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Abstract
An investigation was carried out to compare the water balance of Scots pine in Flanders growing on soils with contrasted water availability.
Based on sap flow measurements transpiration of Scots pine was determined for two small plots on cover sands resting on a clayey substratum of
varying depths (shallow and deep). Soil water content (SWC) was relatively low (0.12–0.21 m3 m-3) in the upper topsoil (0–0.75 m) in both plots.
However, it was always higher in the shallow plot (by 3–27%) than in the deep plot. The difference between SWC in both plots was more
pronounced in the deeper soil layers (0.75–1.5 m). Sap flow was measured in seven sample pine trees on each plot from May to October 2000 using
the heat field deformation (HFD) method. Transpiration of the individual trees in the deep plot was 22% lower than in trees in the shallow plot. The
difference decreased to 15% after scaling up to the stand level due to a higher density of trees growing in the deep plot. It was hypothesized that
higher water uptake in the shallow plot was possibly caused by structural differences between the root systems of trees growing in plots with
variable soil texture. The sapwood in shallow-plot trees was 1 cm less deep than in trees growing in the deep plot (as measured by biometric and sap
flow pattern methods). Sap flow radial patterns suggested a higher involvement of sinker roots for water uptake in the deep clayey substratum plot.
This was in agreement with higher activity of the inner xylem in trees on the deep plot under higher evaporative demands. However, the fraction of
the inner xylem to the whole-tree water supply was nearly three-fold lower than the outer xylem, which appeared to provide water presumably from
the superficial roots. The fraction of these roots, estimated according to sap flow radial patterns, was around 10% higher in trees on the shallow plot.
This caused 30% higher sap flow in the stem outer xylem there. Transpiration of the pine stands was limited under high evaporative demands in both
plots by the low availability of soil water. The limitation was greater in the deep plot and persisted throughout the whole growing season.
# 2007 Elsevier B.V. All rights reserved.
Keywords: Heat field deformation method; Outer and inner sapwood; Radial sap flow pattern; Shallow and deep clay substratum; Single- and multi-point sensors;
Superficial and sinker roots

1. Introduction
The driving force behind plant transpiration is atmospheric
demand, which itself results from the prevailing conditions of
radiation, air temperature, humidity and wind speed. Furthermore, actual values of transpiration are also limited by soil
water availability. Forests are often situated on heterogeneous
soil profiles resulting in differences in soil water content even
over very small areas. Therefore, trees have to develop a rather
wide range of different acclimation mechanisms (rooting
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system, conducting vessels, etc.) to overcome periods of local
water shortage.
Transpiration of large trees is usually the main component of a
forest’s hydrological balance and can be estimated by micrometeorological methods, such as the Bowen ratio or the eddycovariance method, at sites equipped with tall towers or masts
(Hatton and Vertessy, 1990; Kostner et al., 1992; Meiresonne
et al., 2003). The eddy-covariance method, however, is more
suited for forest evapotranspiration than for tree transpiration
estimates. In most forests without special equipment, transpiration estimates based on measurements of sap flow represent a
suitable and widely applicable technology for plant water
balance studies (Swanson, 1994; Loustau et al., 1998).
However, the application of any sap flow method must be
based on a good knowledge of the conducting systems of trees.

Several studies recently confirmed that this mainly concerns the
radial pattern of sap flow, so that sensors can be correctly
positioned and their data can be reasonably scaled up to the
whole tree (Hatton et al., 1990; Cermák et al., 1992; Cermák
and Nadezhdina, 1998; Nadezhdina et al., 2002; Ford et al.,
2004; Delzon et al., 2004). Knowledge of the sap flow radial
pattern is important not only for scaling up, but also for
understanding how different sections of the stem sapwood are
related to different parts of the root system responsible for
water uptake from different soil horizons. Earlier studies
indicated that the sap flow radial pattern in the tree stem or in
large roots reflects vertical root absorbing activity. Several
destructive experiments with roots of broadleaf (Tilia cordata
L.) and coniferous (Pinus sylvestris L., Picea abies (L.) Karst)
trees demonstrated that surface roots were presumably
connected to the outer stem sapwood, while deeper roots
supplied water almost uniformly over most of the sapwood
(Nadezhdina and Cermák, 2000a, 2000b; Nadezhdina et al.,
2006a). The ratio of sap flow in the inner to the outer xylem
increased as drought developed, confirming presumable
interconnections between these parts of the stem conducting
xylem and deep and superficial roots, respectively (Nadezhdina
et al., 2004, 2006b, 2007).
The aims of this study were (i) to quantify radial variation in
sap flow in trees growing under the same environmental
conditions, but with different soil water availability caused by
prevailing soil conditions, and (ii) to use this information to
scale transpiration to the stand level and investigate the
implications of this variation in determining stand water use.

