yaseef et al.
2010).

However, our findings suggest that deep soils, and most
likely the heavily weathered bedrock formations underneath,
are key for increasing survival for natural P. halepensis s.1
populations under a drier climate. They are in agreement
with Vennetier et al. (2018), which state the importance of
deep, rich soils and a favorable local topography for good
Aleppo pine productivity, even on the driest, hottest sites
in southern France. Such findings question whether selec-
tive thinning of stands would be necessary for productivity
improvement and chances of survival under climatic change,
if reducing density would also accelerate soil erosion, par-
ticularly under increasing storm intensities and torrential
rain events. This would, in turn, lead to decreasing surface
moisture storage capacity of soils. Such thinning practices
for climatic change adaptation have also been questioned for
holm oak stands (Quercus Ilex L.) in the Iberian Peninsula
(Gea-Izquierdo et al. 2009) and for P. halepensis popula-
tions in Israel (Dorman et al. 2015b, ¢). Thus, the chances
of increasing erosion and heat stress on soil due to thinning
(Dorman et al. 2015b, ¢) should also be considered, as well
as the role of forests and their soils as C sources and sinks
(Govind et al. 2009; Waring et al. 2020). Hence, before any
thinning is carried out, a dendroecological study, as provided
here, would be important for understanding the particular
ecosystem in terms of rooting structure and function, and for
evaluating the role of soil depth within the system.

Conclusion

The results of this study indicate that topography and climate
will be key drivers for the future distribution of P. halepensis
s.l. in the Mediterranean region. These factors determine
water movement, the accumulation of debris and nutrients,
soil depth and bedrock weathering, in turn regulating mois-
ture holding capacity within the Critical Zone for sustaining
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life. If, under global warming, moderate drought conditions
persist in the Mediterranean basin (-25% below the mean
annual rainfall of 1961-1990), water limited tree species
because of summer drought growing on slopes and in val-
leys-land depressions, are likely to respond similarly as the
trees in this study in terms of ground water utilization. This
for sites well-supplied by winter rainfall but with no perma-
nent water. However, if severe drought conditions persist
(-40% below the mean annual rainfall of 1961-1990), pine
forests of valleys/gullies with deeper soils are more likely
to still occupy the habitats of their current biogeographi-
cal distribution, although productivity will most likely be
reduced close to levels of trees currently growing on much
drier upslope sites.

In the dilemma of whether to reduce stand density or to
protect soil from erosion to enhance low elevation pine resil-
ience to drought, our findings stress the importance of the
latter. Soil depth is a key feature for the long- term buffer-
ing of such affects. Therefore, thinning should be applied
with great caution and after evaluating tree root structure,
its functioning, together with soil depth and bedrock weath-
ering to account for the key resources needed by trees to
overcome drought stress.
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