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Abstract: Research Highlights: The radial gradient of sap flux density (Js) and the effects of climatic
factors on sap flow of Aleppo pine were assessed at different time scales in an eastern Mediterranean
ecosystem to improve our understanding of the species water balance. Background and Objectives:
Aleppo pine’s sap flow radial profile and responses to environmental parameters in the eastern
Mediterranean were, to our best knowledge, originating to date from more arid planted forests.
Information from natural forests in this region was lacking. Our objectives were to (a) determine
the species’ radial variability in Js on a diurnal and seasonal basis and under different climatic
conditions, (b) scale up to tree sap flow taking into account the radial profile of Js and (c) determine
the responses of Aleppo pine’s sap flow over the year to climatic variability. Materials and Methods:
Js was monitored in Aleppo pine in a natural forest in northern Greece with Granier’s method
using sensors at three sapwood depths (21, 51, and 81 mm) during two periods differing in climatic
conditions, particularly in soil water availability. Results: Js was the highest at 21 mm sapwood
depth, and it declined with increasing depth. A steeper gradient of Js in deep sapwood was observed
under drier conditions. The same patterns of radial variability in Js were maintained throughout
the year, but the contribution of inner sapwood to sap flow was the highest in autumn when the
lower seasonal Js was recorded in both study periods. Not taking into account the radial gradient
of Js in the studied Aleppo pine would result in a c. 20.2–27.7 % overestimation of total sap flow
on a sapwood basis (Qs), irrespective of climatic conditions. On a diurnal and seasonal basis, VPD
was the strongest determinant of sap flux density, while at a larger temporal scale, the effect of
soil water content was evident. At SWC > 20% sap flow responded positively to increasing solar
radiation and VPD, indicating the decisive role of water availability in the studied region. Moreover,
in drier days with VPD > 0.7 KPa, SWC controlled the variation of sap flow. Conclusions: There is a
considerable radial variability in Js of the studied Aleppo pine and a considerable fluctuation of sap
flow with environmental dynamics that should be taken into account when addressing the species
water balance.

Keywords: sap flux; radial profile; sapwood depth; Aleppo pine; diurnal variation; seasonal varia-
tion; climate

1. Introduction

Sap flux density and sap flow measurements are widely used in ecophysiological stud-
ies to investigate aspects of plant–water interactions such as canopy
conductance [1–5], whole-plant hydraulic conductance [3,6], and leaf stomatal conduc-
tance [3,6–9]. To estimate these variables from sap flow monitoring, sap flux density (Js)
measurements need to be upscaled to the tree level. In several studies [10–17], sap flow is
estimated from sap flux density measurements with sensors installed in the outer part of
the xylem, assuming uniform sap flux density across the sapwood. Berdanier et al. [18]
reported that out of 122 reviewed articles (published between 2013 and 2015) that scaled
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up sap flux observations to whole-tree or stand levels, 58% assumed homogenous flow
throughout the xylem.

However, neglecting radial variability may lead to systematic errors in the total
sap flow [19–25]. Čermak and Nadezhdina [20] showed that upscaling sap flux density,
measured in the outer half of the sapwood of different species, led to overestimation of
total tree sap flow (by 10–140%), whereas when measured in deep inner sapwood layers,
total tree sap flow was underestimated (by 40–80%). Similarly, Delzon et al. [22] showed
that ignoring the variability in radial profile of sap flow in maritime pine trees led to
an overestimation of transpiration and stand water use that increased with increasing
stem diameter from 5% for the young stands to 47% for the oldest stands. To overcome
these uncertainties, the radial variability in sap flux density in different trees has been
determined [19,26–30] or correction factors accounting for the spatial variation of sap
flow with increasing sapwood radius have been developed [23,31]. Therefore, taking
into consideration radial variability is highly important when upscaling sap flux density
measurements to accurately estimate tree and stand level water balance, particularly for
tracheid-bearing conifers that tend to have deep functional sapwood [18,32].

Variation in the sap flux radial profile in conifer stems, as well as variation in sap
flow on the tree level, may be associated with time-dependent changes in environmental
conditions. A number of studies have reported that changes in radial patterns were related
to environmental variables, such as vapor pressure deficit and soil water availability.
Phillips et al. [33] indicated that nighttime recharge of stem water storage increased with
increasing soil moisture depletion. Čermak and Nadezhdina [20] showed that, under
long-term drought, deeper layers of the sapwood contributed more to water transport.
Similarly, Ford et al. [27] found that the radial profile of sap flux density was related to
daily changes in evaporative demand, and that during periods of high transpiration, the
inner xylem contributed more to total tree sap flow. Hernandez-Santana et al. [34] observed
that Js increased at all explored xylem depths with increasing VPD from 8:00 to 11:00 GMT,
but with higher VPD (till 15:00 GMT), Js continued increasing only in the deepest xylem,
whereas the outer one decreased. In the study of Sanchez-Costa et al. [31], P. halepensis
showed higher sensitivity of Js to VPD, than the rest diffuse-porous species examined and
a higher soil moisture threshold for Js reductions, consistent with the species strict stomatal
control under drought. Finally, Cohen et al. [35] supported that the depth of conducting
sapwood in P. halepensis trees was larger in trees growing under a semi-arid climate than
under a sub-humid climate. Thus, assessment of the climatic controls in different time
scales on sap flow patterns is important in our effort to understand and predict Aleppo
pine’s responses to climate variability.

