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Abstract
Relatively little information is available on the spatial distribution of soil water under drip
irrigation, and how it is affected by root distribution, emitter placement and irrigation amounts.
We hypothesize that variables such as emitter position relative to the active roots as well as
irrigation amount and frequency will affect the soil water regime in general, and specifically the
spatial and temporal changes in soil water content as controlled by root water uptake and leaching.
A better understanding of these interrelationships
will provide alternative means for proper and
efficient drip irrigation water management practices. Moreover, the present study will provide an
extensive database which can serve as input for analytical or numerical modelling of drip-irrigated
trees. We present the results of a field study in which the soil water regime of a surface drip
irrigated almond tree is investigated. The experimental site (6.6 m X 4.8 m) was intensively
instrumented with tensiometers and neutron probe access tubes to infer the three-dimensional
distribution of soil water and root water uptake during the irrigation season. Drainage fluxes were
estimated from measured hydraulic head gradients and hydraulic conductivity data. Unsaturated
hydraulic conductivity were determined from in situ measurements by the instantaneous profile
method, and in the laboratory using the multi-step outflow method. The water balance results
showed that the applied water was not sufficient to match the actual tree water use by
evapotranspiration,
causing soil waler depletion around the tree as the irrigation season progressed. Moreover, soil water content data demonstrated temporal changes in the water uptake
patterns. The temporal occurrence of leaching justifies the need for soil water measurements in the
scheduling and design of drip irrigation systems. 0 1997 Elsevier Science B.V.
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1. Introduction
Improvement of irrigation water use efficiency is necessary due to water scarcity and
the hazard of groundwater contamination
with leachates from irrigated fields (Clothier
and Green, 1994). In this regard, drip irrigation offers a large degree of control over
water application, enabling accurate application of irrigation amounts according to crop
water requirements. If managed properly, drip irrigation will reduce water losses by soil
evaporation and drainage (Tanji and Hanson, 1990). Furthermore, chemicals can be
added to the irrigation water, thereby accurately placing plant nutrients near the plant
roots.
Drip irrigation of orchards has increased during the last two decades because of the
benefits of improved water and nutrient use efficiency. Despite the potential of high
water use efficiency,
however, this goal is not always attained since appropriate
relationships
between the operation of the drip irrigation system, the soil hydraulic
properties, and the irrigation requirements of orchards have not been fully developed
(Hutmacher et al., 1994). Drip irrigation management is based on the frequent replenishment of water lost by evapotranspiration
(ET). Water use is estimated using crop
coefficients which relate the actual crop water use to the water use of a reference crop.
These coefficients
are empirical and different for each crop, and caution must be
exercised in using them for conditions
other than those under which they were
measured. For orchards under drip irrigation, only limited information on crop coefficients is available. In orchards, the presence of a permanent dry soil surface without
shade produces advective hot air fluxes, thereby increasing the evapotranspiration
of the
wetted zones. It helps explain why the ET of drip-irrigated trees is higher than expected
based on canopy size (Fereres et al., 1982). Water use of orchards under drip irrigation
can be studied with lysimeters, but because of their high cost, one usually resorts to the
water balance technique. The three-dimensional
patterns of water application and root
water uptake in a drip-irrigated orchard makes this technique difficult to apply, as it
requires an increasing number of measurements
(Ben-Asher,
1979). Therefore, the
required type of information is seldom available, and the need for additional accurate ET
determinations
(Fereres and Goldhamer, 1990) is great.
A major difficulty in using the water balance method for ET estimation is the
uncertainty in the drainage calculations below the maximum root depth (Hutmacher et
al., 1994). In addition to the reduction of water losses, knowledge of the drainage
component is also important in the quantification
of downward leaching of soluble
nutrients such as nitrates. From an environmental
perspective, one must assure that these
chemicals are not transported below the root zone toward the groundwater (Raats, 1978).
The drainage rate can be determined from soil water potential gradients and unsaturated
hydraulic conductivity values from below the root system. However, the characterization
of the appropriate soil hydraulic conductivity functions is difficult. Many methods are
available (Klute and Dirksen, 1986). In situ methods are preferred because results are
more representative of field conditions although they are complicated and time-consuming. Recently, the inverse estimation of soil hydraulic properties has emerged as an
attractive, accurate technique for laboratory experiments (Van Dam et al., 1994; Eching
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and Hopmans, 1993a), but the utility of laboratory-measured
soil hydraulic data for
application of field studies is difficult and needs further study.
There is varying agreement over the importance of drainage under drip irrigation.
Although there might be situations where the drainage term in the water balance
equation can be neglected, in general soil water near the emitters will drain and possibly
move out of the root zone (Goldberg et al., 1971a; Jury and Earl, 1977). Practicing
irrigation water management
with minimal plant water stress by maintaining
a high
moisture content between irrigations can lead to significant deep percolation losses
(Levin et al., 1979). Even though soil water content at a particular depth remains
constant with time, drainage is not necessarily
absent. Nightingale
et al. (1991)
concluded from a field study in an almond orchard that leaching accounted for about
20% of the applied water using a drip system applying typical irrigation amounts.
Sharples et al. (1985) did not need to correct for drainage in similar conditions. The
results of these experiments have shown the importance of matching emitter position
and discharge with the hydraulic properties of the soil to minimize drainage.
Field studies of the pattern of root development
and water uptake are especially
important for the optimization of irrigation water use efficiency. Water should not be
applied in areas where roots are absent, or at a rate higher than the roots can possibly
take up. Thus, emitter spacing and irrigation scheduling must be flexible according to
the planting pattern and crop characteristics.
In general, root development under drip
irrigation is constrained to the soil volume wetted by the emitters, near the soil surface
with root length density decreasing with depth (Goldberg et al., 1971b; Stevens and
Douglas, 1994; Michelakis et al., 1993). However, recent studies have shown that root
water uptake is not always in direct proportion to root length density (Clothier et al.,
1990) and that plants can quickly adapt their spatial pattern of water uptake in response
to irrigation water application distribution (Clothier and Green, 1994). Furthermore, it is
important that empirical sink functions used in water flow and solute transport models
under drip irrigation reflect the field-observed root water uptake patterns. However, few
of these water uptake models have been independently
tested under field experimental
conditions (Molz, 1981). Studies, such as those by Coelho and Or (19961, are needed to
provide accurate spatial and temporal root water uptake distribution data and models.
The objective of this study was to estimate the magnitude of the components of the
soil water balance, their spatial and temporal distribution, and root water uptake patterns
of an almond tree under drip irrigation. This type of data can be used to improve
irrigation water management through a better understanding
of the involved processes.
Tree water use was estimated by the water balance technique, including drainage losses.
During a period without irrigation, we monitored changing patterns in tree root water
uptake.
2. Materials and methods
The presented data were obtained from the Nickel’s Estate experimental orchard, 90
km north of Davis, CA, in the Sacramento River Valley. The orchard was planted in
1990 with four different varieties of six-year-old
almond trees (Prunus
amygdulus)
using a tree spacing of 6.6 X 4.8 m. These varieties are Nonpareil, Butte, Carmel and
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Table 1
Monthly total reference evapotranspiration
August, 1995 at the experimental plot

