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Abstract Water use of Thompson Seedless grapevines
during the first 3 years of vineyard establishment was
measured with a large weighing lysimeter near Fresno,
California. Two grapevines were planted in a 2·4·2 m
deep lysimeter in 1987. The row and vine spacings in the
1.4-ha vineyard surrounding the lysimeter were ap-
proximately 3.51 and 2.15 m, respectively. Vines in the
lysimeter were furrow-irrigated from planting until the
first week of September in 1987. They were subsequently
irrigated with subsurface drip-irrigation whenever they
had used 2 mm of water, based upon the area of the
lysimeter (equivalent to 8 liters per vine). The trellis
system, installed the second year, consisted of a 2.13 m
long stake, driven 0.45 m into the soil with a 0.6 m
cross-arm placed at the top of the stake. Crop coeffi-
cients (Kc) were calculated using measured water losses
from the lysimeter (ETc) and reference crop evapotran-
spiration (ETo) obtained from a CIMIS weather station
located 2 km from the vineyard. Water use of the vines
in 1987 from planting until September was approxi-
mately 300 mm, based on the area allotted per vine in
the vineyard surrounding the lysimeter. Daily water use
just subsequent to a furrow-irrigation event exceeded
ETo (>6.8 mm day)1). Water use from budbreak until
the end of October in 1988 and 1989 was 406 and
584 mm, respectively. The initiation of subsurface

drip-irrigation on 23 May 1988 and 29 April 1989
doubled ETc measured prior to those dates. Estimates of
a ‘basal’ Kc increased from 0.1 to 0.4 in 1987. The sea-
sonal Kc in 1988 increased throughout the season and
reached its peak (0.73) in October. The highest Kc value
in 1989 occurred in July. It is suggested that the seasonal
and year-to-year variation in the Kc was a result of the
growth habit of the vines due to training during vineyard
establishment. The results provide estimates of ETc and
Kc for use in scheduling irrigations during vineyard es-
tablishment in the San Joaquin Valley of California and
elsewhere with similar environmental conditions.

Introduction

There have been numerous estimates of crop water use
for mature grapevines. However, estimates of crop water
use for grapevines during the first 3 years of vineyard
establishment are limited (Myburgh et al. 1996; Peacock
et al. 1977). Evapotranspiration techniques that have
been used previously for grapevines required assess-
ments of various soil and/or water parameters (Araujo
et al. 1995a; Erie et al. 1982; Grimes and Williams 1990;
Stevens and Harvey 1996; van Rooyen et al. 1980) that
may limit their accuracy. Sap flow sensors have been
used on young and mature vines in conjunction with
models of soil water evaporation to estimate crop
evapotranspiration (ETc) (Lascano et al. 1992; Ginestar
et al. 1998; Yunusa et al. 1997a, 1997b). The reliability
of sap flow sensors, especially on large vines, has been
questioned (Tarara and Ferguson 2001). Micrometeo-
rological methods to estimate sensible and latent heat
flux in vineyards also have been used (Oliver and Sene
1992; Spano et al. 2000; Yunusa et al. 2000). Such
techniques require large areas of uniform fetch and ex-
tensive instrumentation (Grimmond et al. 1992). Un-
fortunately, individual vineyard blocks in many grape
production areas are quite small, limiting the use of
micrometeorological methods under those conditions.
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Lysimeters are the standard for ETc measurements
(Prueger et al. 1997). Drainage lysimeters have been used
to measure the water use of grapevines (Evans et al.
1993; Rollin et al. 1981; van Rooyen et al. 1980). Such
lysimeters can provide accurate crop water-use values on
a weekly basis (Buwalda and Lenz 1995) and daily es-
timates when used in conjunction with extensive mea-
surements of the soil water content within the lysimeter
(Evans et al. 1993). However, greater accuracy and
sensitivity can be obtained with weighing lysimeters,
which measure ET directly (Hatfield 1990). With the
appropriate instrumentation, weighing lysimeters can
accurately determine ETc on an hourly or shorter time
basis.

A large weighing lysimeter was constructed near
Fresno, California, to measure the ET of Thompson
Seedless grapevines (Phene et al. 1991). Water use during
the first season was recorded by manually reading the
scale on a near-daily basis. Continuous hourly mea-
surements of vine ET were determined during the second
and third years of the study. Vine ET was then used to
develop crop coefficients for use in irrigation manage-
ment of vines used for raisin and table grape production
in the San Joaquin Valley of California. Results pre-
sented here describe the water use of grapevines during
the first 3 years of vineyard establishment.

Materials and methods

A 2·4·2 m deep weighing lysimeter was installed at the University
of California Kearney Agricultural Center located in the San
Joaquin Valley of California (36�48¢ N, 119�30¢ W) in 1986. Two
Vitis vinifera L. (cv. ‘Thompson Seedless’, clone 2A) grapevine
cuttings were planted in the lysimeter on 9 April 1987. The two
vines were 2.15 m apart and 0.925 m from either end of the 4 m
long lysimeter. The vines were 1.0 m from the sides of the lysimeter.
Cuttings were also planted in the vineyard surrounding the lysi-
meter with vine and row spacings of 2.15 and 3.51 m, respectively
(7.55 m2 per vine). Row direction was east–west. The vines planted
on either side of the lysimeter down the row were 2.15 m from the
respective east or west vine inside the lysimeter. The vineyard was
approximately 1.4 ha (168·82 m) and was surrounded by a mixture
of annual and perennial crops.