Aleppo pine is widely distributed in coastal and low elevation areas of the Mediter-
ranean basin [36,37], being predominately threatened by the prevailing climate change [38],
particularly at its eastern limits [39]. Thus, assessing this species’ water balance in relation
to environmental factors is crucial. Still, to our knowledge, limited information is available
about the radial patterns of sap flux and its seasonal and diurnal fluctuation, in relation
to climate, in P. halepensis at eastern Mediterranean ecosystems. Mostly, if not solely, the
relevant literature refers to Aleppo pine plantations in Israel, such as the works of Schiller
and Cohen [40] who first reported on the radial profile of sap flux in this species and
Cohen et al. [35] who studied the radial sap flux gradients of Aleppo pines under different
climatic conditions.

In the present study, we assessed the diurnal and seasonal variability of the radial
profile of sap flux density of a mature near-coastal Aleppo pine ecosystem in Chalkidiki,
northern Greece. We measured sap flux density in three sapwood depths (21, 51 and 81 mm)
to take into account the radial variability of sap flux of Aleppo pine trees in estimating total
sap flow and to explore its response to different temporal scales and to climatic variability.
Given that high temporal variations in the sap flux density radial profile may be observed
(e.g., [26]), monitoring was conducted during two periods (July 2008–November 2009
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and April 2019–April 2020) differing in climatic conditions and predominantly in wa-
ter availability.

Our specific aims were to: (a) determine the radial profile of Js in Aleppo pine and
explore its changes at a diurnal and seasonal scale during two periods differing in climatic
conditions, (b) scale up to tree sap flow based on the radial variability of Js and quantify
errors that occur when single-depth Js is scaled up to tree level and (c) assess the responses
of Aleppo pine sap flow over the year to climatic variability.

2. Materials and Methods
2.1. Description of Study Site and Data Collection

The study was conducted in a natural Aleppo pine (Pinus halepensis Mill.) stand
located at the Stavronikita forest, Chalkidiki, Northern Greece (latitude: 40◦06′ N, longitude:
23◦18′ E). The Aleppo pine stand grows at an elevation of 15 m above the sea level, has
a mean slope 1% and is located at about 300 m distance from the coast. The understorey
consists of a maquis shrub vegetation, dominated with Pistacia lentiscus L., Phyllirea media L.
and Quercus coccifera L. The soil has a high pH (7.5–8.2) and lies at the boundary between
Calcari-chromic Vertisols and Chromic Luvisols. For the period 2008–2019, mean, minimum
and maximum air temperatures were 16.3 ◦C, 30.3 ◦C, and 3.5 ◦C, respectively, while mean
annual rainfall was 604.8 mm. A xerothermic season occurred from June till September.

Data were collected during two periods differing in soil water content and other
climatic conditions, in order to determine variations in sap flow parameters (sap flux radial
gradient-Js and sap flow per sapwood area -Qs) under different climatic conditions. The
first recording period was from 1 July 2008 to 30 November 2009 and it was characterized
by lower soil water content (hereafter called “dry period”), while the second period lasted
from 13 April 2018 to 12 April 2020 and was characterized by higher soil water content
(hereafter called “wet period”).

2.2. Micrometeorological Parameters

Micrometeorological data were continuously recorded at a fully automated weather
station operating at a c. 50 m distance from the forest stand. The recorded parameters
included air temperature and air relative humidity at 5 m height (RHT2nl, Delta-T Devices
Ltd., Cambridge, UK), solar radiation (SKS1110, Skye Instruments, Llandrindod Wells, UK),
wind speed (model 4.3515.30.000, THIES CLIMA, Göttingen, Germany), wind direction
(WD4, Delta-T Devices Ltd., Cambridge, UK), precipitation (AR100 and RGB1, EML,
North Shields, UK), and soil water content at a 30 cm depth (ML2X/W, Delta-T Devices
Ltd., Cambridge, UK). All values were data-logged (DL2e Delta-T Logger, Delta-T Devices
Ltd., Cambridge, UK) at 60-min and 30-min intervals during the 1st and the 2nd period,
respectively. Vapor pressure deficit (VPD) was also calculated on a 60-min and 30-min
basis from relative humidity and air temperature data.