Rainfall
ET,

(ET,,
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mm) and rainfall

(mm) in the months

of April through

April

May

June

July

August

16.0
115.8

12.0
137.6

14.0
178.6

0.0
194.7

0.0
180.3

Monterey, and were grafted on a Love11 peach rootstock. The trees in the experimental
area were irrigated by a surface drip irrigation system and kept clean of weeds using
herbicides. The experimental
orchard was established to study the performance
of
various types of micro-irrigation
systems when used for deciduous trees. The California
Central Valley has a Mediterranean
climate with rains predominantly
occurring in the
winter and spring (annual rainfall about 457 mm). Summers are hot and dry. Meteorological data were provided by a nearby weather station of the California Irrigation
Management
Information System (CIMIS). Hourly reference evapotranspiration,
ET,,
for grass, was computed using a modified Penman type equation (Snyder and Pruitt,
1992). Daily ET, was estimated using the measured hourly data. Table 1 presents the
monthly rainfall and ET, (mm) during the experimental period, which started in April
and lasted through August of 1995.
The soil was formed on an undulated alluvial fan, and classified as an Arbuckle
series. It is characterized by 60 to 120 cm of gravely, loamy sand (with the gravel
content often exceeding 20% by volume), overlaying a restricting clay. Soils were
collected for analysis while installing neutron probe access tubes in 1994. The disturbed
samples were analyzed for soil texture, gravel content and soil salinity. In addition, bulk
density was determined from eight undisturbed soil samples per depth interval, using 8.2
cm-diameter and 6 cm-length cores. Table 2 presents the mean and standard deviation of
sand, silt, clay and gravel content (percent by weight), soil salinity (dS/m),
and bulk
density of these samples. All samples were collected from the experimental plot within a
3.0 m X 2.4 m area around the experimental
almond tree (Fig. I). Soil particle size
distribution was determined by first removing the gravel fraction (> 2 mm) from the soil
sample, and then using the pipette method for soil textural analysis of the remaining soil
fraction (Gee and Bauder, 1986). Thus, the reported values need to be corrected when

Table 2
Average particle-size distribution
of soil in experimental plot

(percent mass of bulk soil), bulk density

(g/c&) and soil salinity (dS/m)

Soil depth
(cm)

Clay (% by
weight)

Silt (% by
weight)

Sand (% by
weight)

Gravel (% by
weight)

Bulk density
(g cm-j)

O-30
30-60
60-90
90- 120

4.7 I
4.93
3.86
3.97

9.41
9.20
8.87
8.60

62.88
63.43
63.16
63.29

23.00
22.45
24.10
24.14

1S8 (0.07)

Standard

deviation

(0.90)
(1.04)
(1.08)
(1.18)

(1.64)
(1.40)
(I .54)
(2.05)

is shown in parentheses.