the clay layer below the coversands and linked to this a different
soil water regime due to the deviant presence of the perched
water table. The presence of the clayey substratum occurrence
was estimated using a 10 m x 10 m network of cores. Plot 1
(606 m2; 24 trees) demonstrated a shallow clay substratum at
1.25 m depth, while plot 2 (365 m2; 18 trees) demonstrated a
deep clay substratum at 2.5 m depth and more. According to
that, plots 1 and 2 were classified as ‘‘shallow’’ and ‘‘deep’’,
respectively.
2.2. Forest stand and sample trees

2. Materials and methods

The original climax vegetation (natural forest) in the area
was Querceto-Betuletum (Tack et al., 1993). The experimental
pine stand was 72 years old at the time of the present study,
having been planted in 1929, and the forest inventory data were
collected in spring 1999 for the entire area of the experimental
stand (Xiao et al., 2003). The understory consisted of an
herbaceous layer of a dominant grass (Molinia caerulaea (L.)
Moench, covering approximately 50% of the area) and some
mosses (for example Hypnum cupressiforme (L.) and Polythrichum commune (L.)).
The study was performed during the summer of 2000 from
May to October. Seven sample pine trees were selected at each
plot (shallow and deep) based on their size (diameter at breast
height, DBH) using the technique of quantils of the total
(Cermák and Kucera, 1990; Cermák and Michálek, 1991),
which enables each sampled tree to represent the same portion
of the stand basal area. Forest inventory data for each plot are
presented in Fig. 1 and biometric data of all sample trees are
given in Table 1.

2.1. The experimental site: location, climate and soil

2.3. Sapwood depth estimation

The study was carried out at an experimental site of a Scots
pine (P. sylvestris L.) forest plantation in Brasschaat, Campine
region of the province of Antwerpen, Belgium (51818033 00N and
4831014 00E, altitude 16 m, orientation N.N.E.). This forest is
part of the regional forest ‘De Inslag’ located nearly 15 km
northeast from Antwerpen. The site is almost flat (slope 1.5%)
and belongs to the plateau of the northern lower plain basin of
the Scheldt river. The soil consists of a deep (1.20–2.25 m)
aeolian cover sand layer (Dryas III), resting on a substratum of
Clay of the Campine (>40% of clay) (Tiglian) at variable
depth, between 1.2 m and 2.5 m and more. The soil is somewhat
poorly drained (neither receiving nor shedding water), rarely
saturated, but moist and with rapid hydraulic conductivity for all
horizons (Baeyens et al., 1993; Van Den Berge et al., 1992). A
perched water table is present, at a depth depending on the depth
of the irregular clay substratum. The climate of the Campine
region is moist-subhumid, rainy and mesothermal. Mean (over
28 years) annual and growing season temperatures for the region
are 9.76 8C and 13.72 8C, respectively; precipitation is 767 mm
and 433 mm, respectively; and potential evapotranspiration
values are 670 mm and 619 mm, respectively.
Two small plots, 1 and 2 (75 m apart), were selected in the
experimental stand with soils comprising a different depth of