2.3. Biometric Traits of Selected Trees and Sapwood Area Determination

The mean Aleppo pine tree density at the study site is c. 130 trees/ha. The majority
of the trees (c. 85%) have a DBH > 30 cm. In order to measure the sap flux of trees that
are representative of the studied forest, individuals with DBH lower than this threshold
were excluded, while attention was paid to selecting non-neighboring, dominant Aleppo
pines. The biometric traits of the selected Aleppo pines are given in Table 1. DBH and
sapwood depth were measured during both study periods, while tree height and canopy
projected area were determined only during the 2nd (wet) period. For the determination
of canopy projected area, the radius of the crown’s orthogonal projection was measured
at four directions (north, south, east, and west) to build an average radius per tree. One
Aleppo pine tree (Pine 4) has been harvested after the 1st (dry) period and has been replaced
by another one with similar DBH and height, before the initiation of the 2nd period, as
indicated in Table 1.
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Table 1. Biometric traits of the monitored Aleppo pine trees.

Pine DBH (cm) Sapwood Radius (cm) Height
(m)

Canopy
Projected
Area (m2)

1st period 2nd period 1st period 2nd period
1 56.3 57.1 25.0 25.3 19.4 100.3
2 43.9 45.8 19.7 20.5 17.4 48.4
3 33.7 37.1 15.3 16.8 14.9 40.2

4 (1) 30.6 34.1 14.0 15.5 18.4 36.3
5 51.9 53.8 23.1 23.9 21.3 98.5

(1) Pine 4 was harvested after the 1st period and replaced by another one with similar DBH and
height, before the 2nd period.

Sapwood depth was estimated with an allometric relationship derived from wood
slices from 20 Aleppo pines from a close-by Aleppo pine forest (in Pefkochori, Chalkidiki;
39◦58′26′′ N, 23◦36′34′′ E) as described in Fotelli et al. [41]. The equation best describing
the relationship between sapwood area and diameter at breast height (DBH) (R2 = 0.999,
p < 0.05) was:

As = 0.077 × DBH1.9905

where As stands for sapwood area (in m2) and DBH for diameter at breast height (in m).
To verify this allometric equation for the studied forest stand, DBH and As were measured
in additional eight (8) Aleppo pine trees from the study site, and the relationship between
them was tested against the allometric relationship of Pefkochori. It was shown that the As
values produced by the application of the two allometric equations were closely related
(R2 = 0.996, p <0.05; Figure S1).

2.4. Radial Profile Sap Flow Monitoring

Xylem sap flux density was monitored at the five (5) Aleppo pines using the thermal
dissipation method [42,43]. We installed on each of the five trees three Granier-type sensors
at different sapwood depths, at 21, 51 and 81 mm. The 21 mm sapwood depth was
selected as representative of the sapwood depth range most commonly used for sap flow
measurements in forest trees, while the 51 mm and 81 mm sapwood depths were chosen for
assessing sap flux patterns at greater depths. The studied Aleppo pines are characterized
by high DBH, quite narrow heartwood, and deep sapwood (Table 1). Limited heartwood
has similarly been reported in a study of P. canariensis [44]. Thus, we could safely assume
that all sensors including the deeper ones at 81 mm were installed in conductive sapwood.

Both 51 and 81 mm sensors were developed using long gauge needles that were cut at
the desirable length (51 mm and 81 mm, accordingly). In these probes the thermocouple
was placed at a distance 10 mm short of the total needle length and only 20 mm of the
needle tip was covered with heating wire. Each sensor was radially inserted in the outer
sapwood at breast height (DBH) after the bark was removed. The reference probe was
inserted approximately 12.0 cm below the heated needle in a vertical alignment. All
three sensors were installed at the same height with a 120◦ distance among them. To
exclude azimuthal effects, the three different depth sensors were established on the tree
periphery the following way: the first 21 mm long sensor was installed on the north-facing
side of Tree 1 and the 21 mm sensor on trees 2 to 5 was installed by moving by 75◦ on each
next tree’s periphery, in a clockwise manner. The 51 and 81 mm sensors were installed then
accordingly by maintaining the 120◦ distance among them.

