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Abstract: In the face of ongoing climatic changes, understanding the species’ sap flow responses is
of crucial importance for adaptation and resilience of ecosystems. This study investigated diurnal
variability and radial sap flux density (Js) in a natural Juniperus drupacea forest on Mt Parnon and
determined the climatic factors affecting its total sap flow (Qs). Between July 2021 and March 2022,
Granier-type sensors and automatic weather stations monitored Js of J. drupacea trees and environ-
mental factors. Utilizing a multi-point sensor for Js radial profile variability, correction factors were
applied to calculate (Qs), ranging from 4.78 to 16.18 L day−1. In drier months of the study period
(July–September), Qs progressively increased with increasing PAR and soil temperature, reaching
a plateau at maximum values (app. 600 µmol m−2 s−1 and 26 ◦C respectively) indicating partial
stomatal closure. Whereas, during the wetter period (October–March), when water was no longer a
limiting factor, VPD and PAR emerged as significant controllers of stand transpiration. In this period,
Qs responded positively to increasing soil water content (θ) only on days with high VPD (>0.5 kPa).
The studied J. drupacea stand demonstrated adaptability to varying environmental conditions, crucial
for the species’ survival, considering anticipated climate change scenarios.

Keywords: sap flux; radial profile; sapwood depth; Syrian juniper; diurnal variation; Peloponnese

1. Introduction

The Mediterranean region has been identified as both a climate change [1,2] and
a biodiversity hotspot [3]. Consequently, even slight modifications in the climate can
lead to alterations in the Mediterranean region’s flora and fauna, affecting the expansion,
composition, and functioning of the ecosystems. Therefore, it is crucial to investigate and
monitor isolated and fragmented populations, such as Juniperus drupacea Labill. This species
is geographically restricted to Southeast Turkey, Western Syria, Israel, and Lebanon [4] and
in Southern Greece, which is the only European locality. In Greece, J. drupacea is restricted
in the southeastern Peloponnese region, particularly in Mt Parnon, where the majority of
the population is present, and in Mt Taygetos where small patches have been found in a
limited area [5–7].

Although J. drupacea is globally classified as a species of Least Concern [8], it is
categorized as Endangered in Europe [9]. In Greece, the population of J. drupacea has
been designated as a priority habitat (code: 9560*, Annex I of Directive 92/43/EEC) and
is included in the network of Natura 2000 protected areas (code: GR 2520006) [10]. In
addition, part of the J. drupacea forest in Mt Parnon, covering an area of 74 hectares, has been
officially declared a “Preserved Monument of Nature” (FEK 121D/1980) and designated as
an “Absolute Nature Protection Area” (Joint Ministerial Decision No. 33999-FEK 353/6
September 2010).
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The nearly 40-year protection regime, coupled with the gradual abandonment of
agricultural areas, has had a positive impact on the expansion of the J. drupacea in Mt
Parnon, particularly on former farmlands [11]. Conversely, Walas et al. [12] noted that
the global habitat range of J. drupacea was considerably wider in the past and raised
concerns about the species’ survival in light of projected climate scenarios and potential
climate changes. They speculated that under a climate scenario with a 1 ◦C temperature
increase, the area providing suitable conditions for J. drupacea would experience a significant
reduction. Whereas, in a climate scenario with a 2 ◦C temperature increase, no suitable
conditions for the species would be found within its current geographic range, mainly due
to decreased precipitation and increased temperatures.

Climate change is expected to have significant effects on water availability in the
Mediterranean Basin, primarily due to an increase in the frequency, intensity, and duration
of drought periods [13]. This will result in a scarcity of moisture and high evapotranspira-
tion during the summer season, leading to severe water stress in most plant species and
triggering various ecological changes, such as modifications in photosynthetic activity,
shifts in distribution limits, intensified competition among species and within the same
species. Southern Europe, in particular, is projected to experience arid and warm conditions,
which will increase tree transpiration and overall water loss in forest ecosystems while
reducing soil moisture availability [14].

