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Abstract: This study aims to examine interactions between tree characteristics, sap flow,
and environmental variables in an open Pinus brutia (Ten.) forest with shallow soil. We examined
radial and azimuthal variations of sap flux density (Jp), and also investigated the occurrence of
hydraulic redistribution mechanisms, quantified nocturnal tree transpiration, and analyzed the
total water use of P. brutia trees during a three-year period. Sap flow and soil moisture sensors
were installed onto and around eight trees, situated in the foothills of the Troodos Mountains,
Cyprus. Radial observations showed a linear decrease of sap flux densities with increasing sapwood
depth. Azimuthal differences were found to be statistically insignificant. Reverse sap flow was
observed during low vapor pressure deficit (VPD) and negative air temperatures. Nocturnal
sap flow was about 18% of the total sap flow. Rainfall was 507 mm in 2015, 359 mm in 2016,
and 220 mm in 2017. Transpiration was 53%, 30%, and 75%, respectively, of the rainfall in those years,
and was affected by the distribution of the rainfall. The trees showed an immediate response to
rainfall events, but also exploited the fractured bedrock. The transpiration and soil moisture levels
over the three hydrologically contrasting years showed that P. brutia is well-adapted to semi-arid
Mediterranean conditions.
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1. Introduction

Rainfall and soil moisture are generally the main limiting factors for tree transpiration in semi-arid
regions. It is of great importance to acquire knowledge about plant strategies and mechanisms to cope
with drought and other environmental constraints, especially considering our changing climate [1].
Investigations of the movement and dynamics of sap through trees are important for advancing
scientific knowledge about plants’ hydraulic functioning and growth under different spatio-temporal
environmental conditions [2,3].

Sap flow instruments are widely used for the estimation of whole-plant water use and
transpiration [3–5]. The accuracy of sap flow measurements and the upscaling of these to the
whole-plant water use relies on the knowledge of species-specific physiological characteristics, as
well as on information of radial and circumferential patterns of sap velocity [6–8]. Most sap flow
studies assume that the tree stem and sapwood are perfectly circular in cross-section, but in reality
trees are rarely entirely circular [9]. The spatial configuration of the sapwood affects tree hydraulic
properties and environmental adaptation [10]. The relationship between sap flux density and sapwood
depths can be linear [6,11], exponential [4], or variable, depending on temporal or environmental
changes [12,13]. Loustau et al. [14] found that the variability of sap flux density of Pinus pinaster
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with respect to azimuth was higher at the base of the trunk than immediately beneath the live crown,
as a result of the anisotropic distribution of the sapwood. Based on studies done in south-western
France, Delzon et al. [11] reported low azimuthal variability of sap flux density for these same species,
and concluded that the variability in sap flux density radial profiles with respect to the azimuth
can be neglected when estimating whole-tree sap flow under the live canopy. In their study on
dry-season sap flow measurements in an oak in semi-arid open woodland in Spain, Reyes Acosta
and Lubczynski [4] showed that sap flux density on the northern, southern, and eastern azimuths
contributed to ~90% of the average daily sap flux density, both in the Quercus ilex and Quercus pyrenaica
species. Considerable azimuthal variations of sap flux density with inconsistent patterns of seasonal
changes among individual trees were reported for a Japanese cedar (Cryptomeria japonica) forest in
Taiwan [15]. Ford et al. [13] and Shinohara et al. [16] noted that large errors in computing tree water
use or transpiration can occur by not accounting for the radial and azimuthal variations of sap flux
density. In contrast, Tseng et al. [15] found that the overall error in annual transpiration estimates in
their Japanese cedar forest was less than 10%.

Nocturnal sap flow has been traditionally regarded as insignificant (or zero) [17,18], which has
led to the underestimation of total sap flow. Nocturnal sap flow has now been documented on various
plant species and in different environments [17–22]. It is known that vapor pressure deficit, soil
moisture, air temperature, and wind speed can be important drivers of nocturnal sap flow [18,20],
but more regional and species-specific studies are needed to determine its cause and evolutionary
significance [17].

Mediterranean plant species have developed various mechanisms for drought adaptation [23,24].
To cover the tree’s transpiration needs, tree roots may extend laterally into open areas beyond the
canopy perimeter [25,26] and/or vertically into groundwater resources [27,28]. Growing evidence
from many species show that trees can substantially influence the soil water budget by redistributing
water between different soil horizons or locations [29,30]. Richards and Caldwell [31] found that water
would transport from roots in deeper soil layers with higher soil moisture, to roots in shallow soil
layers with lower soil moisture. They named this process, “hydraulic lift”. Burgess et al. [32] observed
the downwards water transport from the taproot of trees when the surface soil layers were wetter than
the deeper layers. They introduced the name “hydraulic redistribution” to describe both the above
processes. Nadezhdina et al. [29] presented evidence for four different types of hydraulic redistribution
in trees: (i) Upward and downward redistribution of water through roots at different depths (different
water potentials); (ii) horizontal redistribution of water in soil through roots; (iii) downward water
movement through stems, from a wet canopy due to rainfall interception, fog, or high relative humidity
to soil; and (iv) downward water movement through stems and roots from water stored in tree tissues
to soil during a drought or frosty conditions. They concluded that hydraulic redistribution was
a continuous process in trees, such that trees could constantly adapt to the varying distribution of
water. However, some of these cases of hydraulic redistribution, such as where there is foliar uptake
and tissue dehydration, have scarcely been reported in the literature [29].