(4.56)
(2.84)
(5.07)
(5.40)

(5.13)
(3.53)
(5.16)
(6.04)

1.63 (0.05)
1.76 (0.1 1)
I .74 (0.08)

EC
(dS/m)
0.59
0.48
0.45
0.44

(0.64)
(0.56)
(0.47)
(0.26)
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Neutron probe. access tubes
Pair of

tensiometers at 105 and 135 cm depth

Emitters

Tree (0,O)
t

Fig. 1. Experimental

set up of the instrumented

almond tree.

applied to the mass fraction of the soil matrix only, which excludes the gravel. Electrical
conductivity
(EC) was measured from saturated soil pastes (Rhoades, 1982). Gravel
density was determined from volumetric measurements
and varied between 2.0-2.2
g/cm3. The large gravel fraction and density accounted for the high bulk density values
throughout the soil profile.
2.1. Experimental

layout

A single drip line lateral was placed on the soil surface in each tree row. Each
almond tree was serviced by four emitters, with two emitters at distances of 0.45 and
1.65 m on each side of the tree, discharging about 3.8 1 h- ’ each. Irrigation amounts and
frequency, as well as other farming practices were determined by the farm manager.
Irrigation frequency was increased due to the increase in evaporative demand, as the
irrigation season progressed. In July and August the drip irrigation system applied water
six days per week. Applied irrigation water was determined using a crop factor based on
the percent canopy cover and time of the year (Goldhamer and Snyder, 1989). The
average amount of water (rainfall and irrigation) received by the almond tree during the
5-month period was 586 mm. Electrical conductivity
of the Sacramento River water
used for irrigation was about 0.2 dS/m. After 3 years of operation, emission uniformity
of the surface drip-irrigated plots was over 90%. Additional background information on
the almond experiment and the irrigation systems layout can be found in Schwankl et al.
(1996).
A typical almond tree of the Nonpareil variety, with normal size and vigor, was
instrumented with 31 PVC neutron access tubes (installed to a depth of 1.35 m) and 23
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pairs of tensiometers (1.05 and 1.35 m depth) at the western side of the tree (Fig. I).
Since both tree root excavation and bulk density measurements indicated that tree root
growth was limited to the 1.2 m depth, soil water potential gradient as determined from
the tensiometers
was used to estimate water losses by leaching and capillary rise.
Neutron probe access tubes were strategically placed with the highest density of tubes
near the emitter closest to the tree, and only 12 tubes outside the center 2.4 m wide strip
along the emitter line. Calibration of the neutron probe resulted in separate calibration
curves for the surface 0- 15 cm and the 0.15- 1.20 depth intervals. @values
were 0.89
and 0.77 for the two depth increments,
respectively,
and measurement
errors in
volumetric water content were between 0.01 and 0.02 cm3 cme3. Soil water content was
measured at 15 cm depth increments from 0.15- 1.20 m. Tensiometers were installed in
the same 2.4 m wide strip. The 1994 water content measurements already indicated that
the wetted soil volume was constrained to this width. The neutron probe measurements
were used to characterize changes in three-dimensional
soil water content patterns
during the experimental period.
2.2. Soil hydraulic characteristics
In February of 1995, the tensiometer (23 pairs) and neutron probe measurements (19
access tubes) within the 2.4 m X 2.4 m area of the tree were used to estimate the in situ
hydraulic functions at 1.2 m depth using the instantaneous
profile method (Watson,
1966; Kutilek and Nielsen, 1994). In February, tree root water uptake could be neglected
as leaves had not yet appeared. The soil surface was covered with plastic to avoid
evaporation,
so that any change in soil water storage after winter rains could be
attributed to drainage only. During a 20-day period, soil water distribution at all 19
access tube locations and soil water potential gradients of all 23 pairs of tensiometers
were measured daily. Since variation among neutron probe as well as tensiometer data
was small, soil water storage changes and soil water potential gradients for each
measurement time were averaged. The average flux density (q) across the 1.2 m soil
depth was calculated from the average rate of change of soil water storage of the 1.2 m
soil profile. Using the Darcy equation
K(0)

= - (dH/dz)

(1)

hydraulic conductivity
values, K(B), were estimated from the spatial average total
hydraulic head gradient (d H/dz)
and flux density. Since significant drainage had
occurred between the last heavy winter rains and the start of the in situ drainage
experiment,
the water content range over which hydraulic conductivity
data were
obtained was relatively small (0.16-0.18 cm3 cm- ‘>.
Therefore, an additional instantaneous
profile experiment was initiated in October,
1995 at a site in close proximity to the experimental plot with the objective of extending
the water content range for the soil hydraulic functions. After installation of a neutron
access tube and a set of 9 tensiometers (0.15, 0.30, 0.45, 0.60, 0.75, 0.90, 1.05, 1.20,
and 1.35 m depths) in a rectangular area of 1.44 m2, the plot was flooded. After
complete saturation of the plot, soil water content and tensiometer measurements were
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taken for a 2-month drainage period. As was done for the February experiment, the soil
water pressure and water content data were used to estimate in situ soil water retention,
h( 0 1, and unsaturated hydraulic conductivity,
K( 8 1, using the instantaneous
profile
method. Using RETC (Van Genuchten
et al., 1991), both h(B) and K(B) were
simultaneously
fitted by a nonlinear
least squares optimization
approach, thereby
yielding the parameters of the Van Genuchten (1980) expressions:

(2)
K(8)

=K,$(l-(1

-s;/“)m)z

where S, is the effective saturation, 19, (L3 Lm3) and 19, (L3 Lp3> are the residual and
saturated water contents respectively,
K, (L T-‘) is the saturated hydraulic conductivity, and (Y (L-l),
n, m, and I are empirical parameters. In the optimization it was
assumed that m = l-l/n.
To further increase the water content range of the soil hydraulic functions, undisturbed soil cores were sampled at the 0.3, 0.6, 0.9 and 1.2 m depths with a hydraulic
core sampler at eight locations near the tree, outside the experimental
area. The
6-cm-long and 8.2-cm diameter cores were brought to the laboratory and saturated. The
K,, of the cores was determined by the constant head
saturated hydraulic conductivity,
method (Klute and Dirksen, 1986). Subsequently,
the samples were placed in Tempe
pressure cells, modified to accommodate
a microtensiometer-transducer
system. The
soil samples were re-saturated from the bottom and subsequently
equilibrated to an
initial soil water pressure head of - 30 cm in the core center. While applying air
pressure steps of 0.6, 1.0, 1.5, 2.5, 4.0 and 7.0 m of water to the soil core, the soil water
pressure in the core, as well as the drainage outflow, of the sample was monitored as a
function of time. The van Genuchten parameters (Y, n, t?,, I, and K, (0, was measured
independently)
for each undisturbed soil sample were obtained by the inverse solution of
the multi-step outflow experiments. Additional information on the multi-step outflow
method is presented in Eching and Hopmans (1993a), Eching et al. (1994), and Van
Dam et al. (1994). For the parameter optimization
procedure, which minimizes the
squared deviation between measured and predicted cumulative outflow volumes and soil
water pressure, the MLSTPM code (Eching and Hopmans, 1993b) was used.

3. Water balance
A water balance approach was used for the estimation of ET (sum of soil evaporation
E and tree transpiration T) for the 6.6 m X 4.8 m area representing the soil water storage
area for a single tree (31.68 m*>. ET was measured for the period April 1 through
August 31, 1995, at l-week intervals. The lower boundary of the spatial domain over
which the water balance was computed was taken at the 1.2 m soil depth. Thus, we
assumed no roots below that depth, and defined drainage of water below the 1.2 m depth
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as water loss. The absence of roots beyond the 1.2 m soil depth was confirmed by the
excavation of several trees near the experimental plot. The water balance equation for
the single tree to estimate ET is:
ET=Z+P-A,S+D

(4)

with all terms expressed in liters of water (l/tree) for the period over which the water
balance is calculated. I denotes the amount of applied irrigation water, P is effective
precipitation,
AS is the change in soil water storage and D is equal to the cumulative
net drainage (negative, if drainage below the 1.2 m depth is larger than capillary rise).
AS is positive, if S decreases in the specific time period considered. We assumed no
run-off to occur during the little rain that fell in the spring. The applied irrigation water
was continuously
measured using a cumulative water meter, whereas emitter discharge
was measured several times during the experimental period. The soil water storage, S(I),
for the entire tree area, was calculated by weighting soil water storage of each of the 3 I
measurement locations, s,, (mm), by their respective area A, (m*), with i = 1,. . . ,31.
Therefore:
i=31

S=

(5)

&*A,
i=

I

where the sum of the individual Ai’s is equal to the total experimental area.
Tensiometer readings at the 23 locations (Fig. 1) were taken twice per week and were
used to estimate soil water potential gradients and their spatial distribution around the
tree. Soil water fluxes at the 1.2 m soil depth were estimated from the measured
hydraulic head gradients (dH/dzji
and the corresponding
hydraulic conductivity values, K(B), as determined from the unsaturated hydraulic conductivity function for that
depth. For the experimental area where no tensiometers were present, hydraulic head
gradients were inferred from the in situ water content measurements and the soil water
retention function for the 1.2 m soil depth. Total volumetric drainage rate d, (m’/day)
of the experimental plot was estimated by area-weighting of the 35 individual measurements locations (23 tensiometer and 12 neutron probe access tube locations outside the
2.4 m center strip)
d,=

-E
,_,[K(0)

*(G3,*4

(6)

where K (m/day) is the hydraulic conductivity at the 1.2 m depth, and Ai Cm’) is the
area assigned to location i. After conversion of d, to l/day, the total drainage, D(l),
was obtained from numerical approximation of
D = /d,dt

(7)

In addition to the total experimental
area, drainage rate (Eq. (6)) and the water
balance were computed for the area surrounding the dripper line (Z,, Fig. 2) and the
area not affected by the irrigation or by tree root water uptake (Z,, Fig. 2), separately.
2, was equal to the 3.6 m strip along the dripper line, with the remaining 1.5 m wide
area on either side of this strip equal to Z,. Water movement in Z, is considered
independent of the flow regime in Z,, and soil water storage changes are only affected
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Shaded Area I

-Tree

\
Emitter

Fig. 2. Size and location of dynamic rooting zone (2,) and remaining

by the total drainage,
then be written as

D, and soil evaporation.

