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Abstract

The spatial and temporal pattern of root water uptke in partially wetted soil
was studied in the root zone of a six-year old miorsprinkler irrigated almond tree.
The water balance of about one quarter of the rootone’s wetted soil volume (2.0 x
2.0 x 0.9 m) was determined by neutron probe and msiometer measurements. Soil
water content was measured at depths of 15, 30, 480, 75, and 90 cm using PVC
neutron probe access tubes, installed in a squareid of 50cm spacing to a depth of
120cm. Soil water potential gradients at the bottonof the monitored soil volume
were estimated by eight pairs of tensiometers at géns of 82.5 and 97.5 cm, installed
in a regular pattern between the access tubes. Aftdinear interpolation of the
tensiometer data across the experimental plot, vadal water fluxes at the 90 cm soil
depth were evaluated for all access tubes locatianSeutron probe and tensiometer
readings were taken at time intervals of 4 to 24 hos. The rate of soil water
depletion was calculated and used to estimate thpatial and temporal distributions
of root water uptake. Soil water dynamics was stuéd in two stages: 1) during a
week of conventional irrigation management with thee irrigation events; and 2)
during a period of 16 days without irrigation, after the monitored soil volume was
thoroughly moistened so that soil water was easilgvailable everywhere, initially.
The zones of maximum root water uptake were the saenfor both stages in periods
of high local rates of water application. Hence, th almond tree appeared capable to
redirect its root activity towards regions of the nost favorable water regime with
minimum soil water stress. After water applicatiors, root water uptake developed
initially near the tree trunk, progressing towards the periphery of the root system,
shifting to root zone regions with minimum soil waér stress, thereby changing
locations of maximum root water uptake.

INTRODUCTION

Proper water and soil management in orchards isngat for both sustainable
agriculture and integrated food production. In gahdrrigation scheduling is based on
the water balance method, however, using localimgghtion, it is difficult to evaluate
most of water balance terms. An additional comglicaarises from the non-uniformity
of water uptake within the root zone, as roots tgvereferentially in the wetted soil
volume (Sakovich and Post, 1986; Bielorai, 1985dmpensate for root suberization
and relative root inactivity in the non-wetted s@ramer and Boyer, 1995, p.146).
Suberized roots need several days to regain tlogivitg after soil wetting (Kramer,
1950), so that the rainfall term of the water batamay only apply to a fraction of the
root zone. Therefore, efficient water managemenmicro-irrigated rooting systems



depends on knowledge of the spatial and temposdtfildition of root water uptake, as
well as on the ability to predict variations of Isaiater status in the root zone after
irrigation. Whereas much is known about the rootphology of trees, including the

spatial distribution of roots under localized waa@plication, information to date on the
spatial and temporal distribution of root water andrient uptake is limited, especially
for partial-wetted soils (Clothier, 1989; KramedaBoyer, 1995; Ben-Asher, 2000). Root
water uptake models that can describe spatial amgdral patterns were developed by
Coelho and Or (2000) and Vrugt et al (2001).

To provide experimental data for the developmeaitification and calibration of
root water uptake models, thereby improving micrgation scheduling and
management, a field study was initiated in a mewankler irrigated almond orchard.
This study was part of a larger project for evabratof the physical performance of
various microirrigation systems in orchards (Schik/iat al., 1996). The objective of the
present study is to analyze the spatial and terhpooa water uptake patterns of a micro-
sprinkler irrigated almond tree. The daily watelalbae, water application uniformity and
application efficiency of this micro-sprinkler sgat were discussed in a previous paper
by Koumanov et al. (1997).

MATERIALS AND METHODS

The investigation was conducted during the sumnfiet995 in a six-year old
almond orchard (Nickels Ranch), located 90 km nathDavis, California, in the
Sacramento Valley. The almond tre®supus amigdalus) in the experimental plot were
of the ‘Butte’ cultivar, grafted on ‘Lovel Peacldatstock. Tree spacing was 4.8 x 6.6 m
and the canopy coverage of the soil surface was 60 majority of soils in the orchard
were classified as the Arbuckle series with youligveal deposits of at least 0.60 m,
overlaying an old clay deposit within 1.50 m frohetsoil surface, Table 1. Additional
information on the soil data are presented in Kauoneet al. (1997).