Trees play an important role in regulating fluxes of atmospheric moisture and rainfall patterns
over land [33]. Environmental factors, such as air temperature, solar radiation, vapor pressure deficit,
and soil water conditions greatly affect tree transpiration [34,35]. In water-limited environments,
rainfall pulses can trigger a cascade of physiological responses in plants [35,36]. Large rainfall events
can effectively supply soil moisture and improve soil water availability, leading to a sap response
in stems after the rainfall [37]. The knowledge of the relationship between soil water dynamics and
tree water use is critical for understanding forest response to environmental change in water-limited
ecosystems [38] and is fundamental for hydrologic modelling [39]. These dynamics become even more
complex when part of the water is supplied by fractured, rain-fed bedrock [30,40,41].

Pinus brutia (Ten.) trees, which are the focus of this study, covers a wide area in the eastern
Mediterranean—from Greece to the eastern Crimea, Turkey, Georgia, northern Iraq, western Syria,
Lebanon, and Cyprus [42]. P. brutia are a light-demanding, fast-growing, and drought-resistant tree
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species, with a deep rooting system enabling it to grow in areas with a mean annual rainfall as low
as 350 mm [43,44]. Ongoing climate change is expected to further stress the ecosystems in these
environments, as precipitation rates have been projected to decrease while temperatures increase [45].
Eliades et al. [46] developed an evapotranspiration partitioning method for an open P. brutia forest.
They found that tree water uptake extends beyond the canopy area, and that the bedrock fractures
contributed 77% (2015 wet) and 66% (2016 dry) to tree transpiration. However, no other studies on the
water use and performance of P. brutia trees under low rainfall conditions have been documented in
the scientific literature.

This study investigates ecohydrological processes of the P. brutia species in a sloping topography
with very shallow soils on fractured bedrock, which is a water-limited environment with a mean
annual rainfall (1980–2010) of 425 mm [47]. The main goal of this study was to examine the water
use of P. brutia under different environmental conditions over the period of three consecutive years
(2015–2017). The specific objectives of this study were: (i) to develop a relation between the stem
diameter at breast height and sapwood area; (ii) to examine radial and azimuthal variations in sap
flux densities; (iii) to investigate the occurrence of hydraulic redistribution mechanisms; and (iv) to
examine the daily and nocturnal transpiration of P. brutia during a three-year period.

2. Materials and Methods

2.1. Site Description

Our study was conducted from 29 December 2014, to 31 December 2017, within a fenced stand
of P. brutia forest, on the northern foothills of the Troodos Mountains in Cyprus, at an elevation of
~620 meters above sea level (Figure 1). P. brutia formed a pure stand within the fenced area with
a density of 200 trees per hectare. The site had a mean slope of 25 degrees and had a northern exposure.
The soil was loamy with an average depth of 14 cm, and there were several spots with rock outcrops.

Meteorological data from an automatic meteorological station located in an open area within
the study site were provided by the Department of Forests of Cyprus. Rainfall was measured with
a tipping bucket rain gauge of 0.1 mm resolution, at a height of 1 m above ground surface. Air
temperature and relative air humidity were measured at a height of 2 m. Solar radiation was measured
by a pyranometer (W m−2), at a height of 2 m, and wind speed was measured with a three-cup
anemometer at a height of 10 m.
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Figure 1. Study site with monitored trees (TM1–TM12), soil moisture sensors, and the location of the
study site on the island of Cyprus.

2.2. Selection of Trees for Sap Flow Measurements

Eight trees were selected for monitoring, based on their diameter at breast height (DBH). The DBH
represented the growing state of the trees and was able to be easily and accurately measured in field
conditions [4]. We measured the circumference of 122 trees within the fenced area with a measuring
tape, and computed the DBH of each tree by dividing its circumference with π. Similar to the method
adopted by Reyes Acosta and Lubczynski [4], we calculated a histogram based on the trees’ DBH
values, with 10 cm intervals, to guide the selection of the trees. We selected: (i) Two trees from the
10–20 cm DBH class, which made up 30% of the 122 trees in the stand; (ii) two trees from the 20–30 cm
class, which made up 44% of the 122 trees; and (iii) four trees from the 30–40 cm DBH class, which
made up 21% of the 122 trees in the stand. We selected a higher number of trees from the 30–40 cm
DBH class, because the larger trees were expected to have higher azimuthal, radial, and between-tree
variation in sap flow [11]. The DBH classes of 0–10 cm and >40 cm together represented less than 5%
of the forest stand, so no trees from these two classes were selected for sap flow monitoring. The eight
trees were located in the western part of the fenced area. These trees are referred to as TM1, TM2, TM3,
TM4, TM5, TM6, TM7, and TM8 (Appendix A, Figure A1). The biometrics of the trees are presented
in Table 1.
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Table 1. Biometrics of the eight P. brutia trees selected for sap flow monitoring (after Eliades et al., [46]).

Parameter TM1 TM2 TM3 TM4 TM5 TM6 TM7 TM8

Diameter at BH * (cm) 36.1 35.2 36.6 37.2 13.4 24.7 22.8 15.3
Sapwood depth (cm) 11 12 10 10 5.7 7 7 6

Bark thickness average (cm) 4 3.3 4.5 3.7 1 3 2 1
Tree height (m) 16 16 14.5 15 7.5 14.5 13.4 14

Canopy-projected area (m2) 35.5 20.7 39.5 31.1 12.4 16.4 20.1 9.9

Note: * Breast Height.

We measured the length of the longest branches in the eight cardinal and inter-cardinal directions
for each selected tree, and also measured the length of the longest branches in the four cardinal
directions for the remaining 37 trees in the western site of the fenced area. We used these data to
estimate the canopy-projected areas of all 45 trees located in the western site of the fenced area using
the triangulation method in ArcGIS®. Tree height was measured with an analogue height meter,
and bark thickness was measured using a 5 cm-long bark gauge (Haglöf, Sweeden). The sapwood
depth measurement is described in Section 2.3.