The forest stand was thinned in late 1999, and although logs
were removed in winter, a number of stumps remained with
visibly differentiated heartwood and sapwood (the wetter
sapwood was stained by algae). We measured xylem radii and
sapwood depths of stumps in four cardinal directions on two
sets of sample trees representing the two above mentioned plots
(n = 8 for each plot). Sapwood depth was also estimated
according to the sap flow radial pattern, measured for each
sample tree from four cardinal points at breast height. The edge
between sapwood and heartwood was identified there as the
point, where the sap flow approached zero.
2.4. Measurement and analysis of sap flow data
The heat field deformation (HFD) method (Nadezhdina
et al., 1998, 2006a; Nadezhdina and Cermák, 2000a; Cermák
et al., 2004) was used to measure sap fl w in the sample
trees. Using this method, a heat field in the tree stem is
generated by a linear heater and its shape continuously
changes in accordance with the rate of moving sap.
Deformation of the heat fi around the linear heater in a
certain tangential section of the stem was characterized by the
ratio of temperature gradients measured around the heater in

Table 1
Stem diameter at breast height (DBH), basal area (Abas), crown projected area
(Acr) and xylem radius (Rxyl) at the two experimental plots
Sample tree numbera

DBH (cm)

Abas (cm2)

Acr (m2)

Rxyl (cm)

Plot 1 (shallow)
S1
S2
S3
S4
S5
S6
S7

35.6
32.0
30.6
29.6
27.4
26.6
29.8

995.4
804.2
735.4
688.1
589.6
555.7
697.5

31.0
23.2
25.3
22.9
25.1
12.5
14.1

15.2
14.2
13.7
12.5
11.8
10.9
13.1

30.2
1.0

723.7
51.2

22.0
2.3

13.1
0.5

33.8
31.8
29.1
27.9
26.5
23.3
27.5

897.3
794.2
665.1
611.4
551.5
426.4
594.0

20.9
19.2
13.6
18.9
14.8
10.3
11.8

14.8
13.9
12.5
12.1
11.8
10.3
12.1

28.6
1.2

648.5
54.7

15.6
1.4

12.5
0.5

Mean
S.E.
Plot 2 (deep)
D1
D2
D3
D4
D5
D6
D7
Mean
S.E.

a
Letters S and D before the tree number denote belonging the sample tree to
the shallow or the deep plots, respectively.

Fig. 1. Forest inventory data (stocking density (a) and basal area (b)) from the
shallow and deep plots in the experimental site of Brasschaat, recalculated for
1 ha.

the axial and tangential direction, which represents the basis
for the sap flow calculation.
Two types of sensors were used for the sap flow
measurements (Nadezhdina et al., 2002): (i) a set of long
multi-point sensors for the determination of the variable flow
pattern along the xylem radius in the tree stem; and (ii) standard
single-point sensors for routine measurements of sap flow
dynamics during the whole growing season. Each sap flow
sensor consisted of two sets of differential thermocouples and a
linear heater. Both the heater and the thermocouples were
housed in stainless steel hypodermic needles with an outer
diameter of 1.2–1.5 mm for the single- and multi-point sensors,
respectively. The needles of the single-point sensor contained
only one thermocouple while the multi-point sensor contained
six thermocouples (10 mm or 16 mm apart) in each needle. The
temperature data (temperature differences) were measured
every minute and recorded as means over 15 min intervals by
data loggers (EMS-12, Unilog & Environmental Measuring
Systems Inc., Brno, Czech Republic).
The radial pattern of sap flow was measured initially from
four to six opposite sides of the stem for each sample tree over a
short-term period (several days per tree). Additionally, sensors
were moved along the stem radius under stable weather
conditions to monitor sap flow at more measuring points along