Vines within the lysimeter were furrow-irrigated from planting
until the first week in September 1987, after which they were sub-
surface drip-irrigated. Two furrows were dug manually, one on
either side of the cuttings, within the lysimeter. The edge of the
furrows was located 0.15 m from the cuttings. Furrows were ap-
proximately 0.4 m wide at the top, 0.2 m wide at the bottom, 0.3 m
in depth, and 3.8 m in length (almost the entire length of the lysi-
meter, 4.0 m). Vines in the surrounding vineyard were furrow-ir-
rigated all season long. Vine water use was determined by reading
the scale manually almost on a daily basis. Therefore, readings
were taken just prior and subsequent to a furrow-irrigation to de-
termine the amount of water to apply. The vines were allowed to
grow without any support the first year. During the winter, each
vine was pruned to one, two-bud, spur.

Drip-irrigation for the remainder of the vineyard, and the trellis
system, were installed during vine dormancy of the first growing
season (January 1988). The trellis of the vines within the lysimeter
consisted of a 2.13 m long wooden stake driven 0.45 m into the soil
at each vine. A 0.6 m cross-arm was placed atop the stake and
wires attached at either end of the cross-arm to support the vine’s
fruiting canes. Wooden end posts, 16 cm in diameter, with

cross-arms, were placed in the soil at both ends of the lysimeter for
additional support. The trellis for the vines in the lysimeter was
self-contained and not attached to the trellis system used down the
remaining sections of the row to ensure that it was part of the
lysimeter mass.

During the second growing season, a single shoot from each
vine was trained up the stake in order to form the trunk. Any
clusters that were present at this time were removed. Once the
shoot’s apex was 15 cm above the cross-arm, it was topped to
stimulate lateral shoot growth and to form the head of the vine.
Midway through the growing season all remaining lateral shoots
that had formed along the future trunk were removed. During vine
dormancy, the vines were pruned to two, 12-node, fruiting canes
(these canes contained the forthcoming growing season’s cluster
primordia). The third growing season (1989) was the first cropping
year. Standard horticultural practices to control disease and insect
pests of grapevines were performed as necessary by field station
personnel each year.

The soil container of the lysimeter was weighed with a balance
beam and load cell configuration, with most of the weight being
eliminated using counterweights. The soil, a Hanford fine sandy
loam (coarse-loamy, mixed, nonacid, thermic Typic Xerorthent),
was excavated from the lysimeter site in eight layers and stockpiled
for use in refilling the tank. Soil bulk density was measured between
0.3 and 1.8 m depth in the soil profile during excavation. The
lysimeter tank was filled manually in 0.15-m layers and compacted
to approximately the original bulk density (1.57 Mg/m3). Before
filling, stainless steel fritted tubing placed at a 0.6 m spacing was
installed in a 2.4 mm-thick layer of diatomaceous earth at the
bottom of the lysimeter to act as a drain. The calibrated accuracy
of the lysimeter was ±0.025 mm of water and the overall resolu-
tion of the system was 400 g or 0.05 mm of water. The hourly loss
of mass by the lysimeter was assumed to be due to the water loss by
transpiration, soil evaporation and drainage. A more detailed de-
scription of the lysimeter and its construction can be found in
Phene et al. (1991).

Vines in the lysimeter after 5 September 1987 and the rest of the
vineyard at the beginning the 1988 growing season were irrigated at
a rate of 4 l h)1 with in-line drip emitters, spaced every 0.30 m. The
drip tubing within the lysimeter was buried approximately 0.4 m
below the surface of the soil, 0.3 m from the vines. Half of the vines
within the surrounding vineyard were irrigated with subsurface
drip-irrigation and the other half with the drip tubing attached to a
wire suspended in the row 0.4 m above the soil surface. Irrigation
water for the lysimeter was supplied from two 300-l water tanks
suspended on the weighbridge supporting the lysimeter (to insure
that this water was a part of the lysimeter’s mass). The lysimeter’s
mass was recorded hourly to determine ETc of the two vines and
the lysimeter soil surface, and the change in mass was compared
with a 16-l threshold value of water loss, equivalent to 2 mm ETc

over the 8 m2 lysimeter surface. When the threshold was exceeded,
the lysimeter was irrigated. At midnight the water tanks were re-
filled; the inflow was measured with a flow meter and recorded
electronically, and the new lysimeter mass was used as a baseline
for the next day. No drainage was recorded during the 3-year study
period. A datalogger (21X Micrologger, Campbell Scientific) was
used to monitor and control the system and to communicate with a
computer at the Water Management Research Laboratory
(WMRL) in Fresno, California. Data were downloaded to the
WMRL computer for processing daily at midnight. The number of
irrigations per day, throughout the 1988 and 1989 growing seasons,
ranged from 0 to 4.

Reference crop evapotranspiration (ETo) data were obtained
from a California irrigation management information system (CI-
MIS) weather station located 2 km from the vineyard site. Vari-
ables measured and calculations used to determine hourly and daily
ETo from CIMIS can be found in Snyder and Pruitt (1992). The
summation of hourly ETo values was used with the summed hourly
values of measured vine evapotranspiration (ETc) to calculate the
daily crop coefficient. The crop coefficient (Kc) was calculated as the
ratio of ETc/ETo. The ETc measured by the lysimeter was adjusted
to an area equivalent loss of an individual vine in the lysimeter
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(4 m2 of surface area) to that of an individual vine in the sur-
rounding vineyard (7.55 m2 of surface area) by multiplying by 0.53.
It was assumed that soil water evaporation in the area outside the
lysimeter, not measured, especially after the initiation of drip-irri-
gation in 1988 and 1989, was minimal in the absence of rainfall.