2.3. Relation between Sapwood and DBH

We measured the sapwood depth of 45 trees within the stand by taking tree core samples (at 1.6 m
height) with an increment borer (Haglöf, Sweeden). The increment borer was 350 mm long and had
a core diameter of 5.15 mm. The core samples were taken from the northwest to northeast site of the
trunk, depending on the presence of cut stems or wounding. For the eight monitored trees, the core
samples allowed for the measurement of sapwood depth at the diametrically opposite site of the sap
flow sensor because of the considerable length of the increment borer (350 mm). We applied indicator
dye (methyl orange and methyl blue) to the augured cores and determined the sapwood depth by
the difference in colour between the sapwood and heartwood area on both sites, which is a method
similar to previous studies [4,8,48–50]. Like Keyimu et al. [34], we developed a power relation between
the DBH and the sapwood area of the P. brutia trees. We used a log transform of the variables to test
the statistical significance of a non-zero slope of the linear regression equation with a t-test. We also
took core samples and measured the sapwood depth of the four azimuthal directions of three trees
to evaluate the sapwood depth variability along the trunk’s perimeter (see Supplementary Material,
Figure S1).

2.4. Sap Flow

We used four sap flow Heat Ratio Method (HRM) instruments [51] (ICT international, Armidale,
Australia) to determine sap flux densities of the TM2, TM4, TM6, and TM7 trees for the period from
1 October 2015, to 31 December 2017. We installed four more HRM instruments to monitor the sap
flux densities of trees TM1, TM3, TM5, and TM8, from 20 October 2015, to 31 December 2017. Burgess
et al. [51] referred to the HRM-measured variable as “sap velocity” (cm h−1)—however, following
Fuchs et al. [49], Steppe et al. [52], and Vandegehuchte and Steppe [53], we have chosen to use the
term, “sap flux density” (Jp) (cm3 cm−2 h−1). The sensors contained one heater and two temperature
probes, positioned upstream and downstream of the heater. Each probe contained two thermistors that
were positioned exactly at 7.5 and 22.5 mm from the tip of the measurement probes. These sensors,
unlike the continuous heat methods that measure sap flow, were based on the fundamental heat
conduction–convection equation presented by Marshall [54], and were further improved by Burgess et
al. [51] in order to measure low and reverse flows. The temperature rise recorded by the probes, after
the release of a pulse of heat, was converted to heat pulse velocity (Vh) and computed as follows:

Vh =
k
x
·ln

(
v1

v2

)
·3600 (1)
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where k is the thermal diffusivity of the fresh wood (cm2 s−1); x is the distance between the heater and
the measurement needles (0.5 cm); and v1 and v2 are the differences between the initial temperature
(◦C) at the two thermocouples (downstream and upstream flow of the heater, respectively) and the
temperature measured after a heat pulse was released. The thermal diffusivity k was computed after
determining the thermal properties of sapwood, according to the procedures of Vandegehuchte and
Steppe [53].

The installation procedure, computations, and corrections for natural thermal gradients, wound,
and misalignment of the needles were conducted according to the method adopted by Burgess et
al. [32,51] and Vandegehuchte et al. [55]. The probe misalignment was associated with the zero-flow
adjustment which is crucial for the accuracy of the Jp measurements [51]. We used a drill guide to
minimize probe misalignment. The direct determination of zero flows is usually done using destructive
methods, such as by cutting the stem of the tree [7]. However, zero sap flow can alternatively be
determined in periods when there is no biophysical driving force, during the night where vapor
pressure deficit is at the lowest and during periods of substantial rainfall (soil moisture is at field
capacity) [7,56]. We selected such periods of no biophysical driving force from the long-term data
series to determine the zero flows (Supplementary Material, Figure S2). The Jp was then calculated
according to the method by Burgess et al. [51] by using the Sap Flow Tool software [50], as follows:

Jp =
vh pb(cw + mccs)

pscs
(2)

where cs and cw refer to the specific heat capacities of sap (4182 J kg−1) [57] and wood (1200 J kg−1) [58],
respectively, and ps is the sap density (1000 kg m−3); pb is the basic density of sapwood (kg m−3),
and mc is the water content of sapwood (kg kg−1). We measured the volume and the fresh and
oven-dried weight of augured sapwood samples for the computation of pb and mc (Supplementary
Material, Table S2).

The HRM instruments have a resolution of 0.01 cm h−1 and an accuracy of 0.5 cm h−1, thus we
discarded all observations between −0.5 and 0.5 cm h−1. The measurement interval of all HRM sensors
was set to 1 h. All eight sensors were installed at breast height (1.3 m) facing north. We measured the
wound width after the removal of the sensors and entered this into the correction algorithm in the Sap
Flow Tool software [50]. Wounding was 0.20 cm in all trees. We reinstalled the sensors after observing
noise in the data, which indicated increasing wound effects [50]. The dates of the sensor reinstallations
are presented in the Supplementary Material, Table S3. For the conversion of Jp to sap flow, we defined
the thermocouple positions as the midpoints of two concentric rings of the sapwood area (Ax) (0–15
and 15–30 mm sapwood depths). We multiplied the Jp by the sapwood area of each concentric ring.
For trees with sapwood depth greater than 30 mm, we assumed that Jp declined linearly with sapwood
depth, such that Jp became zero in the heartwood [59]. We conducted Heat Field Deformation (HFD)
measurements at sapwood depths between 2 to 9 cm (8 observation points) to verify this assumption
(see Section 2.5).

