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Abstract

In this paper a review of two sap flow methods for measuring the transpiration in vineyards is presented. The ob-
jective of this work is to examine the potential of detecting transpiration in trees in response to environmental
stresses, particularly the high concentration of ozone (O,) in troposphere. The methods described are the stem heat
balance and the thermal dissipation probe; advantages and disadvantages of each method are detailed. Applications
of both techniques are shown, in two large commercial vineyards in Southern Italy (Apulia and Sicily), submitted
to semi-arid climate. Sap flow techniques allow to measure transpiration at plant scale and an upscaling procedure
is necessary to calculate the transpiration at the whole stand level. Here a general technique to link the value of
transpiration at plant level to the canopy value is presented, based on experimental relationships between transpi-
ration and biometric characteristics of the trees. In both vineyards transpiration measured by sap flow methods com-
pares well with evapotranspiration measured by micrometeorological techniques at canopy scale. Moreover soil
evaporation component has been quantified. In conclusion, comments about the suitability of the sap flow meth-
ods for studying the interactions between trees and ozone are given.

Key-words: transpiration, sap flow, stem heat balance, thermal dissipation probe, upscaling.

1. Introduction Forlani et al., 2005; Fagnano and Merola, 2007;
Bou Jaoude et al., 2008a; 2008b).

Few researches on O, exchange have been
carried out in orchards, since measurements of
energy and mass exchanges in these discontin-
uous crops by micrometeorological techniques
are quite complex (Arya, 2001), particularly in
Mediterranean region, where the trees are sub-
mitted to arid and semi-arid climates (Rana and

The research on the exchange of trace gases be-
tween cropped surfaces and the atmosphere is
a priority, due to the rapid increase in the last
decades of the concentration of these minority
atmosphere compounds, caused by human ac-
tivities. In particular, the increase of ozone (O,)
concentration in troposphere, mostly in the sur-
face layer of air, is a priority issue to be deep-

ened, mainly with respect to its effects on plant
health (e.g. Sandermann, 1996). Plants in
Mediterranean environments are prone to O,
injury; in fact Southern Europe is affected by
high O, concentration (Fagnano, 1995; Ferretti
et al., 2006) and detailed analysis of how and
when agricultural crops interact with O, have
recently been published for semi-arid Mediter-
ranean environments (Postiglione et al., 2000;

Katerji, 2000). Mitic et al. (1999) measured the
O, flux over a grape canopy by eddy covariance
technique, showing that, under atmospheric un-
stable conditions, turbulent structures simulta-
neously transport CO,, H,O, ozone and heat,
and that under stable conditions the interpreta-
tion of results is much more complex.
Vineyards are one of the most important
crops in the Mediterranean basin and are con-
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sidered sensible to high O, concentration levels
(Shertz et al., 1980; Weinstein, 1984; Fumagalli
et al., 2001). Soja et al. (1997) demonstrated that
grapevine grown in Austria reduced its yield and
sugar content in grapes when submitted to high
O; concentration levels.

The atmospheric O, has phytotoxical effects
on plants, dependent on the stomatal uptake
and the amount of molecular diffusion of ozone
into the inner tissues of the leaves. Therefore
stomatal regulation and O, concentration above
the crop play a major role (Musselman and
Massman, 1999). In particular, Grantz et al.
(1995) analysed the stomatal and non-stomatal
ozone deposition in grapevines grown in San
Joaquin Valley of California; they concluded
that canopy conductance to water vapour may
be used effectively to predict ozone deposition
to physiologically active vegetated surfaces.

Measurements of canopy conductance can
therefore provide acceptable estimates of con-
ductance for ozone. Water vapour conductance
at canopy level can be inferred from measure-
ments at leaf level, but many representative
measurements are required and continuous
monitoring is not normally possible. Quite re-
cently, techniques for measuring sap flow have
been applied for measuring transpiration in or-
chards (Green et al., 1989; Tognetti et al., 2004;
Nadezhdina et al., 2007; Fernandez et al., 2007).
These techniques allow continuous monitoring
of whole-plant transpiration, and it is now pos-
sible to obtain continuous measurements of
canopy water vapour conductance from whole-
plant sap flow and micrometeorological vari-
ables. Canopy conductance has been successful-
ly derived by means of sap flow measurements
in grapevines by Lu et al. (2003) and in poplar
trees by Zhang et al. (1997), among others.