Hence, there is an increasing urgency to study physiological parameters associated with
water status and tree transpiration, as well as identify the climate factors that impact them. A
frequently employed approach for assessing stand-level transpiration is the application of ther-
mal methods of sap flow measurement [15]. This approach involves extrapolating predictions
of the overall water usage of individual trees. These predictions rely on measurements obtained
through thermal sap flux probes positioned within the conductive portion of the sapwood and
then sap flux density (Js) measurements need to be upscaled to the tree level [16].However,
upscaling sap flux observations to whole-tree or stand levels, requires accounting for radial
variability. Neglecting this could result in systematic errors in the total sap flow [17–23]. Such
errors may lead to an overestimation [24–26] or underestimation [27–29] of total tree sap flow
and water use. To overcome these uncertainties, efforts have been made to assess the radial
variability in sap flux density among different trees [17,26,30–32], or correction factors
have been developed to consider the spatial variation of sap flow with increasing sapwood
depth [20,33–35]. Hence, acknowledging the radial variability is crucial when upscaling sap
flux density measurements to precisely estimate the water balance at both the tree and stand
levels. Tree sap flow is closely related to the abiotic environment. Various relationships
between sap flow and meteorological and soil temperature and moisture factors have been
reported in the literature, differing among regions and/or species [32,36–38]. Therefore, it
is important to investigate the driving factors that control the different responses of tree
species to climatic conditions.

Several studies have investigated the morphology and stand characteristics of
J. drupacea [4,5,7,12], as well as its biology and ecology [39], and many have examined the
water use in various Juniperus species [40–46]. However, none have specifically investigated
the water use of J. drupacea and its ecophysiological responses to different climatic conditions.
To the best of the authors’ knowledge, only one paper addresses water relations of J. drupacea,
but speculations are not based on field measurements but rather on observations [39]. In
fact, in this paper authors noted that water relations should be confirmed in a field study.
Another study has examined the relationship of J. drupacea of water potential with epigenetic
and genetic diversity indexes and suggested that epigenetic diversity significantly influences
the species’ ability to withstand impending drought periods [47].

Understanding the water relations of J. drupacea and the environmental factors that
impact them is essential for assessing the species’ capacity to adapt and survive in arid and
water-limited environments. The research presented in this paper is crucial for enhancing
our understanding of the mechanisms employed by J. drupacea to adapt to changing climatic
conditions. Thus, through the present study, we (a) assessed the diurnal variability of
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sap flux density and the radial profile of a natural J. drupacea forest in Mt Parnon and
(b) determined the climatic factors affecting its total sap flow, during the wetter and drier
study period.

2. Materials and Methods
2.1. Description of Study Site

The study was conducted in a natural J. drupacea stand located in Mt Parnon, near
Malevi Monastery, SE Peloponnese, Greece (latitude: 37◦19′ N, longitude: 22◦35′ E, altitude
950 m a.s.l). The J. drupacea forest in Mt Parnon grows on limestone soils [48] and in this site,
it forms a pure J. drupacea stand. In this stand, juniper trees appear as the dominant species,
with a mean age of 25 years, mean tree height of 5.54 m, mean diameter at breast height
of 10.55 cm, density of 400 individuals per hectare, and Leaf Area Index (LAI) of 3.601.
Tree height measurements were performed with the stick method for trees with a height
below 6 m and a Nikon 550 Forestry Pro II laser hypsometer (accuracy of +/−0.3 m, Nikon
Vision, Tokyo, Japan) was used for taller trees. The diameter at breast height (1.3 m) (D)
was measured with a caliper, and the LAI was estimated using an LAI-2200 Plant Canopy
Analyzer (PCA) (LI-COR Inc., Lincoln, NE, USA). Four above-canopy observations were
initially conducted as reference readings in a nearby opening to minimize variations in
incoming radiation. Then, eight below-canopy measurements were taken along each of the
three transects within the plot and the average LAI value was computed to represent the
sample plot. The measurements were conducted in July 2021 during the early morning,
prior to the onset of direct sunlight hours, under stable clear sky conditions.

The area has a relatively high level of humidity compared to the Mediterranean cli-
mate [49]. The mean air temperature is 13 ◦C, the mean annual rainfall is 1403 mm (ranging
from 131 mm in summer to 517 in winter), and the average annual evapotranspiration (ETo)
is 1077 mm. Xerothermic season lasts about 1.5 months, from July to mid-August and the
rainy season starts in October [50].