2.5. Radial Variability of Sap Flow

The radial variability of Jp was measured at 10 mm intervals between 20 and 90 mm with a Heat
Field Deformation (HFD) sensor [60] (ICT international, Australia) at the northern side of TM1, between
November 2015 and April 2016. Short-term HFD measurements on four other trees within the study
area were conducted between March and April 2018. We refer to these trees as TM9 (DBH = 31.2 cm),
TM10 (DBH = 33.7 cm), TM11 (DBH = 25.5 cm), and TM12 (DBH = 29.3 cm). The measurement interval
of the HFD was 15 min. We used the average values of Jp of each tree at each depth interval to examine
the relationship between sapwood depth and Jp. We tested the statistical significance of the regression
slopes with a t-test.
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2.6. Azimuthal Variability of Sap Flow

We measured the Jp with HRM sensors on both the northern and southern sides of TM6 and TM7
between January 2015 and August 2015. We selected these trees for long-term monitoring because they
were neighboring, and thus would be able to give more information on the influential factors of the
north and south variability. Also, these trees were of similar size and represented the DBH class with
the highest number of trees (see Section 2.2). During July and August 2017, we measured Jp at the
four azimuthal directions of the four big trees (see Section 3.4); TM1, TM2, TM3, and TM4. Hourly
values with missing data were excluded from the computations. We tested the statistical significance
of the difference between the north and any other azimuth with a t-test for serially-correlated data by
adjusting the test statistic with the lag-1 autocorrelation [61]. The null hypothesis (Ho) was that the
difference between the means of different azimuths would be zero, while the alternative hypothesis
(Ha) was that the difference between the means would not be zero. The significance level was set to
5% (α = 0.05).

2.7. Soil Water Content

Eighteen soil moisture and temperature sensors (5TM, Decagon Devices, Pullman, WA, USA) were
installed at 12 cm depth near TM2, TM4, TM6, and TM7 in November 2014 (Figure 1). We installed
the sensors 1 and 2 m north and south of the tree stem, if soil was present, to capture the effects of
shading and of the strong north–south slope. One sensor was installed 3 m south of TM2 and another
sensor 1 m west of TM6. Yet another sensor was installed at 30 cm depth, 2 m north of tree TM7 where
soil depth was greater than 24 cm. The accuracies of these sensors were ±3% of the volumetric water
content and ±1 ◦C of the soil temperature. The sensors were connected to four Em50G wireless cellular
data loggers (Decagon Devices, USA). The measurement interval for all soil moisture sensors was
1 h. A 2-factor variance analysis showed no statistically significant effect of the tree or the location
of the sensor relative to the tree on the average soil moisture [46]. Therefore, we used the average
soil moisture content (θ) of the 17 sensors at 12 cm depth for the analysis of soil moisture stress on
transpiration. We used the average of two water potential sensors (Teros 21, Meter Group), placed
at 12 cm soil depth, and the average volumetric soil moisture content of the 17 sensors to define the
field capacity and wilting point. We used the common soil physical definition of −33 kPa for field
capacity and −1500 kPa for wilting point. The observed average soil moisture content was 20% at
field capacity (θfc) and 13% at wilting point (θwp). After 13% the change in soil moisture content was
very slow and most likely dominated by evaporation through the thick mulch layer of pine needles.
However, the trees did not wilt because they took up water from the fractured bedrock. We refer to
soil moisture conditions below wilting point as soil moisture depletion.

2.8. Hydraulic Redistribution

The reverse flows (negative sap flow) measured by the sap flow sensors (see Section 2.4) were
used as an indication of hydraulic redistribution. To further explore the occurrence of hydraulic
redistribution, we installed two additional HRM sensors onto the roots of tree TM1—one at the east
root and another at the west root, from 20 October 2015, to 3 July 2017. We examined hourly data
where reverse sap flow occurred and compared them with meteorological parameters.

2.9. Daily and Nocturnal Transpiration

Transpiration (T) of each individual tree (mm) was computed by dividing sap flow by the
corresponding ground area of the tree, estimated by Voronoi (Thiesen) polygons [46]. The average
transpiration of all trees was computed as the area-weighted transpiration of the eight monitored trees.
We identified and summed up total nocturnal sap flow (Qn) for all hours between the computed sunset
and sunrise hours. Nocturnal sap flow is the result of two processes: stem refilling (Re) and nocturnal
transpiration (Tn) [18,56,62]. Similarly to Fisher et al. [18], we applied the “forecasted refilling” method
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to separate the two processes. We assumed that stem filling would take place under declining sap
flow and VPD only. For these conditions, the first two hourly nighttime sap flow observations were
assumed to be stem-filling, and the slope (dT/dt) between these points was linearly extrapolated
forward to zero. The area above the extrapolated line is identified as Tn and that below the curve is
stem-refilling (Supplementary Material, Figure S3) [56]. We applied linear regressions between hourly
sap flow at different sensors, in order to fill in any missing hourly data for the quantification of sap
flow of all monitored trees.