Soil water content (SWC) within the lysimeter was monitored
using the neutron back-scattering technique with a neutron mois-
ture probe (Model 503 DR Hydroprobe moisture gauge; Boart
Longyear, Martinez, Calif.). Two access tubes were placed ap-
proximately 0.5 m from each vine within the row (approximately
1.0 m between the two tubes) and inserted to a depth of 1.8 m.
Readings were taken at depths of 0.23, 0.45, 0.75, 1.05, 1.35, and
1.65 m from the soil surface. The neutron probe was calibrated
according to Dickey and Schwankl (1980) and water content values
expressed as percent by volume (hv). Field capacity of this soil type
was approximately 22.0 hv while SWC at a soil moisture tension of
)1.5 MPa was approximately 8.0 hv (Araujo et al. 1995a).

Leaf area of vines within the lysimeter was estimated using non-
destructive methods. At various times during the growing season
(see Results section for specific dates) the number of shoots and
individual shoot lengths of each vine within the lysimeter were
measured. At the same time a minimum of 20 individual shoots of
varying lengths were collected from vines in the surrounding
vineyard. The length of each shoot was measured and leaf area
determined with an area meter (model LI-3100; Li-Cor, Lincoln,
Neb,). The relationship between shoot length and leaf area was
determined via regression analysis on each date that data were
collected. In most cases a linear or quadratic equation was used to
fit the data with R2 values in excess of 0.9. Total leaf area of vines in
the lysimeter was then calculated based upon the relationship be-
tween shoot length and leaf area and the number of shoots per vine.
Once the measurement of shoots on the lysimeter-grown vines
became too demanding in 1989, the leaf areas of vines (n=3) in the
vineyard surrounding the lysimeter were destructively determined
and the values assumed to be representative of the lysimeter vines.
There were no obvious visual differences in canopy size between the
two vines growing in the lysimeter and vines growing elsewhere in
the vineyard. Estimated leaf area of vines in the lysimeter compared
favorably with leaf area measured on vines growing in the sur-
rounding vineyard during 1989.

Degree-day data were obtained from the University of Cali-
fornia Statewide Integrated Pest Management Project’s website.
Temperature data used in calculating degree-days were obtained
from the CIMIS number 39 weather station at the Kearney Agri-
cultural Center. Degree-days were calculated using the sine method
with a lower threshold of 10�C.

Results

Amounts of rainfall occurring during the three growing
seasons were 12 mm in 1987, 62 mm in 1988 and 46 mm
in 1989 (Table 1). Almost half of the rainfall in 1989
occurred on 20 September. Reference crop evaporation
(ETo) from the planting date in 1987 to the beginning of
drip irrigation was 887 mm, while that to 7 October was
1,052 mm. Reference crop ET for the 1988 and 1989
growing seasons, from budbreak until the last day in
October, was 1,147 and 1,182 mm, respectively. Over the
same time period, accumulated degree-days (DDs) were
2,664 in 1988 and 2,537 in 1989.

Furrow irrigations in 1987 took place on six dates,
between the day after planting and the end of August
(Table 2). The amount of water used from one furrow-
irrigation event to another was generally less than that
applied. Daily ETc values were greatly affected by an
irrigation event (Fig. 1). Although ETc was not

determined on every date subsequent to an irrigation
event, the amount of water depleted from the lysimeter
on those dates that were measured was considerable. For
example, when water was applied on 28 May (DOY
148), ETc for the next 3 days (28–31 May) was equiva-
lent to 6.8 mm per day. However, by 2 June (DOY 153),
ETc had dropped to 3.8 mm per day. On 6 August, vines
were irrigated at 1100 hours and the mass of the lysi-
meter recorded at 1200 hours. Between 1200 hours on 6
August and 1300 hours on 7 August the loss of water
was equivalent to 6.9 mm. Water loss between 7 August
and 10 August amounted to 3.7 mm per day. Thus,
furrow-irrigation resulted in a wet soil surface that
caused a large soil surface evaporation component fol-
lowing an irrigation event.

Due to technical difficulties, reliable measurements of
vine water use once drip-irrigation commenced in 1987
occurred only on a few days. Each of the last two data
points in Fig. 1 represent water use measured on two
consecutive days.

High soil-water evaporation following a furrow-irri-
gation event greatly elevated Kc values. The Kc on days
following an irrigation event occasionally exceeded
unity, but then rapidly declined. With the development
of leaf area as the season progressed, the crop coefficient
on the days preceding irrigation gradually increased,

Table 1 Rainfall events recorded in 1987 between planting and 10
October and during the 1988 and 1989 growing seasons between
budbreak and 31 October. Date of budbreak in 1988 was 11 March
and in 1989 it was 20 March

Year Calendar date Day of year Rainfall (mm)

1987 1 May 120 3.0
15 May 135 8.9

1988 14 April 105 27.6
19 April 110 26.5
20 April 111 0.8
21 April 112 1.7
22 April 113 4.5
23 April 114 1.1

1989 22 March 81 3.3
29 March 88 8.9
5 May 125 11.9
12 May 132 1.8
20 September 263 20.0