Micro-sprinkler irrigation was applied on about otterd of a 8.8 ha almond
orchard. The micro-sprinklers (Bowsmith Farjetere of the fixed head type, producing
22 single streams of water in a full circle wettpaftern. At an operating pressure of 0.15
MPa, the micro-sprinkler average discharge was taddu7 L h' over an effective
wetting radius of approximately 2.0 m.

The study objectives were addressed using detadédvater monitoring in the
root zone of a single representative almond trée. 8xperimental plot covered about one
guarter of the wetted area of one micro-sprinkigg.Q). In the 2.0 x 2.0 m monitored
area, 25 PVC neutron probe access tubes (dian@teny were installed in a square grid
using a separation distance of 50 cm, to a depth.»fm. In addition, eight pairs of
tensiometers were installed in a regular pattetwéen the access tubes at depths of 82.5
cm and 97.5 cm, respectively. Since the water egipdin rates were low and no water
ponding occurred, there was no evidence of theumstnts affecting the soil water
regime, despite that a large number of neutron @mairess and tensiometer tubes were
concentrated in a relatively small area. After dinenterpolation of the tensiometer data,
vertical water fluxes across the lower boundary ¢80 depth) were evaluated for all
neutron probe access tube locations through Damgyigtion, using parameter values
reported by Andreu et al. (1997).

! Bowsmith, P.O.Box 428, Exeter, CA 93221, USA.



The soil water dynamics was studied for two irmigatperiods. In the first period
(8/18-8/25/95), the experimental plot was irrigaieee times (8/18, 8/21, and 8/23). The
corresponding applied water amounts to the 2.22% B experimental area were 125 L
(24.7 mm), 85 L (16.8 mm), and 106 L (20.9 mm)ighltion scheduling was based on
California Irrigation Management Information Syste(€IMIS) data. Additional
information on the applied irrigation schedulingnday found in Koumanov et al. (1997).
Neutron probe and tensiometer readings were celletiefore and after each water
application, and daily at about 6:00, 10:00, 144t 18:00 hours. In addition, readings
were taken nightly after the 8/18 irrigation — at@ and 2:00 o’clock. During the second
period (9/13-9/29), soil water depletion was mameitbduring a 16-day period with no
irrigation. On 9/13, the micro-sprinkler system wesd to wet up the entire 90 cm soil
profile above field capacity, after which the iatgpn was cut off. Neutron probe and
tensiometer readings were taken immediately afsgemapplications at 13:00, 15:00, and
18:00 hours, every four hours daily (at 6:00, 10000, and 18:00 o’clock) from 9/14 —
9/17, and only one time daily at about 10:00 o’klérom 9/18 — 9/29.

In both experimental periods, the water balance seasputed between each time
interval. Root water uptake can be estimated e&sity the water content measurements
only, if water fluxes (drainage and/or evaporatiangd between layers) can be considered
insignificant. It will be shown, based on experit@nmesults, that this is the case for the
four-hour time intervals between measurements egph the present study. The soll
water content and soil water depletion rates weauated for the 0-22.5, 22.5-37.5,
37.5-52.5, 52.5-67.5, 67.5-82.5, and 82.5-97.5aihdspth intervals, corresponding to
the 15, 30, 45, 60, 75, and 90 cm depth measursmetit the neutron probe. Soil water
content changes were considered insignificanhefwater content changes as measured
between two consecutive measurement times werelesnthbn the precision of the
neutron probe. This precision, as determined frepeated neutron probe measurements
was 0.003 mem, which was about equal to its values providedhgyrhanufacturer.