3. Results and Discussion

3.1. Environmental Conditions

The daily rainfall (P), average daily temperature, and average daily relative humidity for the
period between 1 January 2015, and 31 December 2017, is presented in Figure 2. Total rainfall was
507.2 mm in 2015, 358.8 mm in 2016, and 220.3 mm in 2017. The highest daily rainfall of 45.2 mm was
recorded on 8 October 2015. The lowest average monthly minimum daily temperature was 3.9 ◦C
in January 2015, and the highest average monthly maximum was 29.3 ◦C in July 2017. There were
three days where the temperatures remained below zero (8–9 January 2015, and 19 February 2015).
The lowest recorded absolute temperature was −7.7 ◦C on 9 January 2015, and the highest absolute
temperature was 42.4 ◦C on 2 July 2017. The total reference evapotranspiration was 1277 mm in 2015,
1480 mm in 2016, and 1413 mm in 2017.Water 2018, 10, x FOR PEER REVIEW  8 of 20 
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3.2. Sapwood Area and DBH

The relationship between sapwood area and DBH is presented in Figure 3. The sapwood area of
the 45 P. brutia trees and the DBH values were well-fitted by a power function (Ax = 1.325 * DBH1.774,
r2 = 0.989, p < 0.001). Observations showed very little difference in the depth of the sapwood cores taken
from the four azimuthal directions of the trunk (Supplementary Material, Table S1). A similar power
relation between sapwood area and DBH (Ax = 1.452 * DBH1.553) was found by Keyimu et al. [34], for
Populus euphratica trees in an arid climate, at the lower reaches of the Tarim River in China. Our results
show a larger increase in sapwood area with increasing DBH for P. brutia compared to the relations for
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Populus euphratica. Contrastingly, in a study about the relation between sapwood area and other tree
parameters of the Mediterranean conifers Cedrus libani, Güney [63] found a linear relation between
sapwood area and DBH.
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Figure 3. Sapwood area (cm2) vs. diameter at breast height (cm) for 45 P. brutia trees.

3.3. Radial Variations of Sap Flux Density

The 6-month HFD observations for TM1 show a linear decrease of the mean Jp with sapwood
depth (r2 = 0.99, p < 0.001) (Figure 4). The mean Jp of the other four trees show similar linear relations
(r2 = 0.89–0.97, p < 0.001). Small discrepancies were observed in TM11 and TM12, which had the
highest Jp values at the 4 cm sapwood depth. The slightly steeper slopes of TM11 and TM12 could
be expected because of their smaller DBHs (25 cm for TM11, 29 cm for TM12), relative to the 33 cm
average DBH of the other three trees.

A near-linear decrease of Jp with sapwood depth was also observed in Pinus halepensis trees in
Israel by Cohen et al. [6], while Liphschitz and Mendel [64] found that P. brutia and P. halepensis species
had similar radial growth responses. According to Fuchs et al. [49], HFD is a valid tool for studying
radial flux patterns, but for quantification of sap flow at low and medium Jp (<30 cm3 cm−2 h−1),
highest accuracies are achieved with the HRM method. Other studies also reported higher sap flux
accuracies with the HRM than with other sap flow methods [53,65].
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Figure 4. Average sap flux density (Jp) (cm3 cm−2 h−1) observed with the Heat Field Deformation
method vs. the sapwood depth (cm) of five P. brutia trees. The total number (N) of the 15-min
measurements per tree was: TM1 (N = 8703), TM9 (N = 588), TM10 (N = 498), TM11 (N = 1291), TM12
(N = 665).

3.4. Azimuthal Variations of Sap Flux Density

The monthly averages of the hourly Jp of the HRM sensors on the north (Jp-N) and south (Jp-S) of
TM6 and TM7 trees are presented in Figure 5. The difference in sap flow between these two neighboring
trees is most likely due to the much smaller open area and thus smaller soil moisture reservoir around
TM6: 19.2 m2 versus 46.5 m2 for TM7 (Section 3.6), whereas their DBHs are nearly the same (Table 1).
The differences between Jp-N and Jp-S are not constant over time and differ between trees. During the
wet winter months, Jp-N is higher than Jp-S in TM7, while it is the opposite for TM6. In May, the situation
reversed, with Jp-N lower than Jp-S in TM7, and Jp-N higher than Jp-S in TM6. The southern site of TM7
had a larger open area and deeper soils and, due to its location on the steep northern-facing slope
(see Figure 1), was more exposed to solar radiation than any other azimuth of the TM6 and TM7 trees.
However, the difference between the north and south Jp of both trees was not statistically significant
(p = 0.57 for TM6, p = 0.18 for TM7). Seasonal changes in Jp at different azimuths have been found to
be related to the seasonal variation in the proportion of the tree crown exposed to solar radiation [59].
In addition, Lu et al. [66], who applied localized irrigation treatments to mango trees, concluded that
azimuthal variations could be the result of uneven distribution in soil moisture.
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The Jp of the different azimuths for all trees are presented in Table 2. There was no pattern
between the values of Jp and the different azimuths. Similar to our study, Cohen et al. [6] also found
inconsistent relations between the Jp at different azimuths around the trunks of six forest species and
three fruit trees in a Mediterranean climate. For all four trees (TM1–TM4) the Jp of the three azimuths
were not significantly different from the Jp of the north-facing sensors, and the p-values were between
0.10 (TM2 Jp-N Jp-E) and 0.97 (TM4 Jp-N Jp-w), except for the east-facing sensor of the TM3 tree (p = 0.004).
Even though the observations of this sensor were significantly different from the north facing sensor,
the difference in the average sap flux density of the two sensors was just 5%. Moreover, comparing the
average Jp-N with the average Jp of all four sensors, we found no significant differences (p = 0.430–0.880).
The sap flux densities of our north-facing sensors were, on average, only 0.8% lower than the average
sap flux densities of all four azimuth sensors. Thus, the Jp-N is used for all following results.

Table 2. Tree name, measurement period, number of hourly measurements (N), and the average sap
flux densities (cm3 cm−2 h−1) of the north- (Jp-N), south- (Jp-S), east- (Jp-E), and west- (Jp-W) facing sap
flow sensors and the coefficient of variation (CV).