Table 2 Dates and amount of applied water for furrow-irrigation
in 1987 and measured water use (ETc) between dates of application.
Values are based on an area of 7.55 m2 per vine. Values in pa-
rentheses in the Date of irrigation column represent day of year
(DOY)

Date of
irrigation

Irrigation
amounts
(mm)

Inclusive dates
of ETc

ETc (mm)

10 April (100) 37.1 10 April to 4 May 32.5
5 May (125) 58.1 5 May to 27 May 50.1
28 May (148) 63.2 28 May to 23 June 60.5
24 June (175) 61.2 24 June to 16 July 51.0
17 July (198) 52.6 17 July to 5 August 48.5
6 August (218) 58.8 6 August to 4 September 46.8
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indicating increasing vine transpiration. Estimated leaf
area per vine on 10 July (DOY 161) and 22 September
(DOY 265) were 0.75 and 1.4 m2, respectively. A poly-
nomial regression line was calculated through the lowest
Kc points and expressed on a DOY basis. The resulting
daily ‘basal’ Kc was multiplied by daily ETo to estimate
vine transpiration from planting through 4 September
and 10 October (Table 3). The estimated vine transpi-
ration of 140 mm was approximately 50% of the
measured total vine water use between planting and
the beginning of drip-irrigation, implying that soil

evaporation was approximately 50% of the first-year
water use with furrow-irrigation.

The second growing season during vineyard estab-
lishment is when the trunk and head of a grapevine are
formed. Early on, only one shoot per vine is allowed to
grow and it is trained to grow up the stake to form the
trunk. It is not until lateral shoot growth takes place
along the primary shoot (future trunk) that significant
leaf area is formed. The shoot forming the trunk reached
the cross-arm the last week in May and was topped
2 weeks later (leaf area was estimated to be approxi-
mately 1.5 m2 per vine). At this time lateral shoots grew
vigorously from the top eight nodes. Lateral shoots from
below the top eight nodes had already been removed.

The high ETc values early in the 1988 season (DOY
110–140) (Fig. 2) was due to evaporation from the wet
soil surface following the large amount of rainfall that
occurred during the second and third weeks of April
(Table 1). During the period from 12 April (DOY 103)
to 9 May (DOY 130) cumulative ETc was 39.4 mm,
which was equivalent to 63% of the rain that fell during
April. A large increase in ETc occurred when daily irri-
gations commenced on DOY 144 (Fig. 3). ETc increased
from 0.5 mm on DOY 143 to 1.62 mm on DOY 144,
when 2.75 mm of water was applied and the Kc

Fig. 1 Thompson Seedless measured water use (ETc), reference
crop ET (ETo) and the calculated crop coefficient (Kc) during the
first year of vine growth. The vines were planted on 9 April. Water
use was measured with a weighing lysimeter and expressed on an
area per vine basis of 7.55 m2. The regression line using the lowest
Kc values (y = 0.155 ) 0.001304x + 0.00000744x2) where x equals
DOY, represents a ‘basal’ crop coefficient. The filled data points
were used to determine the ‘basal’ Kc

Table 3 Amount of irrigation, measured wateruse (ETc) and ref-
erence crop evapotranspiration(ETo) and estimated vine transpi-
ration from date of planting (9 April) until 4 September, 1987.
Estimated vine transpiration was calculated using the ‘basal’ crop
coefficients shown in Fig. 1. Daily values of ETo and ‘basal’ crop
coefficients were multiplied and then summed from planting until
the specified date. Values are based upon the area per vine within
the vineyard surrounding the lysimeter (7.55 m2)

Dates Amount of
irrigation

Measured
ETc

ETo Estimated
vine

transpiration
(mm)

9 April to
4 September

331 289 887 140

9 April to
10 October

– – 1,052 199

Fig. 2 Daily (weekly amounts/7) vine water use (ETc), reference
crop evapotranspiration (ETo) as a weekly average, and the
resulting Kc measured during the second year of vine establishment.
Date of budbreak was 11 March. Vines were trained up the trellis
stake in order to form the trunk and ultimately the head of the vine
during the second year. The Kc curve was the following: y = 0.08
+ (0.64/(1 + e()(x – 200)/27))), where x equals DOY. The filled data
points were used to generate the equation
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increased from 0.08 to 0.24 over the same time-frame.
Water use remained fairly constant for the next 27 days
despite varying amounts of applied water and no applied
water during the period DOY 159–168. Applied water
amounts of greater than 4 mm per day on DOYs 171
and 179, did increase ETc and the Kc on DOYs 172 and
180, respectively. After the end of June (DOY 183), ir-
rigations within the lysimeter replaced ETc whenever
16 l of water was lost from the lysimeter. Water use
increased from that point on until DOY 210 (Fig. 2). On
that date, three or four lateral shoots were removed
from the upper portion of the newly formed trunk on
each vine within the lysimeter. The removal of these
shoots comprised approximately 50% (4 m2) of the total
estimated leaf area (8 m2) per vine at that time. Water
use and the Kc increased rapidly thereafter due to vig-
orous growth of the remaining four lateral shoots (two
of which were retained as next year’s fruiting canes at
pruning) growing from the head of each vine. The Kc

remained quite high right up until the end of October
(DOY 304). Unfortunately, no estimation of leaf area at
the end of the season was made that year. It should be
pointed out that lateral shoots arising out of the four
lateral shoots left on the vine grew quite vigorously and
some extended nearly midway between the rows.