Sap flow technique could therefore be
promising and suitable for specific studies on O,
exchange between trees and the atmosphere
(Wieser et al., 2003). Moreover, combining ed-
dy covariance and sap flow techniques allows to
separate the evaporative water loss of the plant
to that of the soil. This is a step forward in dis-
tinguishing “stomatal flux” component of the
“surface flux” (as defined by Musselman et al.,
2006) of ozone deposition in orchards.

In the present paper a description of two sap
flow techniques is given and the results of their
application to vineyards are shown, including an
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example of procedure to upscale the fluxes from
organ to plant and to field scale.

2. Sap flow techniques, upscaling and experi-
mental applications

Sap flow is closely linked to plant transpiration
and can be calculated by methods that use heat
energy as a tracer. Few applications of sap flow
measurements are available in vineyards: the
techniques used are mainly (i) Granier’s Ther-
mal Dissipation Probes (TDP) (Braun and
Schmid, 1999; Lu et al., 2003) and (ii) Stem Heat
Balance technique (SHB) (Trambouze et al.,
1998; De Lorenzi et al., 2002). An application of
heat pulse technique to vines is shown e.g. in
Yunusa et al. (2004).

Here theory and application of SHB and
TDP methods are described in detail, also re-
ferring to the experimental work carried out in
vineyards by the authors.

2.1 The Stem Heat Balance method (SHB)

This method has been first introduced by Saku-
ratani (1981). A constant heat is supplied to the
stem of the plant, and the balance can be writ-
ten:

0,=0,+0,+0, ey

where Q, (W) is a steady, known amount of heat
applied to a segment of the stem. The heat in-
put is balanced by heat fluxes out of the seg-
ment: conduction along the stem (Q,, W) and
outward through the gauge (Q,, W), convection
in the transpiration stream (Q;, W). Conductive
fluxes are estimated from thermal conductivities
— known or measured — and temperature gradi-
ents measured by thermocouples placed against
the stem. Subtraction of the conductive fluxes
from the known heat input yields the convec-
tion term Q, O, is divided by the heat capacity
of sap (c,,J g' K') and by the temperature gra-
dient across the heater (AT, K) to calculate the
mass flow rate of the sap (F,,, g s™):

9, (2)
c, AT

w

SHB —

Some assumptions are implicit in the rela-
tionships described by eq. (1) and (2): (i) the
temperature gradients measured at the stem
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surface are representative of the gradients in the
whole stem section (Sakuratani, 1981); (ii) heat
storage in the stem is negligible in relation to
the heat applied, therefore steady state condi-
tions exist within the stem segment (Grime et
al., 1995). The heat storage term is thus omitted
on the right side of eq. (1); (iii) the term AT is
solely a consequence of the heat applied to the
stem through the heater, i.e. the ambient does
not create temperature gradients within the
thermocouples’ area (Gutierrez et al., 1994).

These conditions are assumed to be met by
Baker and van Bavel (1987) and many other au-
thors that used the SHB technique. However,
some published studies describe inaccuracies in
the SHB measurements, and explain them by
the inapplicability of one or more of the above
mentioned assumptions. For instance, the math-
ematical analysis of Baker and Nieber (1989) in-
dicates, at high flows, an alteration of the tem-
perature distribution in the stem and gauge. As
a consequence temperatures measured at stem
surface may not represent the thermal gradients
of the heated volume. Grime et al. (1995) show
the advantage of including the heat storage term
in sap flow measurements, especially at low flow
rates. Gutierrez et al. (1994) detect stem tem-
perature differentials across the heater even in
the absence of power applied. Therefore, any
application of the SHB technique should inves-
tigate if these critical assumptions are met.

In spite of the wide use of SHB technique,
the accuracy of the method is still a matter of
discussion. Most published studies report a rel-
ative error of about +10%; although some ex-
perimental researches (e.g. Cohen et al., 1993)
indicate varying results, in dependence of the
species and of the experimental conditions. The
most comprehensive study on the performance
of the SHB technique has been conducted by
Kjelgaard et al. (1997). Their statistical analysis
tests SHB gauges with three field crops and re-
sults show relative error ranging from +5.6% to
+17.6%.

2.2 The Thermal Dissipation Probe method
(TDP)

This method was first introduced by Granier
(1985). The TDP technique measures the dif-
ference in temperature (AT) between a heated
upper needle and a lower reference needle
when placed in the conducting xylem of a

woody stem. Using a regulated, known power
input, the stem is constantly heated up to a ther-
mic level approximately 15 °C above air tem-
perature. As sap flows past the two needles, the
lower reference needle records the reference
sap temperature and the upper heated needle is
cooled. If rapid sap flow occurs the difference
in temperature between the two needles is low
as the heat input from the upper needle is be-
ing quickly dissipated. When sap flow is low or
close to zero a maximum difference in temper-
ature (AT, ) is recorded because heat is no
longer dissipated by convection.