The equation

soil volume (Z,)

of the water balance

can

ET, = I, + P, - AS, + D,

(gal

ET,=P,-AS,+D,

(8b)

ETtota, = ET, + ET,
where the subscripts

(8c)

1 and 2 refer to the areas Z, and Z,, respectively.

3.1. Root water uptake
A period of five days with no irrigation (August 25 to August 29) was used for the
study of temporal changes in spatial root water uptake patterns, assuming that drainage
and evaporation was negligible and that soil water storage changes were attributed to
root water uptake only. Daily soil water content measurements were initiated 8 h after
the last irrigation (August 24). The hydraulic head readings of the 23 tensiometer pairs
confirmed the absence of drainage in this period, and instead indicated occasional
upward flow. Assuming that water fluxes in the soil occur in the vertical direction only,
water uptake rate, r, (liter water/liter
bulk soil/time)
was derived from the difference
form of the water continuity equation
Aq
Y=Gfat

A0
(9)

This equation was applied to soil volumes of 0.3 X 0.3 X 0.15 m (A z = 0.15 m)
centered around each of the neutron probe measurement
depths in the root zone (Z,
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Table 3
Fitted parameters of soil hydraulic functions for the 30, 60, and 90 cm depth (in situ) and the 120 cm depth
(both in-situ and laboratory measurements) of the experimental site

In situ, 30 cm
In situ, 60 cm
In situ, 90 cm
In situ, 120 cm
Laboratory. I20 cm

0, (cm’ cmm3)

0, (cm’ cmm3)

a (cm-‘)

n

K, (cm hK’)

I

0.30
0.28
0.26
0.27
0.27

0.097
0. I08
0.1 13
0.082
0.054

0.687
0.094
0.096
0.558
0.104

1.435
I .99
1.862
1.276
1.520

1.42

~
~
~
~

2.60
0.47
9.151
0.55

3.547
0.850
2.529
4.040
2.388

zone in Fig. 2). Root water uptake was estimated for one-day periods (At = 1 day). The
fluxes between depth intervals were obtained using the soil water retention curves for
each depth (to estimate soil water pressure gradient) and unsaturated hydraulic conductivity functions (to estimate K as a function of 01, both of which are described by the
parameters in Table 3 for the 30, 60, 90 and 120 cm soil depths. We assumed that the
evaporative flux at the soil surface was insignificantly
small because of the dry soil and
tree shading.
4. Results
4.1. Soil characterization
Table 2 presents averages of particle size distribution and salinity determined using
soil samples from all 31 tube locations and average bulk density values as estimated
from eight sampling locations at the indicated depths. The soil is a gravely sandy loam,
and relatively uniform between locations and depths. Below the 0.9 m depth, the soil is
slightly more compacted and gravely. The high bulk densities also explain the general
absence of roots below the 1 m soil depth. Standard deviations were highest for the
percent sand and gravel (kg gravel/kg
bulk soil). The high variability in gravel content
is related to the small sampling volume. The average gravel density of approximately
2.2 g/cm’ yields an average volumetric gravel fraction of about 0.18 cm3 cmP3. The
soil matrix density is lower than the presented bulk densities, since these include the
contribution of the high density gravel. The high total density and gravel content cause
low soil porosity (0.25-0.30),
thereby affecting infiltration rate and the soil available
water percentage. The salinity and its variability decrease with depth, indicating that
some salt accumulated near the soil surface. However, salinity levels are far below the
salt tolerance level of I .5 dS/m for almonds @fads,
1986). Semi-variogram
analysis did
not show any spatial correlation of texture or gravel content within the sampled area.
From the two in situ instantaneous profile experiments, we obtained 8(h) and K(8)
data for the 0.3, 0.6, 0.9 and 1.2 m soil depths of the experimental plot. These data for
the 1.2 m soil depth are presented in Fig. 3, along with the curves describing the
hydraulic functions. The fitting parameters describing the hydraulic functions (Eqs. (2)
and (3)) for all depths using the RETC software are presented in Table 3. The two field
experiments produced similar results, with little variation between layers. The curves in
Fig. 3 were needed to calculate the drainage fluxes at the 1.2 m depth. The retention data
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I

I

I
a

700
600
_

500

‘E‘
s400
Ja

300

t

!