A CR10X datalogger connected to an AM 416 Multiplexer (CR10X Campbell Scientific,
Logan, UT, USA) was used to heat the sensors and collect the probe outputs. The tempera-
ture difference between the Granier-type probes (∆T) was recorded at 10 s intervals and
data-logged as 15 min averages. ∆T values were related to the daily maximum temperature
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difference among the probes (∆Tm) to calculate sap flux density (Js, kg m−2 h−1) according
to Granier’s equation [43]

Js = 428.4
(

∆Tm− ∆T
∆T

)1.231

All probes and stems were insulated to minimize natural temperature gradients.
Nevertheless, heating was disconnected in all sensors from 28 May 2019 to 6 June 2019
(10 days) to monitor the natural temperature gradients. Even though ∆T values were
consistently < 5.4% of the sap flow signal, and corrections were not necessary [11], we
modelled the measured natural temperature gradients using meteorological variables by
means of principal components regression (PCR), for each individual sensor, to correct
the temperature differences measured when the sensors were heated, as described by
Graham [45] and Martínez-Vilalta et al. [46]. The corrected values were used to calculate
sap flux density (Js) for the three different depths per tree (kg m−2 h−1). To scale-up to
the sap flow per conducting sapwood area (Qs; kg h−1) a weighted mean was calculated
according to Hatton et al. [47] and Poyatos et al. [13] as following:

Qs = Js,21 As,21 + Js,51 As,51 + Js,81 As,81 + Js,81 As,in

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 81 mm).

2.5. Data Analysis

Data on temperature difference among the probes as well as meteorological data were
curated in R [48] using the lubridate package [49]. Days with any missing values were
excluded from analysis. Continuous missing days in 2008–2009 were due to malfunctions
in the power supply. For the development of mean annual or seasonal diurnal curves of sap
flux density (Js) and environmental parameters, as well as for the assessment of the seasonal
variation of sap flow rates (Qs) and environmental parameters, 60-min means (1st period)
and 30-min means (2nd period) were built from original 15-min data, in accordance to the
frequency of datalogging of micrometeorological parameters. Then data were averaged on
a DOY (Day of the year) basis of each measuring period for each tree (n = 5).

Statistical analysis and data visualization were performed with OriginPro, version
2020b (OriginLab Corp., Northampton, MA, USA) and IBM SPSS Statistics, version 23 (IBM
Corp., Armonk, NY, USA). Relationships of Js and Qs with VPD, SWC, and solar radiation
were tested with linear multiple stepwise regression and with non-linear regression for
p < 0.05. One way Anova and Tukey’s test were used for detecting significant differences
in sap flux density (Js) between the three sapwood depths and the different seasons at
p < 0.05. Values of March to May, June to August, September to November, and Decem-
ber to February were used for building the seasonal means of spring, summer, autumn,
and winter, respectively. Significant differences between the daily curves of Js at the
three sapwood depths were detected with the Wilcoxon and Kendall non-parametric tests
at p < 0.05.

3. Results
3.1. Climate Uring the Study Periods

Table 2 presents the long-term (2008–2019) and the annual and seasonal means of
climatic traits of the forest stand during the two study periods. Overall, the wet period
was characterized by substantially higher soil water content compared to the dry period.
Rainfall and air temperature were also higher in the wet period, resulting in higher VPD
values than in the dry period. Similarly, Tair and VPD were lower in the dry period,
compared to the wet one, during each season. An exception was observed in regard to
rainfall, which followed the same pattern in all seasons except from winter; then it was
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higher in the dry period than in the wet one. Finally, a pronounced difference was observed
in SWC, which was quite lower in the summer and autumn of the dry period vs. the
wet period.

Table 2. Means of air temperature (Tair), vapor pressure deficit (VPD), soil water content (SWC) and
sum of rainfall at the forest stand during (a) the period 2008–2019, (b) the two study periods (Dry
period: July 2008–November 2009, Wet period: April 2018–April 2020) and (c) the different seasons
within each study period.

Tair (◦C) VPD (KPa) Rainfall (mm) SWC (%)

2008–2019 16.3 0.56 604.8 18.9 (1)

Dry period 15.9 0.53 644.2 18.8

Spring 14.1 0.42 115.8 24.7
Summer 24.3 0.96 105.0 13.5
Autumn 16.7 0.47 131.0 11.7
Winter 8.7 0.28 292.4 25.1

Wet period 17.9 0.70 889.3 24.3

Spring 17.0 0.54 171.0 23.2
Summer 26.0 1.21 260.1 21.8
Autumn 19.4 0.66 299.5 22.3
Winter 9.2 0.37 158.7 29.9

(1) SWC was not recorded during July–August 2008 and March 2016–November 2017 due
to malfunction.

3.2. Diurnal and Seasonal Variation of Js with Increasing Sapwood Depth

The diurnal curves of VPD and Js in the three sapwood depths on a seasonal basis are
presented in Figure 1, while the seasonal means of Js are shown in Table 3 for the different
sapwood depths and both study periods. The patterns and the range of Js differed when
observed separately per season of the year and study period (dry vs. wet) (Figure 1).