The first measurement of soil water content (SWC)
took place just prior to the first irrigation in 1988
(Fig. 4). On the second measurement date the use of
subsurface drip-irrigation is reflected by the increase in
SWC at the 0.45 and 0.75 m depths, but SWC at the
0.23 m depth declined. The decrease in SWC at the 0.45
and 0.75 m depths on the third date was due to a lack of
irrigation between DOYs 159 and 168. The application
of more than 4 mm per day on DOYs 171 and 179

resulted in an increase in SWC at the 0.23 m depth and
the wetting of the soil surface. Soil water content at a
depth of 1 m or more was relatively constant throughout
the growing season.

The third growing season began with the vines having
two fruiting canes left after pruning. Leaf area per vine
estimated shortly after irrigations commenced was ap-
proximately 5 m2 (Table 4). Maximum leaf area was
approximately 13 m2 per vine in September.

Drip-irrigation within the lysimeter commenced on 29
April (DOY 119) in 1989. ETc increased from 1.31 mm
per day in the week prior to the first irrigation to 3.38 mm
per day in the first week of irrigation (Fig. 5). The crop
coefficient increased from 0.29 to 0.64 during the same
time-frame. The dip in ETc and ETo during the week of 9
May (DOY 129) was due to two rainfall events (Table 1).
Irrigation was resumed for the next 3 weeks at amounts
comparable to ETc except for the week of 29May (DOYs
149–155) when the vines received no applied water. Sub-
sequent to that period ETc and the Kc increased rapidly,
both reaching a peak in the week of 12 July (DOYs

Fig. 3 Daily vine water use (ETc), reference crop evapotranspira-
tion (ETo) and crop coefficient (Kc) measured from DOYs 130–190
of the 1988 growing season. Irrigation amounts (Irr. Amt.) are also
given and are expressed on an area per vine basis of 7.55 m2.
Irrigation began on DOY 144. There were several days in which the
vines were not irrigated

Fig. 4 Soil water content (SWC: expressed as percent by volume =
hv) measured in the lysimeter throughout the 1988 growing season.
Each data point is the mean of measurements taken in two access
tubes. The mean is of all depths in both access tubes. Soil water
content at field capacity was approximately 22.0 hv while that at a
soil moisture tension of )1.5 MPa was approximately 8.0 hv

Table 4 Estimated leaf area per vine during the 1989 growing
season. Date of budbreak was 20 March (DOY 79). Degree-day
data were obtained from the UC Statewide Integrated Pest Man-
agement Project using temperature data from the CIMIS number
39 weather station (at the Kearney Agricultural Center). A lower
threshold of 10�C was used

Calendar date Day of year Degree-days
from 50%
budbreak

Leaf area
(m2 vine)1)

25 April 115 296 4.5
23 May 143 554 5.9
7 June 158 706 7.4
11 July 192 1176 9.4
9 August 221 1627 11.9
13 September 256 2093 12.9

5



194–200). From DOY 206 onwards, the lysimeter expe-
rienced both electrical and mechanical problems. During
the week of 19 July (DOYs 199–206) vines were only ir-
rigated with approximately 50% of the amount of water
that they used. The following week they were not irrigated
and ETc decreased from 5.2 mm per day to 2.6 mm per
day. At this time a marked decline in the Kc occurred. By
DOY 220, however, ETo values declined in roughly the
same proportion as ETc and the Kc was constant until
DOY 270.

The SWC started high in the 1989 growing season
(Fig. 6) and decreased at all depths even after irrigation
started and a 9 May (DOY 129) rainfall event. The re-
sumption of irrigation the following week increased
SWC, with a drop during the week there were no irri-
gations (DOY 166), the exception being SWC at the
0.23 m depth, which increased. Soil water content de-
creased from DOY 189 until DOY 222 due to a com-
bination of deficit irrigation and no irrigation for
1 week. Once irrigation resumed, at amounts less than
ETc, SWC leveled off and remained relatively constant
until the last measurement date.

Discussion

Vine water use (ETc) from planting in 1987 until the
beginning of drip-irrigation on 5 September was equiv-
alent to 289 mm, while ETc from budbreak until the end

of October in 1988 and 1989 was 406 and 584 mm,
respectively. These values are similar to the highest ETc

values reported by Myburgh et al. (1996) but greater
than those reported by Peacock et al. (1977) for water
use during the first 3 years of vineyard development.
The differences between our results and those of Peacock
et al. (1977) may have been due to the fact that the vines
in this study were flood-irrigated during the first year,
and in years 2 and 3 drip-irrigation was supplied
whenever 16 l of water was lost from the lysimeter. The
vines in the Peacock et al. (1977) study were either drip-
or sprinkler-irrigated (two different treatments) all
3 years and water application amounts were those re-
quired to maintain soil moisture tension at between
)0.005 and )0.015 MPa.