_0
0.05

0.10

0.15
8

I

l.e+l

I

0.20

0.25

0.30

0.35

(cm3/cm3)
I

I

I

I

I
b

---a- In situ
. . . . ** * .

0

100

200

300

Multi-step

400

500

600

700

800

Wm)
Fig. 4. Optimized soil water retention curves (a) and unsaturated hydraulic conductivity curves (b), from in situ
(solid curves) and laboratory measurements (dotted lines) for 90-120 cm depth interval. Bars indicate the
uncertainty of the laboratory curves.

we identified three typical situations, represented by the soil water regime of February 3,
March 30 and July 28 (Fig. 5). The soil water distribution on February 3 is uniform
except for the increased soil water content near the 120 cm depth, indicating restricted
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,e+l

600

,e+O

500
,e-1

400
300

,e-2

200
,e-3

100
0

0,12

0,151 0,18

0,21

0,24

0,27

,e-4

8 (cm3/cm3)
Fig. 3. Soil water retention and unsaturated
interval). as obtained from in situ-experiments

hydraulic conductivity
data and curves
(symbols) and curve fitting (solid lines).

(90-120

cm depth

clearly show that the water holding capacity of this soil is extremely low, and that there
is a rapid decrease of the hydraulic conductivity function with decreasing water content.
Since the subsurface soil remained unsaturated during the wetting experiments,
the
saturated water content values were determined from saturation of soil cores in the
laboratory. Only this saturated water content was used as a fixed parameter in the fitting
of the two curves. The fitted saturated conductivity
agreed extremely well with the
laboratory-measured
saturated hydraulic conductivity
using the constant head method
(Klute and Dirksen, 1986). In situ soil hydraulic functions (solid lines) for the 1.2 m
depth are compared with the average hydraulic functions
as estimated from the
multi-step laboratory experiments [dashed lines in Fig. 4a (soil water retention curve)
and Fig. 4b (unsaturated
hydraulic conductivity
curve]. The values for the fitting
parameters of the laboratory data are listed in Table 3 as well. The bars in Fig. 4a and b
correspond with the standard deviation in volumetric water content (Fig. 4a) and
unsaturated
K (Fig. 4b) of the 8 laboratory-measured
curves, thereby presenting the
uncertainty of the laboratory experiments. Differences between in situ and the multi-step
values of the 0(h)-function
are relatively small. The hydraulic conductivity
values
estimated from the field data are slightly larger than those optimized using the multi-step
outflow procedure.
4.2. Water balance
Although we present the water balance for the complete 5-month monitoring period,
in order to highlight differences in spatial soil water distribution and drainage patterns

:e-dimensi onal volumetric water content distributions
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at I:ebruary 3, Evlarch 30 and July 28.
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water movement by the high soil density. Furthermore, despite the heavy January rains
(383 mm>, the average volumetric water content at field capacity is only about 0.16 cm3
cmm3; confirming the low water holding capacity of the soil (Fig. 3). The water content
distribution of March 30 corresponds to the spatial water distribution prior to the first
drip irrigation event of the 1995 season. The water content at the 120 cm depth is still
relatively high, whereas a root water uptake pattern is becoming apparent in the surface
layers, with volumetric water content values as low as 0.08 cm3 cmP3 in the center of
the experimental
plot. The situation on July 28 is representative
of the soil water
distribution
during the irrigation season, with high water content values around the
dripper line. The greatest soil water storage is restricted to a 1.2- 1.8 m wide strip along
the dripper lateral line, except for the greater depths where water content is relatively
high and uniform. Soil water content values are especially low at the soil surface
(0.02-0.05
cm3 cm-‘) outside the wetted strip because of soil evaporation. Tree root
excavations of other similar trees also showed that the extent of the roots is confined to
the wetted area and limited to the upper 1 m soil depth.
Weekly water balance calculations
were done for the rooting zone (Z, ,) and the
remaining soil volume (Z2> of the experimental plot, which have areas of 3.6 m X 4.8 m
(17.3 m*) and 3.0 m X 4.8 m (14.4 m’), respectively. The separation of these two soil
volumes was done to discriminate between two completely different soil water regimes,
with Z, being mostly static as compared to dynamic soil water changes by drip
irrigation and root water uptake in Z,. Fig. 6 presents the decrease in water storage
(l/tree> as computed for the 0- 1.2 m soil profile in the rooting zone (Z,). The peaks in
the data sequence correspond to weekly periods where irrigation has exceeded ET.

i

I

1250 'I
April

May

I
June

July

August

Fig. 6. Soil water storage as a function of time between 0 and 1.2 m depth of Z, (dynamic
MAWC denotes Minimum Allowable Water Content.