the xylem radius (Nadezhdina et al., 2007). The sap-conducting
profile of each stem was therefore characterized by a total of 48
measuring points. Once the radial flow pattern was specified,
two single-point sensors were inserted for long-term measurements (May–October 2000) from the opposite stem sides at a
known depth below the cambium corresponding to the
maximum sap flux density. Scaling up from single-point
measurements to sap flow of the whole tree was performed
according to Nadezhdina et al. (2002).
One multi-point sensor was also left in one tree of each plot
(tree #S7: shallow plot and tree #D7: deep plot) for long-term
measurements to determine seasonal variation in different
xylem layers. Sap flow measured by the multi-point sensors was
evaluated separately for the outer (extending 3.5 cm below the
cambium) and the inner stem xylem (rest of the sapwood)
according to inflection points of its radial pattern.
Transpiration of the whole forest stand area was scaled up
from sap flow data for individual trees based on the forest
inventory data according to a procedure previously described
(Cermák and Kucera, 1990; Cermák et al., 2004). The mean daily
sap flow rate of individual sample trees, Qwt (kg day-1), was
related to the basal area, Abas (m2 tree-1 ), and the projected
crown area (m2 tree-1) of the sample trees. Based on the
corresponding regressions, the transpiration of the trees for each
DBH class was derived from the regression with the best fit.
2.5. Separation of the sap flow radial pattern in
accordance with sinker and superficial root activity
The radial patterns of sap flux density in tree stems were
generalized by the curve going through all points (Cermák and

Nadezhdina, 1998). Based on previous analytical experience,
we noticed that these patterns were similar to the records of
instrumental analysis of poorly separated complex mixtures of
chemical substances. Therefore, we applied the same mathematical approach as routinely applied, e.g., in gas-chromatography, to analyze details of the patterns (Novák, 1978). Radial
patterns of sap flux density in stems, qw (g cm-2 h-1),
measured by multi-point sensors were generalized by the
application of two Gaussian curves:
2

2

qw ¼ fa exp½-bðR xyl - cÞ ]g þ fd exp½-eðR xyl - f Þ ]g

(1)

where R xyl is xylem radius (in %) and a, b, c, d, e and f are
constants. The usual statistical procedure of the sum of the least
squares was applied. The use of a combination of simple curves
facilitates the further distribution analysis. The curves, of which
one is positioned close to the cambium (the outer xylem) and
the other close to the heartwood (the inner xylem), enabled the
description of any observed curve asymmetry. Both above
mentioned curves were evaluated separately, assuming the
same standard error, sr. It was hypothesized that different
sapwood layers (the outer and the inner) are presumably
connected with roots growing at different depths.
2.6. Measurements of climatic variables
The forest stand was equipped with a 39 m high meteorological tower. Climatological parameters – global radiation
(CM6B, Kipp and Zonen, The Netherlands), temperature and
relative humidity (DTS-5A, Didcot Instrument Co. Ltd.,
Abingdon, UK), windspeed (DWR-205G, Didcot Instrument

Co. Ltd., Abingdon, UK) and precipitation (DRG-51, Didcot
Instrument Co. Ltd., Abingdon, UK) – were monitored halfhourly at the top of the tower, 18 m above the average canopy
height. An ultrasonic anemometer (Gill Instruments Solent
Research, United Kingdom) measured 3D windspeed (Overloop
and Meiresonne, 1999). Potential evapotranspiration (PET),
defined by the Penman–Monteith equation, was calculated using
the program REF-ET, according to the FAO-Penman method,
with short-cut grass lawn taken as a reference (Doorenbos and
Pruitt, 1977).
Soil moisture content was measured twice-weekly with two
series of TDR-sensors (Time Domain Reflectometry), placed
every 25 cm down to a depth of 150 cm (cabletester: Tektronix
1502B, Redmond, USA). To simplify further analysis, data for
different soil horizons were combined and calculated as a
weighted average in two groups: 0–0.75 m; and 0.75–1.5 m.
3. Results
3.1. Sapwood depth and radial pattern of sap flow in pine
stems
Differences in sapwood depth appeared to be consistent
between both plots (more shallow sapwood in the shallow plot
and deeper sapwood in the deep plot), irrespective of the
orientation around the stem and the applied measurement
technique (Fig. 2). Differences were bigger at the stem base
(stump level at 10 cm above soil) than at breast height.
Radial sap flow patterns measured from different stem sides
were variable in both experimental plots (Fig. 3). Maximum sap

Fig. 2. Sapwood depth from various cardinal points around the stems of trees growing in the shallow and deep experimental plots. Upper panel: stumps of pine trees
from the deep (a) and shallow (b) plots. Lower panel: (c) sapwood depth at breast height (1.3 m, estimated from sap flow density measurements along the tree radii);
and (d) sapwood depth at stump level (10 cm, estimated on the basis of biometric measurements). Each measurement method was applied to different sets of sample
trees. Altogether, eight stumps and seven sap flow sample trees were analyzed at each plot. Columns are means for cardinal points and bars represent corresponding
standard errors. Means for whole plots are shown by arrows.

