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ABSTRACT

Research objectives were addressed from precise water balance in the root zone
provided by neutron probe and tensiometers, air temperature and air humidity
measurement in the crowns of fruit trees, and soil sampling. Results presented are
from experiments in peach and almond plantations on various soil types carried out in
Bulgaria and California, USA.

Precise water balance under micro-sprinkling and drip irrigation showed that the
application efficiency was strongly dependent on both the climatic conditions and the
soil hydraulic properties. Root activity was found to play substantial role for
irrigation water redistribution creating zones with low soil moisture values (down to
the wilting point) along the skeletal roots very soon (20 hours) after the irrigation.
Under drip irrigation, soil moisture in the remaining part of the bulb was still close to
field capacity but this water seemed to be temporarily unavailable for roots. When the
wetted soil volume was larger, as under micro-sprinkler irrigation, root water uptake
was found to be, spatially and temporarily, very dynamic. Hence, crop water use
efficiency would be increased if irrigation strategy was based on physical models of
the evaporation from partially wetted soil surface, irrigation water redistribution in
the soil, and root water uptake. Micro sprinkling was found to affect positively
microclimate in fruit-tree plantations, decreasing air temperatures and increasing
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significantly air humidity, the effect being more pronounced in dry and hot
conditions.

Keywords : Drip irrigation, micro-sprinkling, irrigation scheduling,
microclimate, fruit trees.

RESUME ET CONCLUSIONS

Bien que les systèmes de microirrigation soient mis en usage depuis quelques
décades, les recherches récentes montrent le besoin de perfectionnement de la
méthodologie de pilotage et de gestion de l’irrigation dans le contexte des ressources
limitées d’eau, de l’agriculture stable et de la production fruitière intégrée. Pour les
buts de la recherche, on a fait un bilan hydrique précis du volume du sol habitée par
les racines, des mesures de la température et de l’humidité de l’air à trois niveaux
dans les couronnes des arbres fruitiers, et des analyses laboratoires d’échantillons du
sol. Les données présentées résultent d’expérimentations menées dans des plantations
de pêchers et d’amandiers sur différents types de sol en Bulgarie et en Californie ,
Etats-Unis d’Amérique. L’évaluation précise des réserves du sol en eau sous micro
irrigation et sous irrigation goutte-à-goutte a montré que l’efficacité de l’application
d’eau est en très grande dépendance des conditions climatiques aussi bien que des
caracteristiques hydriques du sol. On a constaté que l’activité racinaire joue un rôle
important pour la redistribution de l’eau d’irrigation dans le volume du sol en créant
des zones d’humidité de valeurs basses (jusqu’au point de fanage) sur la longueur des
racines charpentières très tôt (20 heures) après l’apport d’eau. Avec l’irrigation
goutte-à-goutte l’humidité dans l’autre partie du volume du sol reste encore voisine
au capacité du champ, mais il semble que cette eau reste pour un certain temps
inaccessible pour les racines, et il est fort probable que les arbres soient soumis au
stress hydrique très tôt après l’irrigation. On a constaté que si le volume du sol
humecté est plus grand, comme c’est le cas de la microaspersion, l’activité spaciale et
temporelle des racines est bien plus dynamique. Les zones d’extraction intensive de
l’eau changeaient leur place dans tout le volume habité par les racines “dans la
recherche” de l’humidité plus grande du sol, en présentant la tendance générale de
répartition progressive du tige de l’arbre vers la périphérie du système racinaire.
Donc, l’efficacité de l’utilisation de l’eau par les arbres serait plus grande si la
stratégie de l’irrigation reste basée sur les modèles physiques de l’évaporation à partir
de la surface du sol partiellement humectée, de la répartition de l’eau d’irrigation dans
le sol et de son extraction par les racines. Il faut attirer l’attention sur la micro
irrigation qui combine les avantages de l’irrigation goutte-à-goutte et les capacités de
l’aspersion. On a constaté l’action positive qu’effectue la microaspersion sur le
microclimat dans le verger en diminuant les températures et augmantant
considérablement l’humidité de l’air, l’effet étant plus exprimé en temps sec et chaud.
On a prouvé aussi que la micro irrigation est la technique d’irrigation la plus
convenable en vue l’utilisation efficace de l’eau pour la maintenance de la couche
herbeuse dans les vergers.
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INTRODUCTION