Granier’s equation then uses the measured
AT and AT, . values to calculate sap velocity,
and a dimensionless “flow index” (K) is calcu-
lated from the measured temperature difference
and the maximum value, occurring at zero flow
rate, as:

j— AY—;TlaX _AT 3
AT ®)

Granier established an empirical relation be-
tween the value of K and the actual sap flow
density (F,, g m?s"), using trunk sections of 40-
50 mm in diameter; the exponential relation did
not differ significantly within a number of com-
mon tree species and reads:

K

F,=118.99 K'*! (4)

The sap flux density has to be extrapolated
to the whole cross-sectional area of the sapwood
(active water-conducting xylem), therefore total
sap flow of the tree (F,,, g s?) is calculated as
the product of F, and the area of the cross-sec-
tion of the sapwood at the level of heated probe
(A, m?):

Frpp = F; A,, 5)

Since determination of AT, is fundamental
for the calculation of F,,,, precautions must be
taken in its evaluation. In fact, although AT,
can theoretically be defined as AT at F =0, that
usually occurs predawn, many factors prevent
the occurrence of the zero flow rate (Lu et al.,
2004). Among these factors the most important
are: 1) the night-time water movement for new
growth, ii) slow restoration of the tree’s inter-
nal water storage during prolonged drought
(Goldstein et al., 1998) typical of the Mediter-
ranean region, iii) water loss from the canopy
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due to high vapour pressure deficit and high
wind speed (Snyder et al., 2003). Non-zero flow
during the night affects the determination of the
sap flow by underestimating the true AT, _re-
quired in the calculation of the sap flux, thus
underestimating F,. Furthermore, according to
Granier (1987), AT, . should be determined
separately for each sensor because it is a com-
pound result of the specific probe-tree system.

TDP estimates of water use have usually
compared well with estimates from other sap
flow techniques (Kostner et al., 1998) or inde-
pendent micrometeorological methods (Granier
et al. 1996). In potted vines Braun and Schmid
(1999) measured a maximum relative error of
+10% for daily sap flow values. The detailed de-
scription of the sensors used for the application
of both techniques here presented can be found,

e.g., in Smith and Allen (1996).

2.3 The upscaling of transpiration in vineyards

For determining transpiration (7)) at the stand
level sap flow measurements have to be scaled
up within trees, and from the plant to the field
scale. This is possible only if the canopy struc-
ture, the frequency distribution and the spatial
variability of the biometric plants’ parameters
(e.g. branch and stem diameter, leaf area, sap-
wood area, tree domain) are accurately known.
For uniform stands scaling up can be based on
simple biometric parameters analysis.

In trees, SHB measurements can be taken in
a series of branches (Zhang et al., 1997; Rana
et al., 2005); in fact, the assumption implied in
the SHB method are more easily met in small-
er structures, like branches, than in trunks. Ap-
plication of biometric parameters available at
the branch and entire tree level is a prerequi-
site for this approach. In the present paper, it
will be shown how, in vineyards, transpiration
determined in shoots can be extended to the
whole plant by means of leaf area (De Lorenzi
et al., 2002). Similarly, transpiration rate calcu-
lated per unit leaf area has been used in scal-
ing up sap flow data from plant to stand level
by means of leaf area estimates (Zhang et al.,
1997).

We have previously described how, in TDP
method, flux density at the probe level is inte-
grated to the whole water conductive area. The
use of eq. (5) implies that measurements of flux
density with Granier probes account for the ra-
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dial variation of F, and, when a single probe per
tree is used, circumferential variations are not
substantial. Lu (1997) and Clearwater et al.
(1999) showed that the estimates of sap veloci-
ty from Granier probes were relatively insensi-
tive to moderate radial variation in F, in conif-
erous and diffuse-porous trees. We can assume
that, in the rather uniform ring-porous structure
of xylem in grapevine (Schoch et al., 2004), F,
has a quite even radial pattern and the error in
its estimate is small. Moreover, no circumferen-
tial variations can be assumed in vines, owing to
the small stem size, and usually only one set of
TDP sensors is installed on each trunk (Lu et
al., 2003).

In vineyards, scaling up from plants to stand
can be done by means of simple procedures:
Trambouze et al. (1998) estimated field transpi-
ration from mean transpiration of the sampled
plants and the stand density. We applied the
same method in both studies presented in this

paper.