2.2. Environmental Variables

A fully automated and telemetric meteorological station was installed approximately
5 m away from the J. drupacea stand, in a forest opening, in early July 2021. Micrometeoro-
logical data were taken every 10 s and averaged every 10 min. The recorded parameters
included air temperature (◦C), air relative humidity (%), photosynthetically active radiation
(PAR, µmol m−2 s−1), global solar radiation (W/m2), wind speed (m/s) and direction (◦),
precipitation (mm), soil water content (%) and temperature (◦C) at 5, 8 and 15 cm depth.
Vapor pressure deficit (VPD, kPa) was also calculated from relative humidity and air
temperature data.

2.3. Sapwood Area Determination and Sapwood Area Allometric Equation

To determine sapwood area, 41 J. drupacea individuals were cored with an increment
borer (Haglöf increment borer, Torsång, Sweden), ranging in D from 1 to 37 cm. The
sapwood depth at breast height was measured using a caliper. Sapwood could be easily
differentiated from the heartwood. Tree age was also derived from the same wood core
samples. The height (m) and D (cm) of all sampled trees were measured.

A relationship between sapwood area and D was described by a power function that
best fitted our data (R2 = 0.9656, p < 0.0001, Figure S1):

As = 0.3893D2.1239, (1)

where As is sapwood area (cm2) and D is the diameter at breast height (cm).
The abovementioned Equation (1) was applied to estimate the sapwood area of the

trees used for sap flux measurements (Table 1), and also used to calculate sap flow per unit
sapwood area (Qs; L h−1).
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Table 1. Tree characteristics of the monitored Juniperus drupacea individuals.

Tree ID Height (m) D (cm) As (cm2) Age (yrs)

Tree 1 6.4 11.6 70.3 27
Tree 2 5.8 11.8 73.6 29
Tree 3 4.2 9.90 50.7 29
Tree 4 8.4 19.4 211.6 33
Tree 5 5.3 15.1 123.4 31

2.4. Sap Flux Density, Sap Flux Radial Profile, and Total Tree Sap Flow

Xylem sap flux density was monitored at five (5) J. drupacea trees using the thermal
dissipation method [51,52]. In early July 2021, 2-cm long Granier-type sensors were in-
stalled at breast height (1.3 m), in the outer sapwood of the north-facing side of the stem.
The two probes’ vertical separation was approximately 12.0 cm, where the upper probe
was constantly heated with constant energy (200 mWatt DC), and the lower was unheated
and recorded the wood’s reference temperature. All stems were insulated with reflective
foil to minimize natural temperature gradients. The temperature difference between the
two probes was recorded at 15-min intervals with a remote telemetry data logger (A760,
Adcon, Klosterneuburg, Austria). Temperature differences were converted to sap flux den-
sities based on the equation derived empirically by Granier [51,52]. The daily maximum
temperature difference was used as an estimate of the temperature difference under zero
flow conditions. Such conditions were scanned for 101 days spanning from July to Novem-
ber 2021, in accordance with the methodology outlined by Oishi et al. [16]. The maximum
temperature differences between the probes exhibited stability over consecutive hours
when VPD was below 0.05 kPa.

Sap flux, along with micrometeorological data were collected from July 2021 until
March 2022. The analysis was based on a total of 212 days of sap flow monitoring data,
excluding days with missing values caused by power supply malfunctions. In April 2022,
the radial patterns of sap flux were examined during a single-day campaign. A commer-
cially multi-point heat field deformation (HFD) sensor (HFD100, ICT International Pty
Ltd., Armidale, Australia) was installed in the largest of the five sampled trees, which
had a diameter (D) of 19.4 cm. The sensor was inserted at breast height, on the same side
as the Granier probes, but positioned at approximately 15 cm from them to avoid any
potential interferences between the measuring systems. HFD probes were inserted at the
four pre-defined distances and temperatures at eight different depths within the xylem
(ranging from 0.5 cm to 7.5 cm) were recorded from 10 a.m. until 5 p.m. at one-minute
intervals. The HFD-derived temperature differences were used to calculate radial sap flux
density in the various sections (Js,i; cm3 cm−2 h−1), using the Sap Flow Tool software (v1.4,
ICT International Pty Ltd., Armidale, Australia). The Sap Flow Tool software calculates sap
flux densities based on equations derived by Nadezhdina et al. [53] and Poyatos et al. [35].
The last four xylem depths (4.5, 5.5, 6.5, and 7.5) were not considered since the displayed
negative values are an indication that the xylem was not conductive at these depths or
there was a reverse flow [53].