rooting zone).
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During the experimental period, we observed a soil water depletion of 1344 1 (78 mm),
indicating that the applied irrigation water was not sufficient to compensate for soil
w?ter depleted by ET and possible drainage. At the end of the observation period in the
last week of August, soil water storage in Z, was only 87 mm (1500 11, equivalent to an
average volumetric water content of 0.07 cm3 cmm3.
Fig. 7 shows the spatial distribution of soil water fluxes at the 1.2 m soil depth for the
same three dates presented in Fig. 5. Fluxes were calculated using the hydraulic
functions of Fig. 3 and the measured soil water pressure gradients. Negative fluxes
(mm/day)
correspond to drainage, whereas positive values indicate upward flow or
capillary rise. On February 3, the complete experimental area was draining due to the
soil water storage increase caused by the winter rains. Drainage rate values varied
between 0.4 and 2.4 mm/day.
A few days before the first irrigation, on March 30,
tensiometer readings in the area below the dripper line indicated no drainage, but instead
a water potential gradient in the upward direction caused by root water uptake of the
transpiring tree. Upward water movement occurred in the range of 0.0 to 0.6 mm/day.
The soil profile away from the dripper line, however, continued to drain at rates of 0 to
- 1.4 mm/day. July 28 (Fig. 7c) was typical of most of the irrigation season, with areas
of leaching (0 to -0.8 mm/day)
only observed below the dripper line, where emitters
discharged irrigation water at rates higher than the root water uptake rate. In contrast,
capillary rise at a rate of 0.0 to 0.2 mm/day occurred in the surrounding area.
Water applications (rainfall and irrigation, l/tree) and the net drainage flux rate, d,
(l/day, Eq. (6)), as a function of time during the irrigation season are plotted in Fig. 8.
Fig. 8a presents these data for the Z, rooting area, from integration of the fluxes at all
measured locations within Z,, whereas Fig. 8b displays the same information for the Z,
area (8 neutron probe locations only). The net drainage flux in Fig. 8 is composed of the
drainage rate and capillary rise, both of which are also shown. For the Z, area (17.3
m2>, a net flux of 3.0 l/day corresponds to about 0.17 mm/day
capillary rise. In the
active rooting zone, three periods with net deep percolation were observed. These were
at the beginning of the growing season when the soil was still draining from the winter
rains, in mid April and the end of July, with the latter two periods corresponding
to
excess irrigation amounts. During the remainder of the irrigation season, the net flux for
Z, was upward. Still, the area immediately below the drip line (1.0 m X 4.8 m in Fig.
7c) was continually being leached, which is demonstrated by the continuous drainage
rate of about - 1.0 l/day (0.2 mm/day).
In the non-active soil zone (Z, = 14.4 m2), we
observed that leaching from the winter rains stopped in mid April and that there was
capillary rise for the remainder of the season; decreasing from 7 l/day (0.5 mm/day) to
about 1.0 l/day (0.07 mm/day)
during the irrigation season.
The cumulative
water balance of the Z, area during the experimental
period is
presented in Fig. 9. The cumulative water applied during this period, including rainfall
(17,899 l/tree or 1035 mm), was less than total evapotranspiration
(19,261 l/tree or
1113 mm), thereby causing water depletion of the soil around the tree (1330 l/tree or 77
mm) and capillary rise (32.0 l/tree or 2 mm). The measured cumulative ET corresponds
to a time-average ET rate of 7.4 mm/day. Cumulative capillary rise, estimated from the
hydraulic conductivity’s
obtained from the laboratory soil cores (3 l/tree) was lower
than determined using the in situ functions. However, because of its small magnitude in
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Fig. 7. Spatial distribution of soil water fluxes at the 1.2 m soil depth for February 3 (A); April 11(B) and July
28 (C). Negative values indicate drainage, whereas positive values indicate upward flow or capillary rise.
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both cases, it does not affect the water balance significantly.
Despite the presence of
local drainage during the whole growing season, net flow was upward. Most likely,
some of the drained water moved laterally, thereby becoming available for capillary rise
elsewhere.
Daily ET rates, when averaged for weekly periods, are presented in Fig. 10 for both
the Z, and Z, area of the experimental tree. In the Z, area, maximum ET values occur
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in June and July with peak values of about 200 l/tree/day
or 11.5 mm/day.
In the 2,
area, evaporation is linked to rainfall events with peak values of about 32 l/tree/day
or
2.2 mm/day. The mean evaporation rate in the 2, area was about 16 l/tree/day
or 1.1
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This corresponds to a total soil water depletion of about 0.14 cm3 cm-3
during the 5-month experimental period, with 0 decreasing from 0.18 cm3 cm- 3 (April
1) to about 0.04 cm3 cm-3 (August 31). Clearly shown is the drop in ET rate, due to
reduced evaporative losses, on August 25 when irrigation is stopped to prepare for the
dry harvesting of the nuts.
Fig. 11 presents the suggested crop coefficient ( K,) values using a canopy ground
cover of 45% (Goldhamer
and Snyder, 1989) and compares this curve with the
experimentally-derived
Kc-values. Note that actual tree water use (ET) is related to the
reference evapotranspiration
(ET,,) by ET = K, * ET,. There is excellent agreement
between the observed and predicted crop coefficient value during the irrigation season.
The crop coefficient value increases from 0.4 in April to about 0.8 in June. Thereafter,
the values fluctuate around 0.8, and decrease sharply to about 0.2 when irrigation is
stopped. Occasional high Kc-values are caused by periods of excessive irrigation when a
partially wetted orchard floor surface leads to increased evaporation.
4.3. Root water uptake
Three-dimensional
root water uptake patterns are influenced by the relative position
of the tree roots to the drip irrigation emitters. The color images in Fig. 12 show the
temporal changes in root water uptake for the four-day study period (August 25-29)
with water uptake values corresponding
to l-day intervals. The minimum cutoff value
for uptake values to be represented was 0.005 cm3 cmm3 day-‘. Thus uptake values
range from 0.005 day- ’ or smaller to about 0.01 day-’ in the yellow portions of the
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images, and increase to 0.03 (green) and 0.05 day- ’ (blue). To rightfully interpret these
data, one should note that a root water uptake value of 0.03 day-’ corresponds to a 0.03
cm3 cm- 3 decrease in volumetric water content over a one-day period. For the August
25-26 period, maximum water uptake rates (in blue) occur in the surface layers near the
emitters, and approach almost 0.07 day-‘.
We expect those local soil regions of
maximum root water uptake to coincide with the soil volumes with the most active root
systems. As these soil volumes become depleted, regions of maximum root water uptake
shift to other locations within the rooting zone where the soil water is most easily
available. For example, close observation
of Fig. 12 shows that root water uptake
patterns change with time towards deeper layers and further away from the tree. Thus,
the larger soil volume exploited to satisfy the evaporative demand compensates for the
general decrease in root water uptake rate within the active rooting zone, thereby
maintaining the evaporative demand for the first 2-3 days after irrigation is stopped (see
also Figs. 10 and 11). However, as the whole soil rooting zone becomes further depleted
of water, root water uptake rate and daily ET decrease with time as the tree enters a
water stress period. This reduction in ET for the last days of August are clearly shown in
Figs. 10 and 11. It is then, that the soil rooting zone has reached its minimum allowable
water content (MAWC, Fig. 6) of 1626 1 (volumetric water content of about 0.08 cm3
cmm3>. The combined total ET over the 4-day period was 340 l/tree, which corresponds
to about 20 mm. The depth distribution of water uptake during that same study period is
presented in Fig. 13. It was estimated that about 65% of the total water uptake occurred
in the O-50 cm depth interval, and that active roots were absent below the 100 cm soil
depth.