RESULTS AND DISCUSSION

First Experimental Period

Most of the variations in soil water content ocedrin the upper 22.5 cm soll
layer only, as measured by the 15-cm depth neydrobe readings. We believe that the
micro-irrigation scheduling method that was basaddap-irrigation resulted in under-
irrigation and inadequate wetting of the soil gefiConsequently, most of the tree root
activity was also concentrated in the surface lsg#r. For the remaining larger part of
the monitored soil volume, measured soil water @aniuctuations were smaller than the
precision of the neutron probe. Dry soil and snsail water matric potential gradients
resulted in very low values of vertical water flagross the lower boundary. Between
water applications, water flow was generally dieectupwards (capillary rise), with
maximum flux values occasionally at about 0.0002itmWe estimated the evaporation
E (mm day}) from bare soil after removing the cover of the@enmental plot for field
capacity determination (Cassel and Nielsen, 1986pm the estimated evaporation
values we calculated the rates of soil water dipleR (cn? cm® h?) for each of the two
surface layers. Except for the very first measurgnmamediately after uncovering of the
soil surface, all values for R were less than 0506® cm>h™. Hence, the change of soil
water content in the top layer for the four-houndiintervals between measurements did
not exceed 0.002 chemi®, which was less than the precision of the neupbe. In



other words, the influence of evaporation on saétev depletion could be assumed
insignificant compared to root water uptake whensatering the four-hour time intervals
between measurements.

According to the results obtained, the almond &qegeared capable to redirect its
root activity towards the zones of the most favtgatater regime. The temporal changes
in irrigation water application pattern of the sding system had a beneficial effect on
the shallow root system, maintaining an active reggtem over a large part of the
experimental plot. However, the time series of watsmtent measurements did not show
soil water depletion by root uptake in zones ohhigater content at the 60-75 cm depth,
likely because of the absence of active tree raptthe larger soil depths. Also, soil
surface water storage did not change much at tigeraadial distances from the tree
(Fig. 2). Apparently, the active almond tree rodeveloped preferentially close to the
trunk provided there is sufficient water to meetmlwater requirements. Similar results
were obtained for drip irrigated peach trees grawlysimeters (Koumanov et al., 1998;
Stoilov et al., 1999).

The rate and the spatial distribution of root watetake varied significantly,
depending on soil water availability, the distafroen the tree trunk, and the intensity of
meteorological factors during the day. As an exanplg. 3 presents the spatial variation
of surface soil water depletion rate ¥m>® hr') on 8/19, the day after the first water
application at 10:00, 14:00, and 18:00 o’clock,pexgively. The initial locations of
maximum water depletion rates by root water uptakee close to the tree (bottom left
corner in Fig. 3a). Later, as evidenced by the madé¢pletion maps in Figs. 7b and c, the
zones of maximum water uptake moved away from e trunk, with roots exploring
the wetter soil regions. During the periods betweater applications, the pattern of soll
water depletion resembled concentric circles i tree trunk at the center and a radius
about equal to the vertical projection of the taewn. As expected, no soil water
depletion or root activity was measured in the expental plot during night periods.

Second Experimental Period

During the second experimental period, the soilewatatus was monitored after
fully wetting the root zone. For the majority ofipts, except for a few at the periphery of
the grid, the soil profile was wetted above FC. Tdtes of drainage below root zone were
mostly smaller than 0.003 cm/h or 0. 7 mm/d. Weuassthat the low drainage rates have
not affected the root water uptake patterns thaeldped mostly in the upper 20—25 cm
soil layer. Likely, the insufficient soil wettingelbw the 25 cm soil depth during the
irrigation season has resulted in root suberizatdod reduced development of active
roots.

As demonstrated in Fig. 4, root water uptake depedanitially (9/14) close to the
tree trunk, shifting to wetter parts of the rooheas water becomes depleted there. Also
Green et al. (1997) and Andreu et al. (1997) hamonted on temporal changes of
maximum root water uptake patterns, as determigadibations in water availability.

Throughout the first few days of the second expental period, the daily
maximum values of water uptake rates occurred letwi®:00 and 18:00 o’clock and
negligible uptake was observed during the nighthénlateral direction, the pattern of soil
water depletion decrease radially outwards fromtthe trunk, with the radial distance
controlled by the vertical projection of the tre®wn. In the vertical direction, water
depletion started at the soil surface and progdedse/nwards with time. However, daily
maximum root uptakes decreased with time as cdugdide reduced water content in the



upper soil layers with the active roots, and theealse of roots in the lower soil layers
despite that water content was relatively high éh@he maximum values of total soll

water depletion were found at the soil surface.pévation rates were not measured,
though there is no evidence that it would affeet $patial root water uptake patterns. The
lesser role of evaporation was also confirmed leylthv rates of soil water depletion in

surface soil zones with low root activity.

