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1. Introduction

ABSTRACT

Over the last two decades, a significant increase in intensively managed olive orchards has occurred in the
northwest of Argentina where climatic conditions differ greatly from the Mediterranean Basin. Annual
amounts of applied irrigation are generally high due to low rainfall, access to deep ground water, and
little information about water use by the crop in the region. The objectives of this study were to: (1)
assess the responses of plant growth, yield components, and several physiological parameters to five
different irrigation levels and (2) determine an optimum crop coefficient (Kc) for the entire growing
season considering both fruit yield and vegetative growth. Five irrigation treatments (Kc=0.50, 0.70,
0.85, 1.0, 1.15) were employed from late winter to the fall over 2 years in a 6-year-old cv. ‘Manzanilla
fina’ olive orchard. Tree canopy volume was approximately 15 m> with a leaf area of about 40 m? at the
beginning of the experiment. During much of each year, the volumetric soil water content was lower in the
Kc=0.50 treatment than in the other irrigation levels evaluated (Kc=0.85 and 1.15). Although differences
in midday stem water potential (¥) were not always apparent between treatments during the first year,
there were lower ¥; values in Kc=0.50 and 0.70 relative to the higher irrigation levels during the second
year. Shoot elongation in Kc=0.50 was about 50% of that in Kc=1.0 and 1.15 during both years leading
to significant differences in the increase of tree canopy volume by the end of the first year. Fruit yield
was similar among irrigation levels the first year, but yield reached a maximum value the second year
between Kc=0.70 and 0.85 above which no increase was apparent. The somewhat lower fruit yield values
in Kc=0.50 and 0.70 were associated with decreased fruit number rather than reductions in individual
fruit weight. The water productivity on a yield basis (fruit yield per mm of applied irrigation) decreased
as irrigation increased in the second year, while similar calculations based on trunk cross-sectional area
growth indicated that vegetative growth was proportional to the amount of irrigation. This suggests that
the warm climate of northwest Argentina (28 S) can induce excessive vegetative growth when very high
irrigation levels are applied. A Kc value of approximately 0.70 over the course of the growing season
should be sufficient to maintain both fruit yield and vegetative growth at adequate levels. An evaluation
of regulated deficit irrigation strategies for table olives in this region could be beneficial to further reduce
irrigation.

© 2010 Elsevier B.V. All rights reserved.

table olives among these emerging countries, and has become the
third-leading exporter globally behind Spain and Egypt with 90,000

Asignificantincrease in the olive growing area (i.e., 30-90 thou-
sand hectares) has occurred in Argentina over the last 15-20 years
similar to other countries in the Southern Hemisphere such as
Australia and South Africa. Most of the new commercial planta-
tions are drip irrigated, intensively managed, and relatively large
(100-1500 ha). Currently, Argentina is the greatest producer of
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tons of table olives exported in 2008 (SAGPyA, 2008; I00C, 2009).

The new production areas are located primarily in the northwest
of Argentina where the climate is substantially different from the
Mediterranean Basin (Rana and Katerji, 2000; Ayerza and Sibbett,
2001). Most of the annual precipitation (i.e., 100-400 mm) occurs
during the summer months in contrast to the winter rainfall of the
Mediterranean, and there are higher temperatures for much of the
year due to the subtropical latitude (28-30° S) of the region. These
environmental differences may affect the timing of phenological
events such as flowering, vegetative growth patterns, oil quality,
and yield potential (Ayerza and Coates, 2004; Ravetti et al., 2002;
Rondanini et al., 2007). Although olive production relies heavily on
irrigation in this region, irrigation requirements and strategies have
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just started to be assessed in high-input orchards (Rousseaux et al.,
2008, 2009). Similar initial evaluations have been conducted in the
new growing regions of Australia and New Zealand (Yunusa et al.,
2008; Greven et al., 2009).