Fig. 3. Examples of radial sap flow variation in two sample pine trees, measured at breast height from four cardinal sides of the stem in the deep (a and b), and shallow
(c and d) plots.

flux density occurred at a depth of 2–3 cm from the cambium
(80–90% of R xyl) and represents an outer sapwood peak of sap
flow. An additional deep peak of sap flow with a lower
magnitude occurred at a depth of 4–6 cm from the cambium
(60–70% of R xyl). The mean radial pattern calculated from all
trees (and from all sides) showed an approximately 40% higher
amplitude between peak sap flow, but a 1–2 cm narrower
sapwood in the shallow plot when compared with the deep plot
(Fig. 4). The curves fitted exactly through the measuring points,
covering the dominant part of the sapwood radii, with the
exception of the deepest (1–2 cm wide) sapwood layer. A
mathematical curve separation procedure showed that the
fraction of the whole-tree water supply coming through the
inner sapwood layer (corresponding to sinker roots) was
approximately 33% in the deep plot versus 23% in the shallow
plot (see Fig. 4).
3.2. Seasonal dynamics of soil water content (SWC)
SWC was relatively low (0.12–0.21 m3 m-3) in the upper
topsoil (0–0.75 m) in both plots, even from late May,
irrespective of the number of rain events or the amount of
water which came from precipitation. However, SWC in the
shallow plot was always higher (3–27%) than in the deep plot.
The difference between SWC in both plots was more
pronounced in the deeper soil layers (0.75–1.5 m). Mean
SWC stayed almost the same and was approximately 17%
(0–0.75 m) to 36% (0.75–1.5 m) for the shallow roots and 14%
(0–0.75 m) to 23% (0.75–1.5 m) for the deep plots. The same
values were slightly higher in late May and September: around
20% (0–0.75 m) to 37% (0.75–1.5 m) and 17% (0–0.75 m) to
26% (0.75–1.5 m) for the shallow and deep plots, respectively.

Fig. 4. The generalized radial pattern of sap flow from stem sapwood of the
sample pine trees measured with the multi-point HFD sensors in the shallow (a)
and deep (b) plots. An applied mathematical curve separation procedure
indicates approximately the probable involvement of superficial and sinker
roots in the whole-tree water supply (with large natural overlapping). Arrows
indicate the estimated sapwood–heartwood boundary.

High values of sap flow were only interrupted by periods of low
evaporative demand, mainly caused by rain events. The
differences between sap flow in trees #S7 and #D7, calculated
separately for the inner and outer xylem and related to the
potential evapotranspiration (measurements for both of which
were taken at midday) both decreased with increasing PET
(Fig. 5). The decrease was stronger for the outer xylem. The
difference between sap flow in trees #S7 and #D7 was always
positive for the outer xylem; however this difference was often
close to zero or even negative for the inner xylem during high
evaporative demands.
Comparison of the relationship between sap flow in trees
with multi-point sensors (separately for the inner and the outer
xylem) for the whole growing season indicates that there was
always a close linear relationship between sap flow at both
depths (Fig. 6). The total sap flow was consequently higher in
the shallow-plot tree #S7. However, the higher activity of the
Fig. 5. Relationship between potential evapotranspiration (PET) and the difference between sap flow in tree #S7 and tree #D7, standardized by PET.
Midday values were taken for analysis, excluding days, where PET was less
then 0.1 mm h-1, and rainy days. Data were calculated separately for the outer
(black line) and the inner (grey line) sapwood.