Root water uptake rate depends on root densitygkiery fluxes into the roots are
directly controlled by the gradient in water potahtbetween the roots and the
surrounding soil. In the range of soil water patanivhere the root resistance is the
limiting factor controlling water uptake, maximunater uptake will occur in the zones of
maximum soil water potential or water content (\fiedyer and Hendrickson, 1938;
Hough et al., 1965). Following this same reasoniing, expected that the tree root water
potential increases with increasing distance of nbat from the tree trunk, thereby
causing a radial spatial root water uptake distidou Hence, we postulate that in a
uniformly-wetted soil, root extraction will be highnear the trunk, because of the larger
water potential gradient there. In summary them, gpatial distribution of root water
uptakeS (x, y, 2) may be expressed as a function of root dendityspil water potential,
(hsg) and root water potentiahd), i.e. S (X, y, z) = fd, hs, h;), where h=f (A), with A
denoting the distance from the tree trunk.

Although the experimental results are solely forsiagle almond tree, it is
expected that the established pattern of root waitake are likely for most other micro-
sprinkler irrigated fruit tree species.

CONCLUSIONS

Despite that water application was nonuniform, sedisture uniformity prior to
irrigation was large, and was caused by differémtat water uptake in the surface soil.
Throughout the experiments, the roots of the almiwed were capable to redirect their
areas of maximum root activity towards the zoneshef most favorable water regime,
thereby resulting in fairly uniform water contemstdbutions.

Typically, zones of maximum root water uptake depeld from the tree trunk
towards the outer regions of the root zone, slyftio wetter parts of the root zone
domain. Consequently, soil water depletion pattdonsied a radial pattern around the
tree trunk. There was little root development betbe soil surface layer and soil water
depletion was small even if the total 90-cm sodfie was wetted. Thus, in summary,
factors controlling root water uptake in irrigatiede crops are (1) spatial distribution of
active roots, (2) root zone water contention disiion, and (3) distance from the tree
trunk. We believe that our results show that waisg efficiency could be increased if
irrigation water was applied in a circular pattevith decreasing water application with
increasing distance of the tree trunk. Such a serimater application pattern can be
achieved by a pair of sector-operating microspariki(e.g. 210° each), located at both
sides of the tree trunk.
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Tables

Table 1. Particle size distribution, volumetric\ggbcontent, dry bulk density, and
volumetric soil moisture at field capacity as adtion of soil depth.

Depth Soil texture Volumetric Bulk Soil moisture at
(%, by weight) gravel content | densit field capacity
(cm) | Sand| Silt | Clay (m® m?) (kg m (m®*m?3)
15 0.25 1598 0.196
30 53.0 41.0 6.0 0.29 1610 0.185
45 0.29 1646 0.214
60 58.0 325 9.5 0.40 1738 0.252
75 0.31 1807 0.272
90 67.0 25.0 8.0 0.30 1790 0.229
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Fig. 2 Soil surface water content ™) distribution in the upper 22.5 cm soil layer
before the water applications on 8/18, 8/21, ak8/85.
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Fig. 3 Soil water depletion rate ™ h?) in the top 22.5 cm soil layer, after the water
application on 8/19/95 for the periods 6:00—10:@) 10:00—14:00 (b), and 14:00—
18:00 (c). Negative values indicate soil water d&ph.
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Fig. 4 Water depletion rate m™ h) in the upper 22.5 cm soil layer, estimated on
9/14/95 for the period 10:00—14:00 (a); on 9/15/@5the periods 10:00—14:00 (b) and
14:00—18:00 (c); on 9/17/95 for the period 10:00-604(d); and from 10:00 on 9/18 till
11:00 on 9/19/95 (e).