Olive is adrought tolerant species, and many studies have inves-
tigated its physiological and morphological adaptations to water
stress along with responses of crop yield to deficit irrigation (e.g.,
Fernandezetal., 1997; Moriana et al., 2002; or see review by Connor
and Fereres, 2005). Olive water consumption is frequently esti-
mated using the FAO method (Allen et al., 1998) where a crop
coefficient (Kc) that represents the ratio of crop evapotranspira-
tion (ETc) to reference evapotranspiration (ETo) is adjusted by
the crop cover (Kr) (Fereres and Castel, 1981). The two principal
approaches employed for determining Kc values include: (1) esti-
mating a yearly Kc value by measuring the response of tree growth
and yield to different yearly irrigation doses or (2) obtaining Kc val-
ues for shorter time intervals using agrometeorological techniques
such as eddy covariance or physiological measurements (i.e., sap
flow or foliar conductance to estimate transpiration) in combina-
tion with soil evaporation determinations. Goldhamer et al. (1993)
estimated a yearly Kc value of 0.75 for obtaining maximum fruit
yields in mature ‘Manzanillo’ olive trees in California (USA) when
analyzing yield response to eight irrigation levels (Kc=0.16-0.85),
while other authors have found similar optimum yearly values of
Kc from 0.6 to 0.8 in the Mediterranean Basin (Girona et al., 2002;
Moriana et al., 2003). Moriana et al. (2003) described a non-linear
yield response to irrigation with both fruit and oil yield increasing
dramatically at low irrigation doses, but then reaching saturation
with higher irrigation levels. Additionally, Girona et al. (2002) indi-
cated that Kc values of 0.85 and greater may lead to yield reductions
due to anoxia in fine textured-soils.

An example of the second Kc approach is that of Testi etal.(2004)
where eddy covariance was used to determine daily evapotranspi-
rationover 3 yearsinayoung ‘Arbequina’ orchard in Cérdoba, Spain.
From this data set, daily Kc values were calculated for dry soil sur-
face ‘summer’ conditions, and a linear model was proposed with Kc
increasing from 0.15 to 0.30 as crop ground cover increased from
5% the first year to 25% the third year. Wet spots from drip irri-
gation further increased the Kc values. This second Kc approach
estimates water use more directly than applying different irriga-
tion doses and also allows for the determination of monthly Kc
values for orchard managers (Rousseaux et al., 2009), but does not
provide an integrated evaluation of plant responses to irrigation.

Plant growth including shoot elongation, trunk expansion,
canopy volume and pruned biomass can be strongly influenced by
irrigation levels (e.g., d’Andria et al., 2004; G6mez-del-Campo et
al,, 2008; Iniesta et al., 2009). Shoot growth at the end of the sea-
son in a super high density orchard (1700 trees ha~1) in California
was 75% less in trees receiving 30% of ETc relative to those irrigated
with a seasonal amount near 100% of ETc demand (Grattan et al.,
2006). Additionally, it appeared trunk growth did not reach maxi-
mum levels even under the highest irrigation level (ETc = 140%). In
the Mediterranean Basin, it has been suggested that the intensifica-
tion of management in modern olive orchards may lead to excessive
plant growth that could be controlled by decreasing irrigation lev-
els with little or no reduction in yield (Lavee et al., 2007; Pastor
et al., 2007), and that maximum vegetative growth may occur at
higher irrigation levels than maximum yield (Girona et al., 2002).

Similarly to the Mediterranean Basin, intensively managed olive
orchards in new growing regions are characterized by moderate to
high use of irrigation water and other inputs, which may result
in competition between the agricultural sector and urban pop-
ulation centers (Fereres and Evans, 2006). In the Arid Chaco of
Argentina, irrigation levels are often high (i.e., Kc = 0.50-1.0), partly
as a consequence of the low energy cost of water extraction from
the belowground aquifer (Rousseaux et al., 2008). Thus, irrigation

strategies such as continuous or regulated deficit irrigation that
are based on the drought tolerant characteristics of olive are cur-
rently not considered to be of primary importance (Connor, 2005).
In order to improve the water use and yield of olive orchards over
the long-term in arid northwest Argentina, the objectives of the
present study were to: (1) assess the responses of plant growth,
yield components, and several physiological parameters to five dif-
ferent irrigation levels and (2) determine an optimum Kc for the
entire growing season considering both fruit yield and vegetative
growth.