Micro-irrigation is increasingly used in agriculture and especially for fruit crops.
It has the potentialities for an effective control on the processes taking place in the
irrigation system, irrigated plantation, and even in a single tree (Bresler, 1977; Bucks
et al., 1982; Bucks and Davies, 1986). When managed properly, micro-irrigation can
meet the requirements for sustainable agriculture and integrated fruit production
(Cross and Dickler, 1994; Geiger, 2000) providing economical production of high
quality fruit, minimizing the undesirable side effects and use of agrochemicals, and
enhancing the safeguards to the environment and human health. However, in contrast
to an intensive technical improvement of micro-irrigation systems during the last
decades, methods for irrigation scheduling and management almost have not been
changed since the appearance of micro-irrigation in the sixties. Currently used
approaches originate from those developed for conventional irrigation methods
(surface and sprinkler) where soil is considered as a water reservoir and water fluxes
are predominantly one-dimensional (vertical). Micro-irrigation specificity is
introduced by series of empirical coefficients which have to account for a local soil
wetting, frequent water applications, and two- or three- rather than one-dimensional
water distribution and redistribution in the root zone (Sharples et al., 1985; Grant et
al., 1986; Howell et al., 1986; Snyder et al., 1987). Generally, irrigation water
requirements can be calculated using following expression :
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Where, ET0 is the reference evapotranspiration, Kc is crop coefficient, Kr is
reduction coefficient, and Ke denotes the application efficiency. The term KcET0

represents crop evapotranspiration, ETc. Updated procedures for calculating reference
and crop evapotranspiration from meteorological data and crop coefficients are given
by Allen et al. (1998). The coefficient of reduction Kr is introduced to take in account
the reduction in crop evapotranspiration due to the lower percentage of the crop-
covered soil surface during the period of tree immaturity (Fereres et al., 1981).
Probably, besides for immature trees, Kr should account also for planting distances
differing from those at which ETc has been established. Some authors provide the ETc

reduction by incorporating Kr in the crop coefficient value (Allen et al., 1998). The
application efficiency, Ke, is defined as the ratio of the water stored in the root zone to
the water applied (Bralts, 1986; Hanson and Wallender, 1989). Traditionally, a high
application efficiency value of 0.90—0.95 is used in micro-irrigation scheduling
(Vermeiren and Jobling, 1980; Bucks et al., 1982; Snyder and Pruitt, 1989b),
although Howell et al. (1986) note that the frequency of the wetting may result in
cumulative evaporation losses as large as those commonly associated with sprinkler
or surface irrigation. As one can see, the perennial character of plantations, the zonal
disposition of crop cover, and the non-uniform spatial distribution of root activity
complicate water management in orchards additionally. The great number and the
empirical character of coefficients, the interdependence of all factors that should be
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taken in consideration, as well as the uncertainty concerning plant-tolerable
localization in soil wetting, often result in errors in micro-irrigation scheduling and
management (Fry, 1985) and respectively in detour from the optimum soil and plant
water regime. Present publication is aimed to attract attention on some discrepancy
between the currently used approaches for micro-irrigation scheduling and the
existing experimental evidence, at least concerning the fruit-tree plantations. Results
presented are from experiments with peach and almond trees on various soil types
carried out in Bulgaria and California-USA, during the period 1993-1997.

Drip irrigation of peach trees on three soils

This investigation was carried out in lysimeters, 2.0 x 3.0 m filled up to 1.0 m
with soil, and on three soils : Fluvisol, Luvisol (chromic), and Vertisol. Texturally,
they are determined as sandy loam, clay loam, and clay respectively. The values of
some soil characteristics are given in Table 1. In the spring of 1994, single peach
trees (cultivar "Redhaven" on GF-677 rootstock) were planted in every one of the
lysimetric cells. Plants were supplied with water and fertilizers through a drip-
irrigation system : one emitter per tree, with average discharge of 4.6 l.h–1, and
located 0.75 m apart from the tree trunk. The irrigation was realized on a daily basis,
five days in a week except Saturdays and Sundays. Irrigation regimes and application
rates were identical for all trees.