2.4 Application of sap flow techniques in two ex-
perimental sites

The sap flow techniques previously described
(Stem Heat Balance and Thermal Dissipation
Probe) were applied in two vineyards, growing
in Mediterranean environments. The experi-
ments were carried out at two sites and tran-
spiration measurements were tested against
evapotranspiration measurements as detailed in
the following.

2.4.1. Experimental application — Stem Heat Bal-
ance. The study (De Lorenzi et al., 2002) was
carried out in a 20 hectares vineyard in South-
ern Italy (Adelfia-Bari, 41° N, 17° 54’ E), in a
site with a semi-arid climate. Vines (cv. Italia)
were trained with the overhead system, and the
experiment was conducted in six days, when the
vines were at veraison. The crop was irrigated
the first day of experiment and the soil water
content, as measured by the gravimetric
method, decreased constantly over the experi-
mental period (data not shown). Actual evapo-
transpiration (E7,,) was measured by the
Bowen Ratio/Energy Balance method (see
Rana and Katerji, 2000). Temperature and hu-
midity gradients were measured at 2.8 and 3.8
m above the ground; the fetch was over 300 m
in all directions. All the measurements were
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recorded every 10 s and their 12-minute aver-
ages were stored in a data logger (CR10, Camp-
bell Sci., UK). At the start of the measurement
period six vines were selected and one shoot per
vine was fitted with sap flow gauges (models
SGB10 and SGB13, Dynamax Inc., USA),
placed at the base of the shoot. Continuous sap
flow measurements were recorded (every 10 s)
and stored (12-minute averages) through the six
days. At the end of the measurement period, the
gauged shoots were harvested and leaf area was
measured with a leaf area meter (LI 3100, LI-
COR, USA), allowing the calculation of the
mean area per leaf (4,,, m*) and of total leaf
area for each shoot (A, . m?). The basal di-
ameter of each sampled shoot was also record-
ed and the shoots have been grouped in two
classes according to diameter. A further sample
of four vines was randomly selected, and the
leaf area of the plant (4, m’) was estimated
by A,,,,and plant leaf number. Average leaf area
of the four sample vines was 11.2 m?, and cor-
responding leaf area index 2.1.

The determination of area-average transpi-
ration is described in the following. The average
daily sap flow of the six shoots was computed
(T,,.» kg day') and, assuming that sap flow is
proportional to leaf area, daily transpiration at
plant level (7,,,, kg day') was estimated by
means of T, . the average leaf area of the
gauged shoots (A, ), and the plant leaf area
(A m?):

shoot

plant>

_ T A plant

o (6)

shoot

T

plant

Through eq. (6) the daily plant transpiration
of each sampled vine has been calculated. The
average T, of the four vines was then used to
determine daily transpiration at field scale
(T, mm day™), taking into account plant spac-
ing:

1

T field = T plant r (7)
plant
where S, (m?) is the land surface area theo-

retically set to a plant.

2.4.2 Experimental application — Thermal Dissi-
pation Probe. The study here presented was per-
formed in a 2.5 ha winemaking vineyard, in a
site with typical Mediterranean climate in
Marsala (37°67°N, 12°65’E; Sicily Region, South-

ern Italy) during spring and summer 2007. The
vineyard was trained on “alberello” (bush vines)
system. Three vines (cv Syrah) were equipped
with TDP probes (UP GmbH, Germany), con-
nected to a data logger (CR10X, Campbell Sci,
UK). Measurements were taken every 10 s, av-
eraged and stored at 15 min intervals. Meteo-
rological variables were measured by a standard
agrometeorological station placed in the farm,
50 m away from the experimental field.
Evapotranspiration at stand level has been
measured by means of the eddy covariance
(EC) technique. The tri-axial sonic anemometer
measurements (USA-1, METEK, Germany), to-
gether with the fast analyser data of water
vapour concentration (LI-Cor 7500, USA), were
continuously recorded at a frequency 10 Hz by
a dedicated personal computer. Evapotranspi-
ration (ET) values at hourly interval were cal-
culated by a special resident software (Mete-
oflux, Servizi-Territorio, Milan, Italy). The EC
variables were measured at 1 m height above
the crop, in the centre of the experimental plot,
and fetch length was adequate in all directions.

3. Performance of the sap flow techniques and
discussion

In the following sap flow measurements are
shown in shoots and plants, moreover the per-
formances of the techniques are evaluated by
comparison of sap flow data, scaled up to the
field level, with evapotranspiration measure-
ments by micrometeorological methods.