Tree Period N Jp-N Jp-S Jp-E Jp-W CV

TM1 01/08/2017–07/08/2017 154 1.30 1.31 1.32 1.31 0.28
TM2 18/07/2017–24/07/2017 156 1.53 1.52 1.65 1.49 0.21
TM3 08/08/2017–14/08/2017 155 2.60 2.53 2.74 * 2.57 0.16
TM4 25/07/2017–31/07/2017 156 0.85 0.88 0.86 0.84 0.19
TM6 29/12/2014–13/08/2015 5262 4.22 4.41
TM7 15/01/2015–13/08/2015 4703 8.46 8.71

Note: * Tree TM3’s average Jp-E differed significantly from the average Jp-N (p-value = 0.004).

The coefficient of variation of the four azimuths ranged between 0.16 (TM3) and 0.28 (TM1).
In their study about the spatial sap flow and xylem anatomical characteristics in olive trees (Spain),
Lopez-Bernal et al. [67] reported higher azimuthal variability (CV = 0.54). Tseng et al. [15] also reported
higher azimuthal variations (CV = 0.16–0.93) for Cryptomeria japonica trees in Taiwan.



Water 2018, 10, 1039 12 of 21

3.5. Hydraulic Redistribution

The number of hourly reverse flow observations and the fractions of the reverse flows under
different environmental conditions of the eight trees for the period between 20 October 2015,
and 31 December 2017, are presented in Table 3. Reverse flows were, on average, less than 1%
for both the total number of the total hourly sap flow observations and the total volumetric sap
flow. The majority of the reverse flows occurred at night and during low VPD (Table 3). Total
reverse flows ranged between −2 L (TM6) and −43 L (TM7) for the period between 20 October 2015,
and 31 December 2017.

Table 3. Total number of reverse flow observations (N) and the fractions of the reverse flows under
different environmental conditions, i.e., temperature (T) below 0 ◦C, nighttime, vapor pressure deficit
(VPD) below 1 kPa and rainfall (P) above 0 mm, of the eight trees for the period between 20 October
2015, and 31 December 2017 (19,295 hourly observations).

Tree N (hours) T (◦C) Day-Night VPD (kPa) P (mm)

(<0) (Night) (<1) (>0)

TM1 116 0.60 0.69 0.91 0.12
TM2 96 0.75 0.76 0.99 0.13
TM3 110 0.66 0.76 1.00 0.12
TM4 118 0.62 0.77 0.97 0.18
TM5 108 0.65 0.78 1.00 0.11
TM6 33 0.85 0.76 0.94 0.12
TM7 132 0.40 0.83 0.91 0.31
TM8 109 0.67 0.76 1.00 0.12

Average 103 0.62 0.77 0.96 0.16

The lowest hourly absolute values of reverse flows for TM1 (−382.6 cm3 h−1), TM2
(−680.9 cm3 h−1), and TM3 (−1051.7 cm3 h−1) were observed on 27 January 2017, at 19:00 and
ranged between −137.8 cm3 h−1 (TM8) and −1051.7 cm3 h−1 (TM3). The lowest hourly absolute
values of reverse flows for TM4 (−465.2 cm3 h−1), TM6 (−317.1 cm3 h−1), and TM7 (−1420.1 cm3 h−1)
were observed on 9 January 2015, at 04:00 (Figure 6). The lowest hourly observed value for TM5
(−215.8 cm3 h−1) and TM8 (−190.1 cm3 h−1) were observed on 25 January 2016, at 21:00. The absolute
temperatures during these dates were −1.3 ◦C, −6.3 ◦C, and −2.3 ◦C, respectively. The results
show that the highest absolute reverse flows occurred during negative temperatures without rainfall
and with VPD higher than 0.1 kPa (Figure 6). Nadezhdina et al. [29] called this case of hydraulic
redistribution, “frost-based reversal”. Their study on the sap flow of Douglas fir trees showed
that reverse flows occurred during the night at below-zero temperatures. They concluded that
this hydraulic redistribution mechanism may be a survival strategy of plants to avoid freezing.
During the study period, reverse sap flow peaked at 8.9% of the maximum daily transpiration rates.
Burgess et al. [68] reported a lower percentage (5–7%) in their study about the foliar uptake of the
species Sequoia sempervirens. A higher percentage (25%) has been reported by Eller et al. [69] for the
cloud forest species Drimys brasiliensis, though their study was conducted in a glasshouse. Finally,
Li et al. [70] in their study on temperate continent-arid climates in China, reported that the reversal
rates of sap flow of the species Tamarix ramosissima peaked at 10.7% of maximum transpiration rates.
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Sap flow on the roots of TM1 (east and west) showed a similar pattern to the sap flow measured
on the trunk of this tree (Figure 6). However, there were cases where reverse flows occurred only
in one root, or only at the tree trunk. 13% of the 116 reverse flow observations for the TM1 trunk
occurred without any reverse flow observations on the TM1 roots. However, 32% of the 121 reverse
flow observations on the eastern root occurred without any reverse flow observations on the western
root and tree trunk. Similarly, 23% of the 130 reverse flow observations on the western root occurred
without any reverse flow observations on the eastern root and tree trunk. Of the total number of reverse
flow observations for the TM1 trunk, 16% occurred at the same time as the reverse flow observations
on the western root, 1% with reverse flow observations on the eastern root, and 70% with reverse flow
observations on both roots. The lowest observed values for the trunk (−383 cm3 h−1) and for the east
root (−164 cm3 h−1) were recorded on 27 January 2017. The lowest observed value for the west root
(−113 cm3 h−1) was recorded on 25 January 2016 (Figure 6). Reverse flow was recorded on these days
for the other trees too. The results indicated water movement from the trunk to the roots of the tree,
and possibly the release of water to the soil. The occurrence of reverse flow observations in the roots
could be an indication of the heterogeneous soil water conditions of the area [71].