Araujo et al. (1995b) reported that water use of
3-year old Thompson Seedless vines was 437 and
517 mm of water for drip- and furrow-irrigated vines
between budbreak and harvest at a maximum leaf area
per vine of 18.9 and 15.1 m2, respectively. Our measured
ETc amount during year 3 for drip-irrigated vines be-
tween budbreak and harvest was approximately
500 mm, with a maximum leaf area of approximately
13 m2 per vine. Therefore, ETc of the drip-irrigated vines
in the lysimeter was still greater than estimated by
Araujo et al. (1995b) despite similar evaporative de-
mand, the malfunction of the lysimeter from July to the
end of the season (i.e. less water was applied than used)
and less leaf area per vine. Our maximum daily water
use (almost 6 mm per day) in year 3 was three times
greater than that reported by Lascano et al. (1992) for
3-year old Chardonnay vines grown in Texas. The
Chardonnay vines, however, only had a maximum leaf
area of less than 5 m2 per vine.

The major portion of ETc during the first year was
due to evaporation of water from the soil surface after a
furrow-irrigation and the fact that the two vines’ cano-
pies were quite small even 6 months after planting
(1.4 m2 leaf area per vine). The amount of water used as
ETc after an irrigation event was comparable to ETo for

Fig. 5 Daily vine water use (ETc), reference crop evapotranspira-
tion (ETo), irrigation amount (Irr. Amt.) and crop coefficient (Kc)
measured during the 1989 growing season. Date of budbreak was
20 March. There are several intervals in which the vines received no
applied water. The crop coefficient as a function of DOY was the
following: y = 0.08 + (0.8/(1 + e()(x – 150)/27))), where x equals
DOY. Other information is as given in Fig. 2

Fig. 6 Soil water content measured in the lysimeter throughout the
1989 growing season. Other information is as given in Fig. 4

6



1–3 days following the application of water. Araujo et al.
(1995a) concluded that soil evaporation after a vineyard
furrow-irrigation event could be 7–8 mm per day. Soil
water evaporation estimated in this study on DOY 219
was 5.8 mm [ETc on DOY 219 (7.0 mm) ) ETc on DOY
218 (1.2 mm) = 5.8 mm]. This value is somewhat less
than the soil water evaporation estimated by Araujo
et al. (1995a), perhaps due in part to the smaller furrow
size used in this study compared with Araujo et al. The
daily soil water evaporation values obtained in this
study are similar to those determined on bare soils or
soils with a sparse canopy by measuring soil moisture
depletion with a neutron probe (Lascano and van Bavel
1986; Lascano et al. 1987) or using microlysimeters
(Daamen et al. 1993). The patterns of evaporation were
consistent with the two distinct phases of the drying
process of the soil following an irrigation or significant
rainfall event proposed by Hillel (1971) and Ritchie
(1972).

The amounts of water lost via soil evaporation for
furrow-irrigated vines in a mature vineyard (maximum
leaf area of approximately 10 m2 vine)1) have been re-
ported (Yunusa et al. 1997b). Total irrigation amounts
during the first and second years of that study were 293
and 321 mm, respectively, while rainfall amounted to
167 mm in the first year and 172 mm in the second.
Their estimate of soil water evaporation was equivalent
to 274 and 329 mm each year, respectively. Their values
of soil evaporation were similar to what we report here
as ETc with similar applied water amounts. Soil evapo-
ration accounted for approximately 50% of estimated
ETc in their study, while we concluded that a minimum
of 50% of the ETc measured in this study during the first
year was due to evaporation of water from the soil, with
vines having a much smaller leaf area.

From the end of the 1987 growing season throughout
the 1988 and 1989 growing seasons, the vines were
subsurface drip-irrigated. There are several dates during
these two seasons when one could obtain an approxi-
mate value of soil surface evaporation. In 1988, ETc

increased from 0.55 to 1.62 mm per day with the first
irrigation (2.9 mm of water) of the season (Fig. 3, DOY
144) and the Kc increased from 0.08 to 0.22. The lack of
an increase in either ETc or Kc for the next 30 days and
small leaf area per vine (�1.0 m2) at that time would
suggest that increased vine transpiration was not re-
sponsible for the initial increase in ETc. Increasing irri-
gation amounts from 1.77 mm on DOY 169 to 4.45 mm
on DOY 170 increased ETc from 1.3 to 2.3 mm and the
crop coefficient from 0.2 to 0.44. On DOY 170 the 1 mm
increase in ETc was probably due to surface evaporation
as the soil surface may have become wetted (See Fig. 4,
increased SWC at the 0.23 m depth). In both cases, the
soil surface would have been exposed to environmental
factors conducive to high evaporation rates (Matthias
et al. 1986) due to the low amount of grapevine foliage
at that time. The increase in ETc on both dates of ap-
proximately 1 mm was 16% of ETo. Phene et al. (1993)
have shown that bare soil evaporation using subsurface

drip-irrigation measured with a lysimeter in western
Fresno County, similar to the one used here, was 6% of
ETo.

Another example where soil evaporation from ap-
plied water could have been estimated occurred in 1989
for the days prior to DOY 124, 156 and 206. The week
that irrigations commenced (beginning with DOY 119)
ETc increased by 2 mm (38% of ETo) over the previous
week despite a minimal increase in evaporative demand
and no wetting of the soil surface (Fig. 6). ETc leveled
off thereafter at approximately 3 mm per day. No irri-
gation for 6 days (between DOYs 150 and 155) reduced
ETc 0.4 mm (6% of ETo) compared with ETc the pre-
vious week. Reducing the irrigation amount from
5.4 mm per day (for DOYs 194–198) to 2.8 mm per day
in the week of DOY 205 (days 199 to 205) reduced ETc

0.7 mm per day (10% of ETo). Our estimates of daily
soil evaporation using subsurface drip-irrigation were
similar to those reported in an Australian vineyard using
surface drip-irrigation (Yunusa et al. 1997a). Their es-
timates of soil evaporation also decreased as the season
progressed, as it would appear that ours did.