The sap flow per conducting sapwood area (Qs; cm3 h−1) for tree 4 was calculated as
a weighted mean according to Poyatos et al. [35] as follows:

Qs = J0.5As,0.5 + J1.5As,1.5 J2.5As,2.5 + J3.5As,3.5 + J3.5As,in, (2)

where Js,i is sap flux density at each measuring depth, As,i is the corresponding annulus
area and As,in is the conducting area beyond the influence of the last measuring point
(deeper than 3.5 cm).

Since HFD measurements in Tree 4 were conducted simultaneously with the heat
dissipation 2-cm long Granier sensor, we were able to relate sap flux density (Js,i) at the
four measuring depths with sap flux densities of single-point measurements at the depth of
2 cm, and obtain radial correction factors, as described in Poyatos et al. [35]. The correction
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factors were then applied to account for the specific sap flux density profile in each of
the remaining four study trees. Subsequently, Qs were calculated using Equation (2), to
upscale measurements to the tree level. In this context, a slight modification was made to
Equation (2) where the depth of 2.5 cm was considered as the final measuring point (along
with As,in), accounting for the shallower conductive sapwood present in the remaining four
trees. Daytime values of Qs were summed to describe total sap flow (L day−1).

2.5. Data Analysis

Statistical analysis and data visualization were performed with Sigmaplot software
(v15.0, Inpixon, Palo Alto, CA, USA). Relationships of Qs with environmental variables
were examined using linear and non-linear regression analyses and coefficients of determi-
nation (R2) for p < 0.05.

Days with any missing values, due to malfunctions in the power supply, were excluded
from the analysis. For the development of mean diurnal curves of sap flux density (Js), sap
flow rates (Qs), and environmental parameters, 30-min data were averaged in accordance
with the frequency of data logging of sap flux and micrometeorological parameters. Then
data were averaged on a daily basis for each measuring period for each tree (n = 5).

3. Results
3.1. Micrometerological Conditions during the Study Period

Meteorological variables and sap flow were monitored from early July 2021 to late
March 2022. The mean daily variations of VPD, PAR, air temperature (Tmean), soil tem-
perature (Tsoil), soil water content (θ) at 15 cm depth, and cumulative precipitation are
presented in Figure 1. Mean daytime values of air temperature were 14.3 ◦C, VPD 1.02 kPa,
PAR 591.9 µmol m−2 s−1, soil temperature 13.5 ◦C, soil water content 48.1%, and the total
rainfall was 627.6 mm (Figure 1).

On average, the drier period, spanning from early July to early late September 2021,
exhibited higher average air and soil temperatures, lower soil water content, and only a
limited amount of rainfall (28.0 mm) was observed (Table 2). As a result, VPD was higher
during this period compared to the October 2021 to March 2022 period. In the latter period,
there was a substantial decrease in mean air temperature, resulting in low VPD values
(<1.21 kPa), and both precipitation and soil water content started to increase, indicating
that water was no longer a limiting factor (Table 2, Figure 1).

Table 2. Means of: air temperature (Tmean), vapor pressure deficit (VPD), photosynthetically active
radiation (PAR), soil temperature (Tsoil), soil water content (θ) at 15 cm depth, and sum of rainfall
at the forest stand during the dry (July–September 2021) and wet (October 2021–March 2022) study
periods (±SD).

Period Tmean
(◦C)

VPD
(kPa)

Precipitation
(mm)

PAR
(µmol m−2 s−1)

Tsoil
(◦C)

θ

(%)

Dry
(July–Sept) 22.7 (±4.0) 1.7 (±0.8) 28.0 (±1.7) 491.0 (±115.6) 24.7 (±3.0) 39.8 (±1.0)

Wet
(Oct–March) 6.6 (±4.8) 0.3 (±0.2) 599.6 (±6.5) 186.6 (±102.5) 8.2 (±4.2) 52.2 (±5.4)