Js at the outer sapwood (21 mm) was constantly higher than the other two depths, but
the difference among depths was less pronounced in autumn, when in general the lowest
Js values were recorded during both the dry and the wet period, despite the substantially
higher VPD values in the latter case (Figure 1E,F, Table 3). In all other seasons, Js in 21 mm
was significantly higher than in 81 mm in the dry period (Figure 1A,C,G) and significantly
higher than both 51 and 81 mm in the wet period (Figure 1B,D,H). In both periods, the
greater contribution of outer (21 mm) vs. inner xylem to sap flux was most pronounced in
winter (41.9% difference compared to Js in 81 mm in the dry period and 31.4% difference
compared to Js in 51 mm in the wet season) (Table 3).

In the dry study period, differences in the peak of Js were recorded among the seasons.
Js peaked later during the day in summer and spring than in autumn and winter. No such
response was observed in the wet period (Figure 1).

During the dry period, the highest Js in all depths was recorded in spring, while in
the wet period Js in all tested depths was in the same range during spring and summer
(Figure 1A, Table 3), probably as a result of the high summer soil water availability and
evaporative demand (high air temperature and VPD; Table 2). It is also noteworthy that
although Js in all sapwood depths was restricted to a shorter day phase during the winter,
still the peak values of winter Js in 21 mm were comparable to those of spring and summer,
both during the dry and the wet period (Figure 1).
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curves of Js in the 3 radial depths at p < 0.05 within each season and period. Symbols represent mean values (n = 5 trees)
and the shaded bands represent ± SE of the means.
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Table 3. Mean diurnal Js ± SE in the 3 different sapwood depths and in the different seasons during
the two study periods (Dry period: July 2008–November 2009; wet period: April 2018–April 2020).
The difference (%) between Js at 21 mm and Js at the two inner depths is also shown. Lowercase
different letters indicate significant differences between the 3 sapwood depths, within each season,
while uppercase different letters indicate significant differences among the seasons.

Mean Js (kg m−2 h−1) % Difference of Js in 21 mm
Compared to

Dry Period

Js 21 mm Js 51 mm Js 81 mm Js 51 mm Js 81 mm

Spring 19.4 ± 4.0 aA 16.3 ± 2.9 abA 11.7 ± 2.1 bA 15.6 39.7
Summer 13.4 ± 2.8 aAB 11.0 ± 1.9 aB 10.5 ± 1.6 aA 25.9 30.0
Autumn 11.7 ± 2.3 aB 10.6 ± 1.9 aB 7.4 ± 1.3 bB 9.1 36.8
Winter 12.5 ± 2.8 aAB 11.0 ± 2.2 aB 7.3 ± 1.5 bB 12.1 41.9

Wet Period

Js 21 mm Js 51 mm Js 81 mm Js 51 mm Js 81 mm

Spring 20.5 ± 1.7 aA 14.8 ± 1.5 bA 15.1 ± 5.7 bA 27.5 26.2
Summer 19.2 ± 1.6 aA 15.2 ± 1.6 bA 15.0 ± 6.0 bA 21.2 22.1
Autumn 11.0 ± 1.1 aC 8.3 ± 1.3 bB 9.1 ± 4.6 abB 24.2 17.5
Winter 14.6 ± 1.0 aB 10.0 ± 0.9 bB 10.1± 5.8 abB 31.4 30.9

The combined effect of VPD with solar radiation, or all climatic parameters, generally
produced the strongest regression models describing the diurnal variation in Js during the
seasons and the two study periods (Table S1). Among the tested climatic factors, VPD had
the strongest control on the diurnal variation of Js in all sapwood depths (Radj

2 ranged
from 0.802 to 0.990). Furthermore, the effect of VPD tended to increase with increasing
sapwood depth, but this pattern was not constant in all seasons. On the contrary, SWC had
either the lowest or no effect on the diurnal variation of Js (Table S1).

Mean Js averaged over each study period, and its declining pattern with increasing
sapwood depth is shown in Figure 2. In the dry period, Js was 13.9 ± 1.2, 11.6 ± 2.4, and
9.1 ± 3.0 kg m−2 h−1 in 21, 51, and 81 mm depth, respectively (Figure 2A), while in the
wet period, the respective values were 16.6 ± 1.1, 12.2 ± 1.2, and 12.2 ± 2.4 kg m−2 h−1

(Figure 2B). In general, Js was not affected by differences in DBH or its increment be-
tween the two study periods, apart from Js in 51 mm, which increased with increasing
DBH (Figure S3).
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3.3. Tree Sap Flow Rate on a Sapwood Area Basis (Qs) and Environmental Control on Qs

In order to upscale the Js measurements to the tree level and calculate the sap flow on a
sapwood area basis (Qs), a weighted mean was calculated according to Hatton et al. [47] and
Poyatos et al. [13]. Considering solely Js measurements conducted at the outer sapwood
(21 mm) than in different sapwood depths would result in an overestimation of Qs both in
the dry period (27.7 ± 0.2 %) and in the wet period (20.2 ± 0.4 %).