3.3. Seasonal dynamics of sap flow in different stem xylem
layers
Maximum seasonal sap flow – measured for the outer and
inner xylem – was relatively stable during the growing season.

Fig. 6. Relationship between sap flow in two pine trees representing the shallow
(tree #S7) and deep (tree #D7) plots, taken separately for the outer (a) and the
inner (b) stem sapwood for the whole growing season of the year 2000. Period
for August is shown by black symbols.

Fig. 7. Relationship between mean sap flow scaled up to tree level from singlepoint measurements and sap flow measured in the outer sapwood by multi-point
sensors in each experimental plot (a). Relationship between the daily transpirations in different plots: (b) mean data of seven sample trees; and (c) the scaledup transpiration to the stand level.

inner sapwood of tree #D7 was observed under high flow rates
in a period with high evaporative demands and low SWC. Two
different branches are quite visible in the relationship between
sap flow measured in the inner xylem of trees in the shallow and
deep plots (Fig. 6b).
3.4. Transpiration in comparison with PET
Sap flow in the sample trees on both plots, measured by the
single-point sensors and scaled up to the whole tree level, was
highly correlated with flow in the experimental trees measured by
the multi-point sensors (Fig. 7a). Flow in the outer sapwood
represented about 77% of the total flow. Daily transpiration
(mean of all sample trees) in both plots was also highly (r2 =
0.99) and linearly correlated (Fig. 7b). It was consistently lower
in the deep plot over the whole growing season by approximately
22%. The difference between transpiration in both plots was
lower (15%) when considering stand-level data (Fig. 7c).
Mean sap flow standardized by PET was linearly correlated
with soil water content with clear separation between both plots

(Fig. 8a). Mean sap flow in both plots was non-linearly related
to PET, demonstrating a substantial limitation of transpiration
under high evaporative demands (Fig. 8a). Differences in
transpiration between the two plots (with lower values for the
deep plot) were pronounced under high flows and negligible
under low flows.
4. Discussion
4.1. Structural peculiarity of stem conducting xylem and
sap flow radial patterns
Fractions of the stem xylem on the stumps and those
estimated through measurements of the radial patterns of sap
flow at breast height were very similar, even though they were
measured at a difference in height of approximately 1.1 m, at
different sample sets and using different methods.
Sapwood depth estimated according to different water
content in young and old trees in mid-Sweden was reported at
60% and 50% of the xylem radius in pine (Kravka et al., 1999).
Compared to this, pine in Brasschaat had slightly deeper
sapwood in the deep plot. Even if potential sapwood in all
studied trees was relatively deep (from 55% to 70% of R xyl), the
most important part of the active sapwood was rather narrow
(around 30% of R xyl).
Sapwood and sap flow in the lower stem part usually better
characterizes root properties and is often equalized within
stems below the crown; when measured higher on the stem it
better reflects crown properties (Cermák and Kucera, 1990).
Therefore, the results presented here might indirectly indicate
larger differences between the root systems of the two plots,
rather than in the crowns.
A large radial variation of flows was reported in the studies
by Swanson (1971), Cermák et al. (1984, 1992), Granier et al.
(1994), Phillips et al. (1996), Zang et al. (1996), Cermák and
Nadezhdina (1998), Lu et al. (2000), Jimenez et al. (2000),
Wullschleger and King (2000), Fernandez et al. (2001). A
single-peak radial pattern of sap flow was reported to occur
around the middle sapwood in pine and young spruce
(Swanson, 1967; Cermák et al., 1992). Most of the radial flow
patterns in our study were clearly asymmetrical; two distinctive
peaks occurred after curve separation. Similarly, as shown
earlier for trees of the same stand (Nadezhdina et al., 2002), the
position of the maximum sap flow in the pine trees showed a
higher variation in the outer sapwood layers, while much less
variation in the flow was observed in the deeper sapwood
layers. The depth of sapwood, where the peak sap flow was
recorded, was similar to the data reported by Mark and Crews
(1973) in two Pinus contorta trees, where it was found at
24 mm in the conducting xylem.
4.2. The root–stem sapwood interconnections and
functionality of stem xylem

Fig. 8. Relationship between the mean daily sap flow for seven sample trees
standardized by PET and soil water content in the shallow (black) and the deep
(grey) plots (a). Relationship between the mean daily sap flow for seven sample
trees in the shallow (black) and the deep (grey) plots and potential evapotranspiration (b).