3.6. Long-Term Daytime and Nocturnal Tree Transpiration

The linear relations between Jp of the north-facing sap flow sensors showed high correlations
(r = 0.89–0.97) for the common period between 20 October 2015, and 31 December 2017, which
justified the use of regression equations for filling in missing data. The total annual transpiration
and percentages of nocturnal transpiration and stem refilling of the eight trees for the period
between 1 January 2015, and 31 December 2017, is presented in Table 4. On average, stem
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refilling (Re) and nocturnal transpiration (Tn) were 3% and 15% of the total sap flow, respectively.
Alvarado-Barrientos et al. [62] reported that the percentage of stem refilling to the total nocturnal
sap flow for the species Quercus lancifolia, Alchornea latifolia, Alnus jorullensis, and Pinus pinula ranged
between 21–25%, 6%, 5%, and 21–23%, respectively. A stem refilling percentage of 80% was reported
by Yu et al. [56] for Populus euphratica trees in a hyper-arid environment in China.

Table 4. Tree ground area, total annual transpiration (T) of the eight trees, the area-weighted average
(AWA) transpiration, the percentages of nocturnal transpiration (Tn), and the percentage of stem
refilling (Re), for the period between 1 January 2015, and 31 December 2017.

Parameter Year TM1 TM2 TM3 TM4 TM6 TM7 TM5 TM8 AWA

Area (m2) 46.2 34.1 79.9 42.6 19.2 46.5 28.4 18.8 39.4
T (mm) 2015 211 * 284 372 * 321 302 309 124 * 207 * 266
T (mm) 2016 66 139 152 134 139 123 31 70 107
T (mm) 2017 113 215 192 191 249 203 65 99 166
Tn (%) 2015 14.2 15.0 14.9 13.6 12.6 16.2 17.0 13.8 14.9
Tn (%) 2016 12.1 13.6 10.5 14.6 8.1 16.9 14.3 10.0 13.2
Tn (%) 2017 16.5 18.2 12.4 19.6 13.4 27.3 18.1 11.5 18.2
Re (%) 2015 2.7 3.0 2.8 2.8 2.3 3.4 2.6 2.6 2.8
Re (%) 2016 4.0 3.5 3.6 3.9 2.6 4.7 3.2 3.2 3.8
Re (%) 2017 2.1 2.3 2.0 1.8 1.7 2.5 1.5 2.0 2.3

Note: * Values for 1 January–20 October 2015, extrapolated from linear regression relations with TM2, TM4, TM6,
and TM7.

The vapor pressure deficit (VPD), daily rainfall (P), daytime transpiration (Td), nocturnal sap flow
(Qn) and soil moisture (θ) for the years 2015, 2016, and 2017 are presented in Figure 7. The results show
a seasonal pattern of transpiration. Even though rainfall was significantly lower in 2017 than in 2016,
transpiration was higher (Table 5). This is due to the temporal distribution of rainfall and soil moisture
during the year and the rain in the preceding fall months, which could recharge the fractured bedrock.
Detailed water balance computations, based on throughfall, sap flow, and soil moisture observations,
have shown that the trees at the site draw water from the bedrock fractures [46].

High levels of rain and soil moisture in January–March (winter) 2015 most likely recharged the
bedrock fractures, resulting in high transpiration in April–June (spring) 2015. Transpiration reached the
maximum record of 1.8 mm/d on 20 April. Between October and December (fall) 2015, we observed
an intermediate period, where two high rainfall events—45.2 mm on 8 October 2015, and 19 mm on
26 October 2015, provided sufficient levels of soil moisture, leading to high transpiration rates. Even
though we had high rainfall during this period, soil moisture did not exceed field capacity. A decrease
in soil moisture and transpiration was observed. During winter 2016, soil moisture and transpiration
were much lower than in winter 2015. The lowest observed T/P ratio was 0.10 in fall 2016. This period
was characterized by a large number of days below wilting point at the beginning (60 days). However,
during the last 15 days of the year, significant rainfall events (88 mm) kept soil moisture above field
capacity. Rain in winter 2017 was the lowest in all three years. However, transpiration during the
cool January–February months was fairly similar for all three years: 50.3 mm (2015), 41.4 m (2016),
and 39.1 mm (2017). Differences became more pronounced in March, where transpiration showed
the same pattern as the average soil moisture: 41.5 mm and 22% in 2015, 15.8 mm and 14% in 2016,
and 29.4 mm and 18% in 2017. More days exceeded the field capacity in winter 2017 than in winter
2016, and we observed higher levels of transpiration in spring and summer 2017 than during those
seasons in 2016.
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Table 5. Rainfall (P), the ratio of transpiration to rainfall (T/P), the number of days with soil moisture
above field capacity (θfc) and below wilting point (θwp) and average soil moisture (θ), per season and
per year.