3.2. Radial Profile Patterns of Js, Total Tree Sap Flow (Qs) and Its Responses to
Environmental Variables

Sap flux densities were found to be higher in the outer xylem compared to the inner
xylem and the mean sap flux density (Jmean) occurred slightly deeper than 1.5 cm from the
cambium (Figure 2). Maximum sap flux densities were observed at a depth of approximately
0.5 cm from the cambium, while values declined towards a depth of 3.5 cm (Figure 3).
Maximum Js were 27.29 cm3 cm−2 h−1 and 14.79 cm3 cm−2 h−1 at the measurement depths
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of 5 and 15 mm beyond the cambium, respectively. The maximum Js in the two innermost
depths (25 and 35 mm) was 10.03 cm3 cm−2 h−1 and 6.14 cm3 cm−2 h−1, respectively.
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Mean monthly values of sap flow per conducting sapwood area (Qsmean) showed
declining trends during the dry months of the study period (July to September 2021),
corresponding to decreases in VPD and PAR. In November 2021, when water became
available, Qsmean increased (Figure 4) in line with the rising trend of soil water content (θ).
From December 2021 until March 2022, when θ remained high (>47.2%), Qsmean initially
decreased until January 2022 and then increased towards February and March of the same
years, following changes in VPD and PAR (Figure 1).
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When total sap flow per conducting sapwood area (Qs) values were regressed against
VPD, PAR, Tmean, Tsoil, and θ, during the drier period (July to early October 2021), it
became evident that PAR (R2 = 0.5964, p < 0.001, Figure 5a) and Tsoil (R2 = 0.4205, p < 0.001,
Figure 5b) were the main controllers of Qs. Qs exhibited an increase with elevated PAR
and Tsoil, and a subsequent decline when Tsoil reached a threshold of approximately 27 ◦C
(R2 = 0.7251, p < 0.0001, Figure S2). Conversely, VPD, Tmean, and θ were not significantly
related to Qs, during the drier months of the study period.
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In the wetter period (October 2021 to March 2022), when water was no longer a
limiting factor and soil water content (θ) exceeded 40%, VPD emerged as a strong and
significant regulator of Qs (R2 = 0.5501, p < 0.001, Figure 6a). Additionally, PAR exhibited a
less pronounced effect, yet still statistically significant (R2 = 0.2549, p < 0.001, Figure 6b).
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The impact of climate was additionally assessed across different VPD thresholds,
revealing a significant influence of θ on Qs during the wetter study period when VPD
exceeded 0.5 kPa (R2 = 0.8303, p < 0.0001, Figure 7). Nevertheless, it is essential to note that
this correlation should be subjected to further investigation over an extended duration, as
only 21 days experienced VPD levels exceeding 0.5 kPa.
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4. Discussion

In this study, we monitored the sap flow of J. drupacea, an endangered species with
limited and fragmented distribution worldwide, in Mt Parnon, located in the southeastern
region of the Peloponnese, Greece. The aim was to investigate the species-specific water
relations and identify the environmental variables that influence its water uptake and
transpiration.

4.1. Sap Flow Radial Variability in J. drupacea

Sap flux density measurements were conducted at four different sapwood depths
(0.5, 1.5, 2.5, and 3.5 cm) to account for the radial variability within J. drupacea trees when
estimating total sap flow (Figure 2). Failing to account for this radial variability could
introduce systematic errors when extrapolating sap flux density measured solely in the
outer sapwood (typically at a 2 cm xylem depth) to estimate total sap flow and forest
water use [17–23]. Such errors may result in either an overestimation of total tree sap flow
and water use, especially in the case of conifers with deep functional sapwood [24–26], or
conversely, an underestimation [27–29].

In our study, disregarding radial variability would have led to an underestimation of
total sap flow by 57.1%. Similarly, Steppe et al. [28] reported a 60% underestimation of
average sap flux density in Fagus grandifolia trees when employing the thermal dissipation
method. Significant sap flow underestimations, reaching as high as 70%–95% in ring-porous
species or in diffuse-porous and conifer species at very low sap flux densities, have also
been documented [54]. A similar underestimation of tree transpiration, amounting to 37.5%,
has been observed in Qinghai spruce [55]. On the contrary, other studies have indicated
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overestimations of daily water use ranging from 27% to 90% in oak trees [23], 20.2% to 27.7%
in Aleppo pine [26], and 5.6% in Qinghai spruce [32] when radial flux variability is neglected.

