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Abstract 
 
Optimising crop irrigation management is a general concern in semi-arid climates. Actual 
crop water use in the field has to be determined as a function of microclimate and of soil 
water availability. The work described here studies stomatal conductance, transpiration 
and evapotranspiration of an irrigated vineyard to elucidate their relations with 
microclimate at decreasing soil moisture availability and to assess their usefulness in 
determining plant water consumption in the field. 
The experiment was carried out in a vineyard, trained by the overhead system 
(“Tendone”), in Southern Italy, in July 1998 for six days in the interval between two 
irrigations. Stem heat balance gauges were installed on six plants and transpiration flow of 
one shoot per plant was measured; daily course of stomatal conductance was determined 
by porometry, and actual evapotranspiration was measured by the Bowen Ratio technique. 
Results can be summarised as follows: i) at decreasing soil water availability stomatal 
conductance and transpiration rate decreased and modified their daily pattern, shifting 
their peaks from noon to mid-morning; ii) sap flow transpiration rates per unit leaf area 
showed considerable variability among shoots; iii) the daily transpiration course measured 
by sap flow was in good agreement with actual evapotranspiration measured by the 
Bowen Ratio method. 
 
1. Introduction 
 
 Grapes is a very profitable crop, usually irrigated in temperate and semi-arid regions. 
One of the most used training system for table grapes is the overhead, also known as 
“Tendone” (an Italian word for “big tent”) because of its characteristic canopy 
architecture. Plants are arranged in a square or rectangular pattern with density between 
1,100 and 2,500 vines ha-1; plants are head-trained and cane-pruned, and the canopy looks 
like a large homogeneous green shed, 2 to 2.4 m high over the ground. In table grape 
producing countries, overhead vineyards represent a considerable fraction of irrigated 
vineyards (Rants, 1994); moreover the training system is developing in countries with a 
young, intensive agriculture (e.g. 10,000 ha in the last 10 years in Northern Africa). 
 In semi-arid zones table grapes need irrigation to achieve good and stable production 
(Carrante, 1968; Liuni et al., 1985). On the other hand, in grape producing countries of 
the Mediterranean area, water resources have to be shared among agriculture and other 
economic activities. Therefore additional research is required to optimise irrigation 
management of table grapes, since few data are available about ecophysiology and water 
consumption of overhead-trained vineyards, in spite of the importance of the crop. 
 A lot of research indicates that gas exchange of vines responds in a complex way to 
local microclimate (Düring, 1987; Winkel et al., 1990; Poni et al., 1993; Schultz et al., 
1996) and to soil water shortage (Düring 1987, 1988; Düring et al., 1995). 
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 Measurements of actual water use of individual plants in an undisturbed field 
environment are possible through the stem heat balance technique, although very few data 
are available for grapes (e.g. Lascano et al., 1992; Trambouze et al., 1998). When this 
method is used to quantify water consumption of crops, care should be put in scaling-up 
sap flow data from shoot to canopy level (e.g. Ham et al., 1990; Zhang et al., 1997). 
 The objectives of this research were: a) to study the diurnal variation of transpiration 
rate and stomatal conductance at different soil moisture levels; b) to estimate the 
variability of transpiration rate in different plants; c) to compare the daily pattern of 
transpiration with actual crop evapotranspiration (ET) measured by the Bowen Ratio 
method. 
 Stomatal conductance, shoot transpiration and canopy evapotranspiration were 
measured, at increasing soil water shortage, in a vineyard in Southern Italy. 
 
2. Methods and Materials 
 
 2.1. The site and the crop 
 
 The study was carried out in a 20 hectares vineyard in Southern Italy (Adelfia-Bari, 
41° N, 17° 54’ E), in a site with a semi-arid climate. The experiment took place between 
21 and 26 July 1998, when the vines were at the veraison phenological phase. 
 The cultivar grown in the vineyard is “Italia”, the most common and appreciated table 
grape in Europe. Vines were planted in 1992 in a square pattern (2.3 by 2.3 m); they are 
trained with the “overhead” system; the branches are maintained by wires in a horizontal 
plane at 2 m over the soil surface. Shoots and leaves created a horizontal layer of 
vegetation, approximately 0.4 m thick, with about 80% of green leaves contained in a 
central layer 0.2 m thick. Grape clusters grew in a layer 0.3 to 0.5 m thick, below the 
leaves. Vegetation extended over the soil surface completely shading the ground, except 
for some sunflecks due to penetration of solar radiation through the canopy. 
 The soil is stony, with a thick calcareous hard pan at 0.6 - 0.7 m depth; drainage 
occurs through cracks in the rocky subsoil. The vineyard is drip-irrigated every 10 days. 
Measurements were taken in the interval between two irrigations, for six days,  starting 
three days after irrigation. The experimental field is located in a region where table grape 
vines extend over an area of approximately 150 km2, so the field was mainly surrounded 
by irrigated vineyards. 
 