Table 1. Physical characteristics of the investigated soils (Caractéristiques
physiques des sols investigées)

Soils
Soil properties

Fluvisol Luvisol Vertisol

Particle density, g/cm3 2.7 2.6 2.7

Bulk density, g/cm3 1.43 1.19 1.23

Porosity, % 47.0 54.2 54.4

Field capacity, kg/kg 0.16 0.24 0.35

Content of sand (2 ÷ 0.05 mm), % 64.8 40.0 34.7

Content of silt  (0.05 ÷ 0.002 mm), % 24.3 25.8 14.2

Content of clay (< 0.002 mm), % 10.9 34.2 51.1

Irrigation water distribution and redistribution in the root zone was studied
during the third and the fourth vegetation of the trees. Spatial distribution of soil
moisture was established by soil sampling 20 hours after the consecutive water
application. In 1996, soil samples were taken by drilling at radial distances of 10 cm,
25 cm, 50 cm, 75 cm and 100 cm from the dripper and by layers of 10 cm. In 1997
soil samples were taken from a soil profile in 10-centimeter square grid, after digging
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a trench along the line tree-dripper. Soil moisture values were estimated
gravimetrically. Root system configuration throughout the profile was also
established. A distinct notion for the patterns of soil wetting in the three soils could be
obtained from Figure 1, based on the results from 1996. It is clearly seen that the
differing hydraulic characteristics of the studied soils determined essentially different
patterns of soil wetting despite of the same irrigation regime. Water amount stored in
the wetted soil volumes, estimated assuming axisimetry of the bulb, was roughly
59 dm3 in the Fluvisol, 89 dm3 in the Luvisol, and 239 dm3 in the Vertisol. The
relatively small volume of wetting in the Fluvisol suggested significant evaporative
losses of irrigation water from the increased superficial ponding area. The magnitude
of these losses was not estimated in this investigation but according to some authors
(Matthias et al., 1986) they could reach up to 30-49% of the application rate.
Moreover, the presence or the absence of root activity is of great importance for
irrigation water distribution and redistribution in the soil. Figures 2, 3 and 4 represent
both the patterns of soil wetting and the root system configuration in soil profiles
"along the row" found in 1997. Well-outlined areas of decreased water content are
observed in the wetted volumes of all three soils. They are located along the skeletal
roots – from tree trunk to the very well watered zones under the dripper. As a result,
only 20 hours after the water supply soil moisture values around the active roots is
decreased almost to the wilting point (about 50% of FC) while in the rest of the bulb
they are still above 80% of the field capacity. It turns out that, even under drip-
irrigation, water is not equally available for the fruit trees throughout the wetted soil
volume. It may well be that plants undergo water stress pretty soon after the
irrigation, although such a statement has not been proven in the study. Hence, in the
majority of cases, a daily or even permanent supply of irrigation water would be the
most favourable for the plant water regime.

Micro-sprinkler irrigation of almond trees

This investigation was conducted in August 1995 in a six-year old almond
orchard, located 90 km north of Davis, CA, in the Sacramento Valley. Tree spacing
was 4.8 m x 6.6 m and the canopy coverage of the soil surface was 60 %. Texturally
the soil is gravely sandy loam to loam. Micro-sprinklers used have a fixed head which
produces 22 single streams of water in a full circle wetting pattern. At an operating
pressure of 0.15 MPa, the micro-sprinkler average discharge is 41.7 l.h–1 and the
effective radius of wetting is approximately 2.0 m. Micro-sprinklers were placed
midway between trees in the tree row. The experimental plot covered about one
quarter of the wetted area of one micro-sprinkler. In the 2.0 m x 2.0 m monitored
area, 25 PVC neutron probe access tubes were installed in a square grid of 50 cm
spacing to a depth of 120 cm. In addition, eight pairs of tensiometers were installed in
a regular pattern between the access tubes at depths of 82.5 cm and 97.5 cm,
respectively. During a week of conventional irrigation management (8/18–8/25/95),
the experimental plot was irrigated three times (on 8/18, 8/21,  and 8/23). On all days,
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Figure 1. Fields of soil moisture (gravimetric %) in : (a) Fluvisol; (b) Luvisol; and
(c) Vertisol. 10.07.1996 (Répartition de l’humidité du sol (%
gravimétrique) : (a) Fluvisol; (b) Luvisol; and (c) Vertisol. 10.07.1996)