4.2. Total Tree Sap Flow Responses to Environmental Variables

Mean monthly values of sap flow per conducting sapwood area (Qsmean) varied
throughout the study period, from 3.38 to 7.28 (L day−1). Similar daily average water use
values, ranging from 3.6 L day−1 to 14 L day−1, have been reported for Eastern Red cedar
trees in Oklahoma, USA [45]. Another study documented monthly averaged transpiration
rates of 2.95 L d−1 in Juniperus occidentalis samplings in Oregon, USA, during August, when
the precipitation exceeded its average value [56].

During the dry months (July to September) Qsmean declined (Figure 4). These months
are typically characterized by increased water stress, which could be attributed to the com-
bination of high air temperature (max Tair = 30.4 ◦C) and low soil moisture (min θ = 38.7%)
(Figure 1). Interestingly, during this period, daytime total sap flow per conducting sapwood
area (Qs) displayed increasing trends in relation to photosynthetically active radiation (PAR)
and soil temperature (Figure 5), but no significant correlation was observed with vapor
pressure deficit (VPD), air temperature, or soil moisture.

In line with our results, previous studies have also reported a reduced sensitivity of
physiological responses in various conifer species to VPD at low soil moisture levels [57,58].
For instance, Costa et al. [59] observed that VPD exerted control over sap flux in Aleppo pine
only when a certain threshold of soil water availability was reached. Similarly, Korakaki
and Fotelli [26] reported no significant effect of VPD on sap flow (Qs) during two study
periods when the soil water content was below 19%–20%. Furthermore, West et al. [40]
suggested that the strong correlation they observed between sap flux and VPD in their study
on transpiration controls in a Pinus edulis and Juniperus osteosperma woodland indicated
that soil moisture was not a limiting factor.

In November 2021, when water became available (Figure 1), there was a corresponding
increase in Qsmean (Figure 4), aligning with the rising trend of soil water content (θ). During
this wetter study period (October to March), marked by increased rainfall and soil water
content (θ) exceeding 40%, VPD emerged as a significant controller of stand transpiration
(Figure 6a). Additionally, Qs displayed increasing trends in relation to PAR, but its effect
was less pronounced (Figure 6b). Interestingly, no relationship between θ and Qs could be
established for the entire study duration. A significant impact of θ on Qs was only detected
during days of elevated evaporative demand when VPD exceeded 0.5 kPa (Figure 7).
During these conditions, Qs exhibited an increasing trend with elevated θ. When the
θ surpassed 45%, Qs appeared to stabilize at these favorable water moisture conditions
(Figure 7). Upon reaching a high θ value (>45%), Qsmean followed the changes in VPD and
PAR. Consistent with our findings, studies in Aleppo pine in Greece [26] and Spain [59]
showed that sap flow responded positively to increasing soil water levels on days with
VPD higher than 0.7 and 0.5 kPa, respectively.

In soil moisture levels below 40%, sap flow in J. drupacea was primarily controlled by PAR
and soil temperature, reaching a plateau at maximum values (approximately 600 µmol m−2 s−1

and 26 ◦C respectively, Figure 4). This plateau occurred when VPD was high (>2.5 kPa), in
July 2021, indicating a partial closure of stomata. Numerous studies have reported stomatal
regulation in response to increasing VPD [60–62]. As VPD continues to rise, a plateau is reached,
and eventually, sap flow declines at high VPD values [61,63,64], as observed in our results
(Figure 2), suggesting stomatal closure. Stomatal closure in trees serves to reduce transpiration
and prevent embolism in the xylem conduits of conifers [65]. When water availability increased,
tree transpiration responded positively (Figures 1 and 4), likely due to a gradual refilling of
previously cavitated tracheids [66].

According to Walas et al. [12], precipitation during the coldest three months (December
to February) appeared to be the most influential factor in determining the current geo-
graphic range of J. drupacea. Precipitation contributed 41% to the entire range of the species
and 47.5% to the populations in the Peloponnese. While temperature seasonality during the
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wettest period had some influence on the species range prediction in Peloponnese (23.1%),
it played a limited role in the worldwide distribution of J. drupacea.