 2.2. Sap flow, micrometeorological and ecophysiological measurements 
 
 Sap flow was estimated with the “stem heat balance” method (Sakuratani, 1981; 
Baker et al., 1987; Steinberg et al., 1990). Sap flow (F, g s-1) is calculated from: 
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 where Qi (W) is a steady, known amount of heat applied to the segment of the stem. 
The heat input is balanced by heat fluxes out of the segment: conduction along the stem 
(Qv, W) and outward through the gauge (Qr, W). Conductive fluxes are estimated from 
thermal conductivities - known or measured - and temperature gradients measured by 
thermocouples placed against the stem. Subtraction of the conductive fluxes from the 
known heat input yields the heat transported by convection in the transpiration stream. 
The residual heat is divided by the heat capacity of sap (cw, J g-1 K-1) and by the 
temperature gradient across the heater (∆T, K) to calculate the mass flow rate of the sap. 
 Six sap flow gauges (models SGB10 and SGB13, Dynamax Inc.) were placed at the 
base of a shoot in six plants to measure transpiration continuously. Five minute averages 
of flow rate were calculated from measurements every 30 s using a data logger (CR10X, 
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Campbell Sci.). Sap flow was measured in shoots of different sizes, to account for the 
variability of shoot dimensions in the vineyard. Leaf area supported by the stem above the 
gauge was measured at the end of the experiment using a leaf area meter (LI 3100,  
LI-COR). 
 Actual evapotranspiration was measured by the Bowen Ratio/Energy Balance method. 
Temperature and humidity gradients were measured by platinum thermoresistances 
between 2.8 and 3.8 m above the ground. Net radiation was measured by two radiometers 
(Q*6, Rebs) placed 1 m above the canopy; and heat flux into the soil was estimated by 
four heat flux plates (FP-1, Campbell Sci.) at 0.05 m depth. All the measurements were 
recorded every 10 s and their 12-minute averages were stored in a data logger (CR10, 
Campbell Sci.). The fetch was over 300 m in all the directions. 
 On some days stomatal conductance (gs) was measured by means of a steady-state 
diffusion porometer (MK3, DELTA-T). Reported values of gs were the average of 
measurements on fifteen unshaded leaves of different age and size. Measurements were 
taken at intervals of about two hours from early morning until 6 p.m. 
 