The primary purpose for the installation of the
weighing lysimeter was to establish crop coefficients for
grapevines grown in the San Joaquin Valley. Crop co-
efficients currently used for grapevines are primarily
suited for mature vineyards (Doorenbos and Pruitt
1977; Snyder et al. 1987) where growth and canopy
characteristics are fairly constant from one year to the
next. Seasonal leaf area development and maximum leaf
area per vine differs among years during vineyard es-
tablishment (Araujo and Williams 1988; Araujo et al.
1995b). Results from those studies, together with leaf
area measured in this study, demonstrated that canopy
development varies markedly from the first through the
third year of vine establishment, affecting vine water use
and crop coefficients.

The initial use of furrow-irrigation after planting
made it difficult to establish seasonal Kc values for these
first-year vines. A second-order polynomial regression
using all the data points in Fig. 1 (data not shown) re-
sulted in a Kc of 0.35 at planting and a Kc of 0.4 at the
end of September. We feel that the regression run
through the lowest calculated Kcs in Fig. 1 (‘basal Kc’),
however, would be appropriate for drip-irrigated vines.
The fitted Kc curve for the second growing season
(Fig. 2) reflected the lack of significant canopy early in
the growing season when a single shoot was trained up
the trellis stake to form the trunk and then growth (from
lateral shoots) as the head was established. The contin-
ued shoot growth late in the season, with little leaf se-
nescence, and the lack of a crop was probably
responsible for the Kc not decreasing until well into
November. Published crop coefficients for mature vines,
those producing a crop, decrease once harvesting has
taken place (Doorenbos and Pruitt 1977; Snyder et al.
1987). A curve similar to that derived in the second year
was used to describe the seasonal progression of the Kc

during year 3. It reflects the earlier development of the
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vines’ canopies in year 3, compared with year 2, and a
higher maximum Kc. It is felt that the marked decline in
the Kc during July in year 3 would not have occurred if
the lysimeter had functioned properly. Therefore, the
fitted curve (Fig. 5) reflects our assumption that vine
water use would have resulted in a constant value of the
Kc until well into October, similar to that in year 2.

Conclusions

Data collected in this study demonstrated that surface
evaporation using furrow-irrigation was at least 50% of
ETc during the first year of vineyard establishment.Much
of the rainfall early in the growing season, a timewhen the
vine canopies were small during years 2 and 3, was also
lost to evaporation under the conditions of the study. The
‘basal Kc’ the first year of the study ranged from 0.1 early
on to 0.4 at the end of the season. The seasonalKc during
the second growing season increased up until late in the
growing season, at which time it appeared to level off at a
value of 0.7. The seasonalKc in 1989 increased from 0.1 to
greater than 0.8 (from budbreak until the lysimeter mal-
function at mid-season). It is unknown whether the pre-
cipitous drop in vine water use mid-season that year and
the lack of increased water use after irrigations resumed
were due to severe vine stress or to the amount of water
subsequently applied by the lysimeter.

Acknowledgements The authors would like to thank P.J. Biscay, P.
Wiley, and R.M. Mead for their technical assistance in this study
and Dr. J. Ayars for his review of the manuscript. The authors also
thank Dr. G.J. Hoffman for his expertise and assistance in the
construction of the lysimeter. Mention of trade names or propri-
etary products is for the convenience of the reader only, and does
not constitute endorsement or preferential treatment by the Uni-
versity of California or USDA/ARS.

References

Araujo F, Williams LE (1988) Dry matter and nitrogen partition-
ing and root growth of young ‘‘Thompson Seedless’’ grapevines
in the field. Vitis 27:21–32

Araujo F, Williams LE, Grimes DW, Matthews MA (1995a) A
comparative study of young ‘Thompson Seedless’ grapevines
(Vitis vinifera L.) under drip and furrow irrigation. I. Root and
soil water distributions. Sci Hortic 60:235–249

Araujo F, Williams LE, Matthews MA (1995b) A comparative
study of young ‘Thompson Seedless’ grapevines (Vitis vinifera
L.) under drip and furrow irrigation. II. Growth, water use
efficiency and nitrogen partitioning. Sci Hortic 60:251–265

Buwalda JG, Lenz F (1995) Water use by European pear trees
growing in drainage lysimeters. J Hort Sci 70:531–540

Daamen CC, Simmonds LP, Wallace JS, Laryea KD, Sivakumar
MVD (1993) Use of microlysimeters to measure evaporation
from sandy soils. Agric For Meteorol 65:159–173

Dickey GL, Schwankl LJ (1980) Soil moisture monitoring using the
neutron probe. USDA-Conservation Service, Davis, Calif.

Doorenbos J, Pruitt WO (1977) Crop water requirements. (Irriga-
tion and drainage paper no 24) FAO, Rome

Erie LJ, French OF, Bucks DA, Harris K (1982) Consumptive use
of water by major crops in the southwestern United States.
(Conservation research report no. 29) United States Depart-
ment of Agriculture, Washington, D.C.