For verification purposes, although we lacked information on Js in depths smaller
than 21 mm, we also calculated mean Js per tree with the Gaussian function proposed by
Ford et al. [27] and Martínez–Vilalta et al. [46], as described in detail in Figure S2. Strong
correlations between Qs values calculated both ways were found for both study periods
(R2 = 0.99, p < 0.05, Figure S2).

The seasonal fluctuation of Qs, SWC, and VPD during the year is presented in
Figure 3 for both study periods. The substantially higher SWC and VPD levels of the
wet period (Figure 3D) resulted in higher sap flow rates, particularly during the mid-
summer period (DOY 180–210).
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Among the tested relationships between environmental parameters (VPD, SWC, and
solar radiation) and Qs only solar radiation had a significant effect when all days were
considered simultaneously (Table S2). The effect of climate was also tested within different
thresholds of VPD and SWC (data not shown), and it was found that additional and
stronger climatic controls on Qs were detected when VPD and SWC were higher than
0.7 KPa and 20%, respectively (Table S2).

In particular, solar radiation largely controlled Qs when SWC was above 20%, and
this effect was stronger in the wet (R2

adj: 0.579, p < 0.001) than in the dry period (R2
adj:

0.220, p < 0.001) (Table S2) and better described by an allometric relationship (Figure 4A,B).
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Furthermore, a strong influence of SWC on Qs was detected in days of high evap-
orative demand, when VPD was above 0.7 KPa (Figure 4C,D). This effect of SWC was
slightly higher in the wet period, than in the dry one, when combined with the effect of
solar radiation (R2

adj: 0.605, p < 0.001; Table S2).

4. Discussion

In order to more accurately estimate the sap flow of adult Aleppo pines in a natural
near-coastal forest in northern Greece, we assessed the radial variability of sap flux density
(Js) during two periods (July 2008–November 2009 and April 2019–April 2020), differing in
climatic conditions and predominantly in water availability. Three sapwood depths were
used for this purpose; (a) 21 mm as the sapwood depth range most commonly used for
sap flow measurements in forest trees (e.g., [41,50,51]) and (b) 51 and 81 mm as the studied
pines are of high DBH and sapwood radius (Table 1). The latter sapwood depths were
safely regarded as conductive and actively contributing to the trees’ sap flow. Furthermore,
the variation in both sap flux density (Js) and sap flow on a sapwood area basis (Qs) is
discussed in relation to temporal and climatic variability, to enhance our understanding of
Aleppo pine’s water balance in eastern Mediterranean ecosystems.

4.1. Sap Flux Density Changes with Increasing Sapwood Depth in Aleppo Pine

Our results indicate a considerable change in Js with increasing sapwood depth,
with the highest sap flux density occurring at the outer sapwood (21 mm) of the stud-
ied Aleppo pine trees during all seasons (Figures 1 and 2), in line with studies on other
conifers [29,30]. A decreasing trend in Js was presented in deeper sapwood layers (51 and
81 mm; Figures 1 and 2), which was more pronounced under drier conditions (1st study
period) than under high water availability (2nd study period), when it remained stable
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after the depth of 51 mm (Figure 2). Similarly, Cohen et al. [35] observed an almost linear
decrease of sap flux from c. 20 to 40 mm under quite arid conditions, in Aleppo pine stands
in Israel. However, in this study [35], the only to our knowledge that dealt with the radial
gradient of Js in P. halepensis, no sapwood depths greater than 44 mm were tested. Thus, no
previous records are available on Js variability in Aleppo pine sapwood depths of 51 mm
and 81 mm addressed in the present work.

Čermak and Nadezhdina [20], who examined the radial patterns of sap flow rate in
five coniferous and four broad-leaved species also addressed the effect of water availability
on the radial profile of sap flow. They found that undersaturated water conditions, xylem
water content peaked at c. 20–30 mm sapwood depth, whereas under drought, it was
maximized at 0–12 mm beneath the cambium. Moreover, Ganthaler et al. [52] observed
in conifers that electrical resistivity increased in deeper sapwood areas, even more so
as tree dehydration progressed. Such changes under different water availability condi-
tions presumably explain the steeper radial Js patterns, we observed during the drier
study period.

A linear decline in sap flux to even greater depths (from 20 to 90 mm) was reported
for Pinus brutia in Cyprus [30]. Consistently, in maritime pine Delzon et al. [22] reported
a sharp decrease in sap flow with increasing sapwood depth in trees with DBH > 42 cm.
Alvarado-Barrientos et al. [53] concluded that in Pinus patula in Mexico the peak of Js was
recorded within the outermost 20–33% of sapwood. Similar declining patterns of sap flux
density or specific conductivity of the xylem with increasing sapwood depth are reported
for other conifers as well, suggesting that decreasing sap flux density in the inner sapwood
of mature trees is associated with declining sapwood hydraulic conductivity, due to the
presence of non-functional or blocked tracheids [27,33,54,55].