2. Materials and methods
2.1. Experimental site and irrigation treatments

The experiment was conducted for two growing seasons from
September 6, 2005 to May 22, 2007 in a commercial olive orchard
located 15 km east of Aimogasta (28°33’S, 66°49'W; 800 m above
sea level) in the province of La Rioja in northwest Argentina. The
trees (var. ‘Manzanilla fina’) were 6-year old at the start of the
experiment with a canopy volume of approximately 15 m3, and a
lightly pruned, vase conduction system resulting in a leaf area of
about 40 m?2. Tree spacing was 4 m between trees and 8 m between
rows (i.e., 312 tree ha—1) with a North-South row orientation. The
soil was loamy sand in texture with 13% gravel content and a depth
of about 1.5 m. The volumetric soil water content at field capacity
and wilting point were estimated to be 0.20 and 0.09 cm3 cm~3,
respectively. Irrigation was supplied by eight drip emitters per tree
using two drip lines. The drip lines were spaced 1m apart (i.e.,
0.50 m on each side of the trunk), and the emitters were installed
continuously at distances of 0.95-1.10 m depending on the irriga-
tion treatment. The emitters had a discharge rate of 2 or 41h~!, or
a combination of both to meet irrigation requirements. Irrigation
frequency was two or three times per week.

In order to calculate irrigations levels, the standard FAO formula
for crop evapotranspiration (ETc=ETo x Kc x Kr) was used where
ETo is the Penman-Monteith reference evapotranspiration over
grass, Kc is the crop coefficient, and Kr is the coefficient of reduc-
tion associated with percentage crop cover (Fereres and Castel,
1981). The five irrigation treatments (Kc=0.50, 0.70, 0.85, 1.0, 1.15)
employed over the 2 years (i.e., September 2005-May 2006 and
September 2006-May 2007) were based on the wide range used by
the local growers and allowed an assessment of plant responses to
irrigation levels potentially below and above optimum. Reference
evapotranspiration (ETo) was calculated from meteorological data
obtained from an automatic weather station (Davis Instruments,
CA, USA) located in a large, cleared area with bare soil within the
commercial orchard. Values of ET over bare soil were adjusted to
reference conditions over grass using Annex 6 of Allen et al. (1998).
The overall values for Kr were 0.43 in August 2005, 0.52 in June
2006, and 0.56 in January 2007 with no significant differences being
apparent between treatments. All experimental plots were irri-
gated during the winter (i.e., June-August 2006) with a Kc=0.40
because rainfall is rare in this region during these months. This
irrigation level was considered appropriate for meeting the water
requirements of the crop during the winter (Rousseaux et al., 2008).

The experimental design was a randomized complete block
design with four replicates. Each block contained one plot of each
treatment for a total of 20 plots (4 blocks x 5 irrigation treatments).
A plot consisted of six consecutive trees within the same row, and
measurements were performed on the four central trees. Although
border rows were not utilized, the potential for water movement
between rows was minimal due to the 8 m distance between rows,
and few (if any) roots were apparent at distances greater than
2 m from the drip line (Searles et al., 2009). All experimental plots
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received the same annual, supplemental fertilizer amounts either
added through the irrigation system or as solid below the drip
emitters. Supplemental annual amounts per hectare were 64.5 kg
N, 9kg P, 13.5kg K, 11kg S, and 20.7 kg Mg. Although nutrient
concentrations contained in the irrigation water itself were not
considered and were significant for some nutrients (e.g., 5.1 mgl-!
K; 13.4mgl-! Mg), no differences in foliar nutrient concentra-
tions between treatments were detected during the study (data
not shown). The plots were weeded monthly, and the trees were
not pruned during the 2 years.