Evans RG, Spayd SE, Wample RL, Kroeger MW, Mahan MO
(1993) Water use of Vitis vinifera grapes in Washington. Agric
Water Manage 23:109–124

Ginestar C, Eastham J, Gray S, Iland P (1998) Use of sap-flow
sensors to schedule vineyard irrigation. I. Effects of post-vera-
sion water deficits on water relations, vine growth and yield of
Shiraz grapevines. Am J Enol Vitic 49:413–420

Grimes DW, Williams LE (1990) Irrigation effects on plant water
relations and productivity of Thompson Seedless grapevines.
Crop Sci 30:255–260

Grimmond CSB, Isard SA, Belding MJ (1992) Development and
evaluation of continuously weighing mini-lysimeters. Agric For
Meteorol 62:205–218

Hatfield JL (1990) Methods of estimating evapotranspiration. In:
Stewart BA, Nielsen DR (eds) Irrigation of agricultural crops.
(Agronomy monograph 30) ASA, CSSA and SSSA, Madison,
Wis., pp 435–474

Hillel D (1971) Soil and water: physical principles and processes.
Academic Press, New York

Lascano RJ, Bavel CHM van (1986) Simulation and measurement
of evaporation from a bare soil. Soil Sci Soc Am J 50:1127–1132

Lascano RJ, Bavel CHM van, Hatfield JL, Upchurch DR (1987)
Energy and water balance of a sparse crop: simulated and mea-
sured soil and crop evaporation. Soil Sci Soc Am J 51:1113–1121

Lascano RJ, Baumhardt RL, Lipe WN (1992) Measurement of
water flow in young grapevines using the stem heat balance
method. Am J Enol Vitic 43:159–165

Matthias AD, Salehi R, Warrick AW (1986) Bare soil evaporation
near a surface point-source emitter. Agric Water Manage
11:257–277

Myburgh PA, Zyl JL van, Conradie WJ (1996) Effect of soil depth
on growth and water consumption of young Vitis vinifera L. cv.
Pinot noir. S Afr J Enol Vitic 17:53–62

Oliver HR, Sene KJ (1992) Energy and water balances of devel-
oping vines. Agric For Meteorol 61:167–185

Peacock WL, Rolston DE, Aljibury FK, Rauschkolb RS (1977)
Evaluating drip, flood, and sprinkler irrigation of wine grapes.
Am J Enol Vitic 28:193–195

Phene CJ, Hoffman GJ, Howell TA, Clark DA, Mead RM,
Johnson RS, Williams LE (1991) Automated lysimeter for ir-
rigation and drainage control. In: Proceedings, International
symposium on lysimetry, evapotranspiration and environmen-
tal measurements. IR Div/ASCE, 23–25 July 1991, Honolulu,
Hawaii. ASCE, St Joseph, Mo., pp 28–36

Phene CJ, Hutmacher RB, Ayars JE, Ben Asher J (1993) Subsurface
drip irrigation: a BMP for controlling drainage outflow and re-
ducing groundwater contamination. In: Eckstein Y, Zaporozec
A (eds) Industrial and agricultural impacts on the hydrologic
environment. Environmental Impact of Agricultural Activities,
Water Environment Federation, Alexandria, Va., pp 51–69

Prueger JH, Hatfield JL, Aase JK, Pikul JL (1997) Bowen-ratio
comparisons with lysimeter evapotranspiration. Agron J
89:730–736

Ritchie JT (1972) Model for predicting evaporation from a row
crop with incomplete cover. Water Resour Res 8:1204–1213

Rollin H, Meriaux S, Boubals D (1981) Sur l’irrigation de la vigne
dans le midi de la France. Prog Agric Vitic 98:447–459

Rooyen FC van, Weber HW, Levin I (1980) The response of grapes
to a manipulation of the soil–plant–atmosphere continuum. II.
Plant–water relationships. Agrochemophysica 12:69–74

Snyder RL, Pruitt WO (1992) Evapotranspiration data manage-
ment in California. In: Proceedgings, Irrigation and drainage
sessions/Water Forum 1992. EE, HY, IR, WR Div/ASCE,
Baltimore, Md.

Snyder RL, Lanini BJ, Shaw DA, Pruitt WO (1987) Using refer-
ence evapotranspiration (ETo) and crop coefficients to estimate
crop evapotranspiration (ETc) for trees and vines. (UC leaflet
21428) University of California, Division of Agriculture and
Natural Resources, Berkeley, Calif.

Spano D, Snyder RL, Duce P, Paw U KT (2000) Estimating sen-
sible and latent heat flux densities from grapevine canopies
using surface renewal. Agric For Meteorol 104:171–183

8



Stevens RM, Harvey G (1996) Soil water depletion rates under
large grapevines. Austr J Grape Wine Res 2:155–162

Tarara JM, Ferguson JC (2001) Device for simulating high rates of
sap flow in grapevines. Am J Enol Vitic 52:260–265

Yunusa IAM, Walker RR, Blackmore DH (1997a) Characterisa-
tion of water use by Sultana grapevines (Vitis vinifera L.) on
their own roots or on Ramsey rootstock drip-irrigated with
water of different salinities. Irrig Sci 17:77–86

Yunusa IAM, Walker RR, Guy JR (1997b) Partitioning of sea-
sonal evapotranspiration from a commercial furrow-irrigated
Sultana vineyard. Irrig Sci 18:45–54

Yunusa IAM, Walker RR, Loveys BR, Blackmore DH (2000)
Determination of transpiration in irrigated grapevines: com-
parison of the heat-pulse technique with gravimetric and
micrometeorological methods. Irrig Sci 20:1–8

9