Instead of a linear decrease with sapwood depth, others concluded that a curved
radial profile is characterizing the sap flow pattern of conifers, which can be described
by a Gaussian function [18,27,29,46]. In these cases, sap flux density increased gradually
from directly below the cambium to 10–20 mm sapwood depth and decreased thereafter.
However, no such pattern of radial profile in sap flow has been described in Aleppo
pine [35] or in the closely related Brutian pine [30]. The lack of sap flow measurements
at depths smaller than 20 mm in our study does not allow drawing any conclusions on a
possible curved fit of sap flux radial profile in the studied Aleppo pines.

Nevertheless, independent of the pattern of sap flux decline with increasing sapwood
depth, not taking into account the radial variability of sap flux density will result in a
noticeable overestimation of sap flow rate at the tree level. In our case, if only Js at the
outer sapwood would be considered, Qs of Aleppo pine would be overestimated by c.
27.7 ± 0.2% under drier conditions and by c. 20.2 ± 0.4% under higher water availability.
Overestimations, based on the same rationale, were also estimated by other studies on
conifers and ranged from 5.6% [29] to 250% [23], depending on temporal variation and
climatic conditions.

4.2. Short-and Long-Term Temporal Differences in Sap Flow Gradient in Relation to Climate

During the dry period, Js peaked later in summer, compared to other seasons, probably
in response to midday depression. Js diurnal fluctuation in outer sapwood (21 mm) and in
the innermost sapwood (81 mm) were quite synchronized during the day in all seasons
(Figure 1). Ford et al. [27] observed that water in inner sapwood is mobilized later in the
day, when stem water gets depleted, despite possible high hydraulic resistance. In the dry
period, Js in 51 mm responded in a similar way, but no such pattern was observed in the
wet period for any of the deeper sapwood layers (Figure 1).

In the drier period, there was a clear gradient in sap flux density with increasing
sapwood depth, particularly in spring and winter when the highest Js levels were recorded
(Figure 1A,G). On the contrary, in the wet period, the contribution of outer xylem was
clearly the highest, while the sapwood at 51 mm and 81 mm contributed almost equally to
total sap flow in all seasons (Figure 1B,D,F,H). Similarly, Phillips et al. [33] and Nadezhdina



Forests 2021, 12, 2 12 of 16

et al. [26] reported that the outer xylem conducted considerably more water than the inner
xylem under conditions associated with high Js values. Still, it cannot be overlooked that
the outer sapwood had the highest sap flux densities, compared to inner sapwood, both
under drier and wetter conditions (Figure 2), even during autumn when the lowest Js levels
were recorded. However, the proportional contribution of Js at inner xylem to total sap
flow increased during autumn (Table 3) in line with the conclusion of Ford et al. [27] that
as the radial gradient becomes less steep, the inner xylem contributes more to total tree
sap flow.

On a daily basis, the changes in the radial profile of Js in Aleppo pine were strongly
controlled by the concurrent variation in VPD (Radj

2 = 0.802–0.980 in all sapwood depths
and seasons and in both study periods; Table S1). The relationship of Js to VPD tended to
increase with increasing sapwood depth, but this pattern was not consistent in all seasons
and study periods (Table S1). Cohen et al. [35] also reported a close control of VPD over
sap flux in Aleppo pine, in accordance with studies in other conifers [26,53,56]. Such a
determining role of VPD on Js during the day indicated that stomata optimized the time
and extent of carbon uptake with respect to VPD, to maintain an optimal water balance.
On the contrary, no effect of soil water content on the daily fluctuation of sap flux density
was detected in any radial depth and season (Table S1), implying that Js responds rapidly
to short-term changes in atmospheric water deficits, but not to soil water content, which is
not modified as quickly during the day.

On an annual scale, Qs seemed to respond to variations in soil water content in both
study periods (Figure 3), although the SWC of the dry period was substantially lower than
of the wet period (Table 2), but no relationship between SWC and Qs could be established
for the entire study periods (Table S2). The significant positive effect of SWC on Qs was
detected only in days of high evaporative demand, when VPD was higher than 0.7 KPa
(Table S2, Figure 4C,D), contrary to the negative effect of rainfall and increased Tair on
sap flux density of silver fir reported by Magh et al. [57]. In line with our results, Sánchez–
Costa et al. [31] observed that the sap flow of Aleppo pine in Spain responded positively to
increasing soil water only on days with VPD higher than 0.4 KPa.