Parameter Year Jan–Mar Apr–Jun Jul–Sep Oct–Dec Annual

P (mm) 2015 288 38.4 7.6 173.2 507.2
P (mm) 2016 135.6 38 17 168.2 358.8
P (mm) 2017 121 39.3 0 60 220.3
T (mm) 2015 91.8 100.5 29.8 44.4 266.4
T (mm) 2016 57.1 23.4 9.8 16.4 106.7
T (mm) 2017 68.5 63.0 21.6 12.8 165.9

T/P 2015 0.32 2.62 3.92 0.26 0.53
T/P 2016 0.42 0.61 0.58 0.10 0.30
T/P 2017 0.57 1.60 - 0.21 0.75

θfc (days) 2015 81 5 0 0 86
θfc (days) 2016 13 0 0 17 30
θfc (days) 2017 59 2 0 0 61
θwp (days) 2015 0 15 92 15 122
θwp (days) 2016 0 73 92 60 225
θwp (days) 2017 0 46 92 92 230

θ (%) 2015 23.6 15.2 10.4 14.4 15.8
θ (%) 2016 16.6 12.2 10.0 14.4 13.3
θ (%) 2017 21.2 13.7 10.2 10.2 13.8
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Nocturnal sap flow (Qn) occurred during the wet season when soil moisture was above the θwp, 
while during the dry season, nocturnal transpiration was close or equal to zero (Figure 7). Total 
nocturnal sap flow (Qn) in our study was, on average, 18% of the total transpiration. Nocturnal sap 
flow has been found among many species and climatic regions across the world [17]. In his review 

Figure 7. Daytime (Td) and nocturnal transpiration (Qn) average of all eight trees; daily rainfall (P),
vapor pressure deficit (VPD), and soil moisture (θ) for the years 2015 (grey shaded area), 2016 (light
orange), and 2017 (light green).

Nocturnal sap flow (Qn) occurred during the wet season when soil moisture was above the θwp,
while during the dry season, nocturnal transpiration was close or equal to zero (Figure 7). Total
nocturnal sap flow (Qn) in our study was, on average, 18% of the total transpiration. Nocturnal sap
flow has been found among many species and climatic regions across the world [17]. In his review
paper, Forster [17] estimated that nocturnal sap flow for the Mediterranean regions was about 11% of
the daily sap flow. However, in contrast to our study, they found that higher levels of nocturnal sap
flow occurred during the dry period than the wet period. Liu et al. [72] reported similar seasonality of
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nocturnal sap flow as found in our study. According to these authors, the reason for this seasonality is
because the nighttime period during spring and autumn is longer than in summer, meaning there is
more time for nocturnal sap flow to accumulate.

The seasonality of transpiration we found in our study is typical for most Mediterranean
tree species [23,24]. The average annual transpiration in our study site for the three-year period
was 180 mm. Yaseef et al. [73] found an average annual transpiration of 129 mm for eight trees
during a four-year period (2003–2007) in a Pinus halepensis forest in Israel, which was a semi-arid
Mediterranean environment (average annual rainfall 285 mm). Brito et al. [74] measured the sap
flow of 10 trees in a Pinus canariensis forest from March–September, and found there was a total
transpiration of 60 mm in 2008 (annual rainfall 369 mm) and 140 mm in 2009 (annual rainfall
275 mm). For the same period, we found transpiration rates of 172 mm in 2015, 49 mm in 2016,
and 114 mm in 2017. According to Brito et al. [74], Pinus canariensis are able to survive and grow in the
semi-arid Canary islands due to their ability to tap water accumulated from rainfall in the cold and
wet seasons from the deeper soil layers, which covers their transpiration needs during the dry summer
period [74,75]. Thus, they concluded that the effect of drought on tree water status was primarily
related to wet season precipitation, rather than to the dry summers. In our case, rainfall during the
period of November–April was 41% lower in 2016 (219.4) than in 2015 (371.4 mm). The bedrock water
was probably completely depleted in October 2016, as the transpiration rates measured then were
almost zero.

4. Conclusions

In this study, we examined the Jp of eight P. brutia trees in various environmental conditions.
The radial measurements of sap flux densities showed a linear decrease with sapwood depth. We found
that the differences between sap flux density measurements at different azimuths differed between trees
and with time. For only one of the 12 azimuthal pairs of observations the sap flow at the north-facing
sensor was significantly different from the sap flow at the non-north-facing sensor (p = 0.004). However,
the sap flow at the north-facing sensor was just 5% lower than that at the non-north-facing sensor.
The sap flux density at the north-facing sensors was, on average, only 0.8% lower than the average sap
flux densities of all four azimuths.

We discovered that P. brutia trees hydraulically redistributed water under specific meteorological
conditions. We observed reverse flows in both the stems and the roots during low VPD and rainfall,
which is an indication that water was transferred from the tree to the roots and eventually to the soil
layer, a process referred to as “foliar water uptake”. Reverse flows were also observed during negative
temperatures in the absence of rainfall, indicating that P. brutia trees have a frost-avoidant mechanism.

The transpiration of P. brutia varied from year to year, as they rely both on the amount and
temporal distribution of rainfall. The number of days with soil moisture above field capacity during
the winter leads to higher levels of transpiration during the months in spring, due to bedrock water
recharge. Low transpiration levels indicate that relatively more water is lost to evaporation over the
dry years. There are prolonged periods of soil moisture depletion where P. brutia rely on bedrock water
for their transpiration needs. There was an immediate increase of P. brutia sap flow after rainfall events.
Nocturnal tree transpiration made a significant contribution (15%) to the overall transpiration and
occurred during the wet period when soil moisture was above wilting point.

Further research is needed to improve our understanding of the multi-year transpiration and
growth dynamics of P. brutia, and their responses and water uptake during prolonged periods
of drought.
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Figure A1. Heat ratio method (HRM) sap flow sensors installed on P. brutia trees TM2, TM3, TM4, 
and TM5; trees and heat field deformation (HFD) sap flow sensor on tree TM11. 
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