In the table grapes vineyard (overhead train-
ing, Apulia) the evapotranspiration was mea-
sured by the Bowen ratio method, while in the
winemaking vineyard (“alberello” training, Sici-
ly) evapotranspiration was measured by the ed-
dy covariance method.

3.1 Stem Heat Balance — Table grapes vineyard

Figures 1a and 1b show averaged flow rates on
21 and 24 July. The sap flow measurements are
relative to two groups of shoots, having differ-
ent basal diameter (13 and 11 mm). The con-
sistent differences in sap flow rates between the
two groups correspond to the ranking of their
measured leaf areas. Figures 1c and 1d show, in
the same two days, the sap flow rates per unit
leaf area: flow rate of each shoot has been nor-
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Figure 1. a) and b): diurnal courses of averaged sap flow
rates, of two classes of shoots grouped according to their
basal diameter for two summer days, bars indicate SE
(n = 2 and n = 4, respectively, in the 13 and 11 mm shoot
diameter classes); ¢) and d) sap flow rates calculated per
unit leaf area, in the same two days.

malised by its leaf area (A, ), and the aver-
ages within groups have been calculated. The
time series overlie one another almost exactly,
showing that the differences in sap flow be-
tween the two groups are much smaller when
flow rate is calculated per unit leaf area.

These results suggest that eq. (6) can provide
reliable estimates of plant transpiration, and can
be used, together with eq. (7), to estimate tran-
spiration at field level. The trend in daily area-
average transpiration is shown in figure 2, for
the 6-days period. Evaporative demand of the
atmosphere (ET,) was very constant in the pe-
riod (ET, = 6.4avg = 0.1sd mm day'). Area-av-
erage transpiration (7,,,) has a decreasing
trend, in agreement with decreasing soil water
availability; transpiration values vary from 4.7
mm day! at the beginning of the period (21 Ju-
ly) to 3.5 mm day! on 26 July. Actual evapo-
transpiration (ET,,), measured by the Bowen
Ratio, is also reported in the figure; the trend
of transpiration is very similar to the one of
evapotranspiration. Soil evaporation, calculated
as the difference between ET,, and T, is
around 1 mm day’, i.e. approximately 18% of
actual evapotranspiration.
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Figure 2. Daily values of transpiration measured by sap flow
method at stand level, after scaling up, for 6 successive days
during summer, and actual evapotranspiration measured by
Bowen ratio.

3.2 Thermal Dissipation Probe — Winemaking
vineyard

Figure 3 shows the hourly course of AT in two
plants, of wind speed and air vapour pressure
deficit in four days. Maximum temperature dif-
ference between the probes is reached at night,
whereas, during the day, convective cooling
caused by sap flow determines a reduction of
AT. During the nights of the second and third
day (DOY 259, 260) the course of AT, is not
regular due to the influence of unusual high

AT plant 1
————— AT plant2

- , PSS
1
|

wind speed (m/s)
(ed) ada

258 259 260 261 262
DOY

Figure 3. Hourly courses of AT measured by the TDP
method in two plants, together with the wind speed and air
vapour pressure deficit, measured in four successive days.
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wind speed, that may have caused some noc-
turnal transpiration flux. It was previously stat-
ed that the determination of AT, can be bi-
ased by night time fluxes; here in two nights the
measured AT cannot be considered the AT, ,
therefore in these two days the sap flow is cal-
culated by averaging AT, _of the two days pre-
ceding and the one following.

The possibility of measuring nocturnal flux
of transpiration is particularly important for the
evaluation of O, deposition at daily scale. In
fact, since O, concentration can remain rela-
tively high at night, mainly in hilly areas, the
nocturnal larger than zero stomatal conductance
can result in considerable ozone flux into plants
(Musselman and Minnick, 2000). According to
Massman (2004) nocturnal stomatal ozone up-
take may account for about 15% of the cumu-
lative effective ozone dose in vineyard.

The sap flow courses of the four days are
shown in figure 4, together with the course of
incident solar radiation. The difference in sap
flow rate between the two plants is due to the
difference in their leaf area and the variability
of flux among plants (Trambouze et al., 1998).
The variation in daily courses were closely re-
lated to changes in solar radiation, except in the
late afternoon, when the phase difference in the
trends of radiation and VPD determines a slow-
er decrease of sap flow with respect to solar ra-
diation.