The controlling role of SWC is highlighted by the fact that increasing solar radiation
or the combined effect of increasing solar radiation and VPD led to enhanced Qs only
at SWC > 20% (Figure 4A,B, Table S2), particularly during the wet period (Radj

2 = 0.557,
p < 0.001), thus when higher soil water availability allowed stomatal water loss in favor
of assimilation. This response points to a limited control of solar radiation on Qs in drier
days as stomatal control aimed at minimizing water losses. A decreased sensitivity of
pines ecophysiological responses to other climatic factors at low soil moisture levels has
previously been reported [56,58]. Tatarinov et al. [56] argued that changes in daily transpi-
ration were strongly dominated by soil moisture availability. Moreover, they determined a
similar threshold of SWC (22%), above which increasing VPD could enhance sap flow, in a
semi-arid Aleppo pine forest. Similarly, Chang et al. [29] observed a positive effect of solar
radiation on sap flow only at higher, compared to lower, soil water content. The importance
of adequate soil water (SWC > 20%) for Qs under both drier and wetter conditions em-
phasizes the role of soil water availability in the studied Aleppo pine forest, possibly due
to limited access to ground water. A compact CaCO3 layer observed at c. 50–150 cm soil
depth at the study site, could potentially prohibit root penetration to greater depths [59].

Despite the complexity of environmental conditions within the forest stand and the
difficulty in establishing firm relationships, there is a coordination of sap flow to climatic
variability, and particularly to soil water availability, in the studied Aleppo pine forest.

5. Conclusions

We determined the radial variability in sap flux density of mature Aleppo pines with
high DBH in a natural forest in northern Greece during two periods with different water
availability. In both study periods, the contribution of outer xylem was the highest. A linear
decline in sap flux density with increasing xylem depth was evident during the dry period.
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In the wet period, sap flux density decreased in 51 mm sapwood depth but remained stable
in inner depth. These patterns of Js radial profile were, with some variations, present in all
seasons of the year. We also estimated that not taking into account the radial variability
of sap flux density when aiming at upscaling to sap flow on a tree level, would lead to an
overestimation of c. 20.2–27.7%, under varying soil water availability. Furthermore, our
results support that temporal variations in the radial profile of Js and in sap flow rates in
the studied Aleppo pine forest are associated with dynamic environmental changes. On
a diurnal basis, VPD was the strongest determinant of sap flux density in all sapwood
depths and in both study periods, pointing to a close stomatal regulation to short-term
changes in evaporative demand, while on a larger temporal scale, SWC controlled the
effects of other environmental parameters. Only when SWC was high enough (>20%) did
sap flow respond positively to increasing solar radiation and VPD, indicating the decisive
role of soil water availability in the studied ecosystem. These findings can broaden our
knowledge on the water balance strategies of Aleppo pine, at its eastern distribution in the
Mediterranean basin, where information is limited to date to regions that are more arid.

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-4
907/12/1/2/s1, Figure S1: Linear relationship between the sapwood depths of the five (5) studied
trees, calculated with the two allometric equations developed from Aleppo pine trees at Pefkochori
and Sani, Chalkidiki, Greece. The shaded band represents the confidence level of the regression fit
at p <0.001, Figure S2: Relationship between the sap flow rates on a sapwood area basis calculated
as weighted means [13,47] (Qs, M) of the 3 sapwood depths and by the Gaussian equation (Qs, G)
of Ford et al. [27] and Martínez–Vilalta et al. [46] for the dry (A) and the wet (B) period, Figure S3:
Relationship between sap flux density (Js) at the three studied sapwood depths and diameter at
breast height (DBH). Symbols represent mean values of Js, averaged per DOY and tree (n = 365),
corresponding to the DBH of the studied Aleppo pines during the two study periods (Dry period:
1 July 2008–30 November 2009; Wet period: 13 April 2018–13 April 2020). The regression line
indicates the significant relationship between Js and DBH which was found only for Js at 51 mm
sapwood depth, Table S1: Multiple stepwise regression analysis of the relationships between the
diurnal variation of sap flux density (Js) at the 3 sapwood depths (21, 51 and 81 mm) and climatic
parameters (vapor pressure deficit-VPD, soil water content-SWC and solar radiation–Rad) during
the different seasons (spring, summer, autumn, winter) of the two study periods (Dry period:
1 July 2008–30 November 2009; Wet period: 13 April 2018–13 April 2020). The adjusted R2 and p
level of each regression model are presented. The models with the highest R2 and significance level
are indicated with bold, while non-significant models are indicated with n.s., Table S2: Multiple
stepwise regression analysis of the relationships between mean weighted sap flow on a sapwood
area basis (Qs) and climatic parameters (vapor pressure deficit-VPD, soil water content-SWC and
solar radiation–Rad) during the two study periods (Dry period: 1 July 2008–30 November 2009; Wet
period: 13 April 2018–13 April 2020). Regression models were tested including all days of each study
period (whole period), only days with VPD > 0.7 KPa or only days with SWC > 20%. The adjusted R2

and p level of each regression model are presented. The models with the highest R2 and significance
level are indicated with bold, while non-significant models are indicated with n.s.
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