Distance from the dripper, cm
D

ep
th

, c
m

a)

Distance from the dripper, cm

D
ep

th
, c

m

b)

Distance from the dripper, cm

D
ep

th
, c

m

c)



Q.50 – P.1.02 7

irrigation started at around 6:00 and lasted for 7.5 to 13.5 hours. The irrigation
scheduling was based on equation (1) and the California Irrigation Management
Information System data. According to the guidelines for micro-irrigation scheduling
in Sacramento Valley (Snyder et al., 1987), Kc = 0.9, Kr= 1.0, and Ke = 0.9. Neutron

Figure 2. Field of soil moisture (gravimetric %) and configuration of peach-tree
root system in the Fluvisol; 04.08.1997 (Répartition de l’humidité du sol
(% gravimétrique) et configuration du système racinaire du pêcher dans
le Fluvisol; 04.08.1997)
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Figure 3. Field of soil moisture (gravimetric %) and configuration of peach-tree
root system in the Luvisol; 15.07.1997 (Répartition de l’humidité du sol
(% gravimétrique) et configuration du système racinaire du pêcher dans
le Luvisol; 15.07.1997).
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Figure 4. Field of soil moisture (gravimetric %) and configuration of peach-tree
root system in the Vertisol; 14.07.1997 (Répartition de l’humidité du sol
(% gravimétrique) et configuration du système racinaire du pêcher dans
le Vertisol; 14.07.1997)
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probe and tensiometer readings were taken before and after every one of water
applications, as well as daily at about 6:00, 10:00, 14:00, and 18:00 o’clock. Water
balance for the days of water applications, referred to 6:00, and selected
meteorological data are shown in Table 2. Both the vertical flux through the bottom
of root zone and the root water uptake from the non-wetted soil volume were
negligible. As the crop evapotranspiration and the evaporative losses during the
irrigation cannot be separated, application efficiency is calculated using the ETc value
from the next day. Again, like in the experiment with drip irrigation, a significant
portion of the micro-sprinkler applied water is lost by evaporation from the wetted
soil surface. The application efficiency values range from 0.49 to 0.58 and the
fraction of application rate spent for transpiration and evaporation during the
irrigation days is respectively 70%, 77%, and 71%. For the days between irrigations
the actual daily crop coefficient was estimated to vary from 0.59 to 0.77, with the
lower values on the days before next irrigation. When calculated for the entire 7-day
period, however, the crop coefficient was found to be 1.05. Therefore, weekly water
balance  measurements  overestimate water  use  by  transpiration and crop coefficient

Table 2. Water balance for 0.975 m soil profile with derived application efficiency
(Ke) and selected meteorological data (Bilan hydrique du profil du sol de
0.975 m avec l’efficacité de l’application (Ke) obtenue et données
météorologiques sélectionnées)