Trees evidently adjust their root systems in response to
different soil conditions to allow for variable functioning during
drought. In the dryer (deep) plot, water supply through inner

xylem increased more progressively with increasing evaporative demands when compared to the shallow plot. This
corresponds to the possible larger involvement of sinker roots in
the whole-tree water uptake in the deep plot. As this plot is
always dryer than the shallow plot, we would expect a higher
activity of the sinker roots there. Thus, different functioning of
the inner and the outer stem xylem in sap flow radial patterns
characterizes peculiarities of vertical water uptake without
opening the root system. Changes in the sap flow radial pattern
over time or through soil drying have been reported in previous
studies by Swanson (1967), Lassoie et al. (1977), Phillips et al.
(1996), Cermák and Nadezhdina (1998) and Nadezhdina et al.
(2002). The main part of the absorbing roots occurred in the
surface soil layers (Green and Clothier, 1998; Senock and
Leuschner, 1999; Janssens et al., 1999; Jackson et al., 2000).
Water from these roots is mostly moving to the canopy through
the outer stem xylem (Nadezhdina and Cermák, 2000b, 2000c,
2003; Nadezhdina et al., 2004, 2006b, 2007).
Estimates of the root distribution are very difficult to obtain
in large living trees under normal field conditions. Therefore,
even those results obtained by approximate indirect methods
are useful, especially if they can be combined with other results.
Application of the mathematical curve separation procedure to
the generalized sap flow radial pattern allows for an estimate of
the percentage of possible involvement of superficial and sinker
roots in the whole-tree water supply (of course, with a naturally
large overlap). This type of approach indicates that most water
(67–77%) may come through the outer sapwood layers and the
involvement of sinker roots in the water uptake should be
higher in the plot with the deep clayey substratum. Such a
phenomenon of root–stem sapwood interconnections may
represent a useful tool for indirect estimation of the functional
rooting zone of trees without root opening.
4.3. Evidence for transpiration
Low SWC in the upper topsoil (<0.75 m) in both plots
occurred due to the high hydraulic permeability of the cover
sands. However, the more shallow level of the clayey
substratum in the shallow plot leads to a higher SWC at
depths of 75–150 cm. Thus, the spatial heterogeneity in the
position of the underlying clay leads to plot-specific differences
in water-holding capacities and water uptake in both plots.
The lower water availability in the deep plot caused lower
transpiration rates, slightly differing at the tree and stand levels.
The slightly different slopes of the two presented regressions
indicated that the lower individual tree transpiration in the deep
plot was partially (by approximately 7%) compensated for by a
higher stocking density. Single-point sensors installed at the
depth of maximum flow (preliminarily estimated by measurements with multi-point sensors) reflected the behaviour of the
outer xylem, which was similar to that observed from records of
multi-point sensors in both plots. The low SWC in both plots,
maintained in the topsoil during the whole growing season due
to sandy soil, evidently lead to a limitation of the sap flow under
high evaporative demands. The differences between sap flow in
both parts of the sapwood (outer and inner) in tree #S7 and tree

#D7, related to PET, decreased in line with increasing PET,
indicating a similar response of trees to severely limiting
environmental conditions. However, the relative increase of sap
flow in the inner xylem was occurred in the dryer plot. The
seasonal differences in sap flow activity across the sapwood
profiles of the sample trees growing in plots with different soil
water content may indicate differences in functionality of tree
root systems there. Further investigation of the long-term
connection of the hydraulic functioning of stem sapwood layers
with direct measurements of root activity may help to
determine whether monitoring the sap flow radial pattern can
be used for indirect estimations of absorbing activities of
different parts of root systems.
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