5. Conclusion
Analysis of soil water content and tensiometric
data and tree root excavations
demonstrated that the root system of drip irrigated almond trees was confined to the 1 m
soil depth and within a strip approximately 3.6 m wide, centered on the drip lateral. Soil
water retention and unsaturated hydraulic conductivity functions were estimated in situ
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(instantaneous
profile method) and from soil cores (multi-step
method). The two
functions agreed well, and confirmed that the porosity of the soil matrix was unusually
low (about 0.27 m3 m-j). The volumetric water content value of a wetted profile (at
field capacity) was about 0.16 cm3 cm- ’ or lower. Consequently,
because of the
extremely low water holding capacity of this soil (shallow root zone, coarse soil and
high gravel content), the orchard is extremely well suited to high-frequency
irrigation
systems.
We determined that drainage was only significant at the beginning of the experimental period, as soil water storage was high due to the heavy winter rains. Thereafter,
irrigations in April produced significant drainage water losses. During most of the
irrigation season, excessive irrigation episodes also caused drainage in the zone below
the emitters. The study clearly showed that as drainage losses occur beneath the drip
emitters, capillary rise occurs in the soil outside that wetted zone but within the soil
volume explored by the tree roots. Thus, although drainage losses are small when
estimated from the total soil volume, they could be significant near the water emitters.
Furthermore, since the hydraulic conductivity of the deeper soil layers is low, drainage
water can move laterally away from the most dynamic regions of the rooting zone,
becoming
available for capillary rise and subsequently
for root water uptake or
evaporation.
For the study period of 5 months, the total amount of water extracted by the
investigated tree was about 19,261 1 or 1113 mm. Since less water was applied by
irrigation, soil water storage in the soil rooting zone (Z, area) was depleted by 77 mm
during this period. Actual ET values measured in this study using the water balance
method for young almond trees are similar to other studies with similar ground cover
and crop management
practices (Fereres et al., 1982; Sharples et al., 1985). Water
uptake of the almond tree was confined to the 1.0 m soil depth. Root water uptake
varied from 0.0 to about 0.07 day-‘, with maximum values occurring after an irrigation
near the emitters. Temporal changes in the water uptake pattern were observed in both
vertical and horizontal directions, as roots explored the rooting zone for available water.
Results showed the importance of soil water measurements,
both near and away from
the drip emitters, in an effort to improve drip irrigation scheduling and design; avoiding
water deficits and water and fertilizer losses by drainage.
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