The distribution and presence of J. drupacea in moderately thermophilic plant commu-
nities can be attributed to its light-demanding and drought-resistant characteristics [67,68].
Juniper species, including J. drupacea, possess physiological adaptations that allow them
to efficiently extract water from deeper soil depths [43,69]. These characteristics played a
crucial role in the survival of J. drupacea during the Pleistocene climate oscillations in moun-
tainous regions. The species exhibited a migratory pattern, moving to lower elevations
during cold glacial stages and to higher elevations during warm interglacial periods, which
enabled its persistence in changing environments [12].

The studied J. drupacea stand displayed a remarkable adaptability to varying environ-
mental conditions and showcased its capacity to respond to increased water availability
from October to March. During this period, there was a positive response in sap flow to the
favorable VPD and PAR conditions. Juniper species are capable of regulating stomatal tran-
spiration for better water management during drought season [70] and have demonstrated
tolerance to increasing summer drought with age [71].

The findings of this study highlight the potential of the endangered forest tree species,
J. drupacea, to effectively overcome the adverse conditions during summer droughts and
capitalize on more favorable water regimes occurring during autumn and winter. This
ability is particularly critical for the survival and distribution of the remaining J. drupacea
populations in SE Peloponnese, Greece, as they represent the sole population in Europe.
Considering the projected future climate change scenarios, which anticipate rising air
temperatures, elevated VPD, and changes in precipitation patterns in terms of frequency,
intensity, and distribution [72], this adaptive capacity becomes even more essential for the
species’ long-term survival.

Additional research involving prolonged monitoring periods, such as collecting sap
flow data over two consecutive years and encompassing tree activities throughout the
growing season, could offer a more comprehensive understanding of how J. drupacea
responds to environmental factors on a seasonal basis. This extended investigation would
contribute to a deeper understanding of the species dynamics and provide valuable insights
into its ecological responses and adaptations.

5. Conclusions

During the present study on J. drupacea, an endangered species with limited global
distribution, we assessed the dynamics of sap flux densities and their radial variability
in a natural stand in Mt Parnon, SE Peloponnese, Greece. Corrections were applied to
sap flux densities and a power function was used to estimate sapwood area to upscale
measurements to the tree level. We monitored the total sap flow (Qsmean) of J. drupacea and
investigated the environmental factors influencing its transpiration. In the drier months
of the study period, Qsmean declined, while exhibiting a positive correlation with PAR
and soil temperature, until a plateau was reached. During the wetter period, when soil
water content was greater than 40%, Qsmean increased with rising VPD, suggesting that
VPD played a crucial role in regulating the transpiration of the studied J. drupacea stand. It
seemed that J. drupacea demonstrated a drought-tolerant strategy in response to varying
environmental conditions. These findings contribute to our knowledge of the water balance
and adaptation strategies of J. drupacea, particularly in this the sole population in Europe,
where information on the species’ water relations is lacking.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f15030431/s1. Figure S1: Non-linear relationship between the
sapwood area and D developed from 41 sampled Juniperus drupacea individuals in Mt Parnon,
SE Peloponnese, Greece (p < 0.0001). Figure S2: Qs [L day−1] variation in relation to different
mean soil temperatures (Tsoil) at 8 cm depth during the dry months of the study period (July to
September 2021). Non-linear regression line was generated using a Gaussian Peak Modified 5
parameter equation.
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9. Rivers, M.; Beech, E.; Bazos, I.; Bogunić, F.; Buira, A.; Caković, D.; Carapeto, A.; Carta, A.; Cornier, B.; Fenu, G. European Red List

of Trees; International Union for Conservation of Nature and Natural Resources (IUCN): Gland, Switzerland, 2019.
10. Union, O.J.E.; Directive, H. Council Directive 92/43/EEC of 21 May 1992 on the Conservation of Natural Habitats and of Wild

Fauna and Flora. Off. J. Eur. Union 1992, 206, 7–50.
11. Daskalakou, E.; Oikonomidis, S.; Boutsios, S.; Ioannidis, K.; Thanos, C. Population characteristics of Juniperus drupacea

(Cupressaceae) at the westernmost marginal area of its world distribution (Mt. Parnon, Greece). Flora Mediterr. 2022,
32, 305–316. [CrossRef]
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