A preliminary estimate of daily transpiration

Plant 1

----- Plant 2
— + — Solar radiation

160 — — 800

Sap flow (g/h)
(W/A) uonelpel Jejog

z

258 259 260 261 262
DOoY

Figure 4. The sap flow daily courses measured by the TDP
method in two plants, during 4 successive days in summer,
together with the course of incident solar radiation.

0.8 —
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_g 0.7 — .
= ,' ’
L 0.6 — RJ
|—

0.5 L

0.6 0.7 0.8 0.9

ET. (mm/day)

Figure 5. Comparison between transpiration measured by
sap flow (7';) and evapotranspiration measured by eddy co-
variance method (ET), at daily scale for 6 successive days
during summer (27 July - 1 August).

at stand level was obtained by means of the
arithmetic mean of values of sap flow of the
sampled vines and by stand density. Results are
shown in figure 5; here canopy transpiration
(Ty) is compared with the vineyard evapotran-
spiration measured by the eddy covariance
method.

There are few similar studies with which
these results can be compared; moreover, due
to the heterogeneity of plant development and
vine growing conditions, water consumption val-
ues are difficult to compare. However, the ob-
served values of daily transpiration agree with
values measured by other authors. In a Texas
vineyard, Heilman et al. (1996) measured a crop
transpiration up to 4.2 mm day! with a leaf area
index of 1.4. For Southern France, Trambouze
et al. (1998, 2001) report a vine transpiration of
approximately 2.5 mm day’, at full vegetative
growth (maximum leaf area index: 1.8).

The lower values of transpiration measured
in the TDP study are comparable with those ob-
tained by Lu et al. (2003) in a hot climate. In
the two experiments, the observed values of soil
evaporation are 18% and 19% of crop evapo-
transpiration, in the SHB and TDP studies, re-
spectively. These values are well within the
range of those measured by other authors. In
fact, as it has been already stated, in sparse
crops like vines the soil contribution to evapo-
ration varies a lot. For instance, Heilman et al.
(1996) showed that soil evaporation can account
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for 16-68% of evapotranspiration in a vineyard,
when hedgerows density changes. Sene (1994)
estimated, in a sparse vine crop under semi-arid
conditions, soil evaporation values which ac-
counted for 35% of total water consumption.

4. Conclusions

Sap flow methods are suited to applications re-
quiring routine determinations of plant water
use, moreover allow to study interrelationships
between transpiration, hydraulic conductance in
trees, and water potentials in the plant and the
soil. These techniques can be applied in hydro-
logical studies to extrapolate water-use rates of
single trees to stand transpiration, overcoming
some of the limitations found in the application
of micrometeorological methods to discontinu-
ous stands (Wullschleger et al., 1998).

Our results show that the Stem Heat Bal-
ance method can provide an accurate estima-
tion of transpiration, and evaporative fluxes of
vines and stand can be determined scaling up
sap flow in shoots by means of leaf area and
stand density. Transpiration measurements by
Thermal Dissipation Probes are sensitive to
nocturnal abiotic and biotic fluctuation in tran-
spiration rates; sap fluxes can be extended to
the whole stand with plant density. It should be
noted that the main source of error in estimat-
ing transpiration in the stand is in the estimate
of water use for individual trees and not in the
spatial scaling-up process, as shown in Eucalip-
tus by Hatton et al. (1995); similarly, Giorio and
Giorio (2003) have shown in olive that an ac-
curate measurement by a single probe, calibrat-
ed by means of a proper statistical procedure,
can be used to estimate the transpiration of an
olive orchard in real time.

Sap flow methods are also useful in studies
of plant responses to environmental conditions,
where they are one of a suite of techniques em-
ployed in either the field or laboratory to mea-
sure changes in the water relations, growth and
water use efficiency of plants resulting from, for
example, new management practices, environ-
mental stress or climate change.

In particular, major advances in quantifying
ozone deposition in orchards have been made
using above-canopy techniques, such as eddy co-
variance, that allow the direct measurement of
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ozone flux into crops. However, from above-
canopy flux measurements alone, it is impossi-
ble to distinguish between deposition through
stomatal pores of trees and non-stomatal sur-
faces (Nunn et al., 2007). Therefore, there is a
need to partition ozone fluxes into plant stom-
atal and non-stomatal components. This review
shows that sap flow measurements provide a di-
rect determination of transpiration from which
we can infer canopy water vapour conductance
and thus ozone uptake by trees. This represents
a novel way to determine pollutant loading on
stomatal surfaces of trees that is reliable and
can be deployed in a multitude of environments
(Kurpius et al., 2003).
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