3. Results and Discussion 
 
 The ratio between evapotranspiration (ET) and net radiation (Rn) has been used as an 
indicator of  soil water availability (Itier et al., 1992); Figure 1 shows the ratio between 
daily values of ET and Rn from 22 to 26 July. Net radiation and air vapour pressure 
deficit (VPD) curves are also drawn; their points were determined by averaging 
concurrent hourly data from 22 to 26 July. The values of ET/Rn ratio range from 0.8, at 
the beginning of the experiment, to 0.65 five days later, indicating a decrease of soil water 
content. Diurnal courses of net radiation were very similar during the whole experimental 
period, following symmetrical bell-shaped curves with the maximum value at local noon, 
typical of clear days. The VPD curve had a higher variability; however, daily courses of 
VPD followed similar patterns, with values increasing in the morning until early 
afternoon, and quickly decreasing later on. 
 Figure 2 shows an example of the transpiration rate of a shoot together with the 
stomatal conductance (gs) on two days, 21 and 25 July, i.e. 3 and 7 days after irrigation. 
Cumulative daily transpiration decreases in the shoot from 1.6 to 0.96 kg. The curves shift 
their peak from around noon (on 21 July) to mid-morning hours (on 25 July). At the end 
of the irrigation interval (25 July) transpiration increased from dawn until mid-morning, 
and then decreased slowly and steadily until the late afternoon. In all other shoots 
transpiration had a similar trend. The pattern of stomatal conductance agrees with daily 
transpiration course: maximum values of gs are reached around midday on 21 July (0.43 
cm s-1) and in the early morning on 25 July (0.33 cm s-1). Minimum stomatal conductance 
always occurred in the afternoon, when vapour pressure deficit of the air was maximum. 
Daily variations of stomatal conductance agree with diurnal curves of gs found in the 
literature (e.g. Ullman et al., 1985). A simple schematization described by Körner (1994) 
divides the diurnal course of gs into two main phases: in the first part of the day radiation 
is the predominant factor, with a positive response of gs to it. Later on, air humidity may 
come into play: there is a negative response of gs to VPD and stomatal conductance 
reduces; in addition, the descent may vary at different soil water availability. Diurnal 
courses of gs in Figure 2, when compared with the average curves of radiation and VPD 
shown in Figure 1, may follow Körner’s scheme, suggesting that the relative length of the 
two phases (radiation- and VPD-driven) may be determined by soil moisture availability: 
at lower soil humidity, the phase with gs driven by radiation is shorter. 
 Figure 3 shows transpiration rates of three shoots 5 and 8 days after irrigation. The 
curves show a noticeable variability among the shoots in sap flow rates per unit leaf area. 
On 23 July cumulative sap flow for shoots 1, 2 and 3 was 2.92, 2.22, 1.34 kg m-2, 
respectively. As soil water availability reduces, transpiration rate per unit leaf area may 
differently decrease in the shoots. For instance, three days later, on 26 July, cumulative 
transpiration reduced approximately 25% in shoot 1 and 3, whereas in shoot 2 cumulative 
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transpiration halved. These patterns partially confirm the ones reported by Rana et al. 
(1998) for table grape vineyards in similar climatic conditions. Furthermore, other authors 
have shown strong variability in the gas exchange responses of vines to microclimate and 
drought at leaf (Patakas et al., 1997) and plant scales (Carbonneau et al., 1985). 
 The differences in transpiration rate per unit leaf area may be related to the vigour of 
plant (Schultz et al., 1993; Schultz et al., 1996); moreover, at changing humidity, also 
higher spatial variability of soil moisture content can influence plant transpiration rate. 
 Transpiration rate calculated per unit leaf area is used in scaling-up sap flow data from 
plant to stand level by means of leaf area estimates (e.g. Zhang et al., 1997). In uniform 
and regular stands total leaf area can be correctly estimated and the scaling procedure can 
be rather straightforward if flux measurements per unit leaf area have a small variability 
among plants. Heilman et al. (1989) reported a small variability of flux per unit leaf area 
in Ligustrum shrubs. Lascano et al. (1992) showed that the variability of transpiration 
among plants was reduced by expressing the sap flow measurements per unit leaf area. 
Extrapolation from plant to canopy level, however, may be a precarious exercise here, 
given the variability of shoots flux rate; an accurate sampling procedure must be set out 
and an average value of transpiration per unit leaf area should be obtained from an 
adequate number of measurements on different shoots and plants. 
 Figure 4 shows a comparison, on 24 July, between canopy evapotranspiration 
measured by the Bowen Ratio method and transpiration per unit leaf area measured by sap 
flow as an average of four shoots. The curves are relative to measurements at different 
spatial scales and the comparison can be only qualitative. Nevertheless, ET and 
transpiration show similar daily trends, with a rapid increase in the morning until 11.00 
a.m. and a slower decrease later on. A concurrent light decrease of crop 
(evapo)transpiration around noon can also be observed. 
 
4. Concluding Remarks 
 
 Diurnal courses both of stomatal conductance and shoot transpiration rate of “Italia” 
vines trained by the overhead system are modified by soil water availability. It should be 
investigated whether the response of transpiration to vapour pressure deficit and radiation, 
at different levels of soil moisture, can be simply parametrized for the assessment of 
actual crop water consumption in the field. 
 Given the agreement between ET and shoot transpiration, sap flow measurements can 
be an effective tool to assess crop water use in the field in undisturbed conditions, once 
the variability among shoots is accounted for; so some effort has to be spent to plan 
adequately the sampling strategies to scale transpiration from shoot to canopy level. 
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Figures 
 
 
 

 
 
 
1. Ratio between evapotranspiration (ET) and net radiation (Rn) during the 

experimental period from 22 to 26 July. Net radiation and vapour pressure deficit 
(VPD) curves determined by averaging concurrent hourly data from 22 to 26 July. 

 
 
 

 
 
 
2. Diurnal pattern of transpiration measured by the stem heat balance on a shoot and 

stomatal conductance (gs) 3 and 7 days after irrigation. Standard error bars of gs are 
reported. 
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3. Sap flow transpiration per unit leaf area supported by the stem above the gauge for 

three shoots 5 and 8 days after irrigation. 
 
 
 

 
 
4. Canopy evapotranspiration, expressed as latent heat flux (λET), measured by the 

Bowen Ratio method and transpiration per unit leaf area obtained as the average of 
four shoots data, on 24 July. 

 