Observation dateWater balance elements
and Meteorological data

18/8 21/8 23/8

Water applied/wetted areaa (mm) 22.9 17.0 17.8

Water applied/total areab (mm) 14.6 10.9 11.4

Change in water storage/wetted areaa (mm) 6.8 3.9 3.5

Change in water storage/total areab (mm) 4.35 2.5 2.23

ETc from the next dayb (mm) 4.1 3.8 3.3

ET0
b (mm) 6.3 5.5 6.8

Change in water storage + ETc
b (mm) 8.45 6.30 5.53

Application efficiency (Ke)c 0.58 0.58 0.49

24-h Tmax (°C) 33 37 38

24-h Tmin (C) 14 16 17

Maximum relative humidity (%) 66 79 81

Minimum relative humidity (%) 18 21 19

Average wind speed (m/s) 2.0 1.6 2.7

aWetted area = 4(2.25 x 2.25) = 20.25 m2 ; bTotal area = 4(2.4 x 3.3) = 31.67 m2 ; cKe = (Change in water
storage + ETc from the next day)/Water applied
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values since evaporation losses will be neglected on days when water is applied.
Because of the limited net increase in soil water storage after the water applications,
ETc during the days between irrigations is lower than ET0 and the soil water storage
steadily declines (Figure 5). Hence, for conditions of high temperatures, low air
humidity, and low soil permeability, corrections to the application efficiency values
must be determined which account for evaporative losses during micro- irrigation.
The alternative solution is to irrigate during nighttime hours when the meteorological
conditions are much more favorable. However, nighttime irrigation would prevent the
potential beneficial effects of daytime irrigation by reducing heat stress and
increasing air humidity in the orchard as it is shown on Figure 6. When the wetted
soil volume was larger, as under micro-sprinkler irrigation, the rate and the spatial
distribution of root water uptake varied significantly, depending on the soil water
availability, the distance from the tree trunk, and the intensity of meteorological
factors during the day.

Figure 5. Changes in water storage (dm3) in the experimental soil volume (2 x 2 x
0.975 m) during the period 8/18/95 – 8/25/95 (Changement dans la
réserve en eau du volume expérimental du sol pendant la période
8/18/95 – 8/25/95)

Drought mitigation effects of micro sprinkling in a peach orchard

The investigation was carried out in a four-year-old peach orchard in Southern
Bulgaria where during the summer air temperature often reaches 35-40°C for
extended periods of the day and relative air humidity drops below 30%. Experimental
trees were planted 3.0 x 5.5 m apart. Micro-sprinklers used were with static head,
applying irrigation water over 50% of the soil surface, and placed midway between
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Figure 6. Changes in relative air humidity (above) and air temperature (below) on
August 23, 1993. Shaded strips mark the irrigation period (Changement
de l’humidité relative de l’air (au-dessus) et de la température de l’air
(au-dessous) le 23 Août 1993. Les bandes hâchurées marquent les
périodes d’irrigation)

every two trees. Air temperature and relative air humidity were measured using pairs
of mercury thermometers – dry and wet. Measurements were done at three levels -
1.00 m, 1.75 m, and 2.50 m above the ground. Readings from a standard meteoro-
logical cell were used as a reference. Readings were taken in 15-minute intervals,
simultaneously in all treatments and the meteorological cell. Figure 6 shows results
from an observation on August 23, 1993 - a calm, sunny, and hot day. Readings were
taken from 11:00 to 16:00, when the meteorological variables reached their extreme
values for the day. The irrigation was started at 12:00 and ceased at 16:00. The
preceding application rate was delivered three days before, on August 20. The
average decrease in temperature values by levels of observation was respectively
1.2°C, 2.4°C, and 3.1°C, and the average raise of relative air humidity was 13%,
15%, and 16%. The maximum departures from the reference values were in the
lowermost parts of the crown, respectively –3.7°C for the temperature and +20%
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(+70% relative to the reference) for the relative humidity. The effect on air humidity
was practically unchanged to a height of 1.75 m and then decreased, remaining
substantial. Therefore, under-tree micro-sprinkler irrigation was found to act
regulatively on the microclimate in the peach orchard by increasing substantially air
humidity and decreasing air temperature. As a result, the critical for the plants
ambient temperatures threshold can be shifted almost to 40°C. The effect was
positively related to the meteorological factors magnitude and the duration of
irrigation. However, the effect on air temperature and air humidity was completely
lost on the next day after irrigation, i.e. an irrigation regime with more frequent water
applications is preferable. Moreover, in critical for the plants periods of drought,
micro sprinkling could be operated every day despite of the fact that the applied water
amounts would exceed the values of crop water use.

CONCLUSIONS

Currently used methods for irrigation scheduling ignore the evaporation losses
during the periods when water is applied. These losses may be significant for
conditions of high temperatures, low air humidity, and low soil permeability. Under
such conditions weekly water balance measurements overestimate water use by
transpiration and crop coefficient values. Hence, corrections to the application
efficiency values must be determined which account for evaporative losses during
micro-irrigation. Crop water use efficiency will be increased if the irrigation
scheduling is based on physical models describing the evaporation from partially
wetted soil surface, the irrigation water redistribution in the soil, and the root water
uptake. More attention should be paid to micro-sprinkler irrigation, which was found
to affect positively microclimate in the orchard decreasing high air temperatures and
increasing substantially low air humidity values.
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