2.2. Soil and plant measurements

The soil water content was measured between drip emitters to
a depth of 1 m at 25 cm intervals using a soil auger in the Kc=0.50,
0.85, and 1.15 treatments. Approximately 95% of root length den-
sity was found in the upper meter. One sample was taken every
40-60 days (six times per year) from each plot from August to
June in the three treatments evaluated. The sub-samples from
each depth were weighed in the laboratory and then oven-dried
at 90 °C until constant dry weight was reached. Soil bulk density
was estimated to be 1.2 gcm~3 using a beveled-cylinder to convert
gravimetric soil water content to volumetric units. Six capacitance
probes (ECH,0, Decagon Devices, USA) connected to a data log-
ger (Cavadevices, Buenos Aires, Argentina) were installed in one
experimental block at a soil depth of 30 cm to provide a secondary
estimation of soil water content, and to verify irrigation duration
(data not shown).

Midday stem water potential (¥s) under clear sky conditions
and predawn leaf water potential (¥,q) were measured in all five
irrigation treatments with a pressure chamber (Biocontrol, model
0-8 MPa, Buenos Aires). All measurements of ¥s and ¥4 were per-
formed on two short terminal stems per plot, and each stem had
two fully expanded leaf pairs. The stems for the ¥ measurements
were sampled from the shaded interior of the tree canopy near the
main trunk 1 h after being enclosed in reflective plastic envelopes
toreduce leaf transpiration (Fulton et al., 2001). The water potential
measurements were conducted every 40-60 days from September
to May in 2006-2007, and slightly less frequently during the first
year (2005-2006).

Net photosynthesis and transpiration were measured three
times per year around midday over about 3.5 h (11-14.5 solar time)
on two leaves per plot in the Kc=0.50, 0.85, and 1.15 treatments
using a semi-portable gas exchange system in open mode (CID
Inc., CI-310, Vancouver, WA, USA). Leaf conductance was then cal-
culated. Air flow was 0.41min~!, and air temperature in the leaf
chamber was within 3 °C of ambient temperature using Peltier cool-
ing. All measurements were made on fully expanded leaves on
sunny days. Comparisons of gas exchange values were only made
between treatments for a given date and not between dates due to
the low number of measurement dates.

Plant growth was assessed for all of the irrigation treatments by
determining shoot elongation and increases in both trunk cross-
sectional area and tree canopy volume. Shoot elongation was
measured every 40-60 days from the beginning of spring to mid-
fall on 12 marked, 1-year old reproductive branches per plot and
on 12 current year, vegetative branches per plot. Although the
reproductive branches had fruit load for much of this period, shoot
elongation still occurred over the course of the growing season.
The marked branches included all four cardinal directions for three
trees per plot, and new branches were marked in each of the 2
years. Tree circumference was measured every 40-60 days simi-
lar to shoot elongation at a height of 0.30 m from the soil surface
using a flexible tape measure in order to calculate the increase in
trunk cross-sectional trunk area. Tree height and canopy width
were measured four times over the course of the study to deter-

Fig. 1. Average daily values for each month during the experiment (September
2005-May 2007) of reference evapotranspiration (ETo) and vapor pressure deficit
(VPD) (A) and of maximum (Tiax), minimum (Tiyin ) and average (Tavg) temperature
(B). The dates of flowering (F), pit hardening (PH) and harvest of green table olives
(H) are indicated with arrows for each year in (B).

mine canopy volumes. Both the tree circumference and canopy
volume parameters were measured on all four central trees per
plot.

Reproductive measurements included the number of inflores-
cences (two weeks before full flowering) and number of fruits (60
days after flowering) on the marked, reproductive branches men-
tioned above. Additionally, final fresh and dry fruit weights were
determined for 50 fruits per plot shortly before harvest as well as
longitudinal and equatorial fruit diameters for 25 fruits per plot.
Each plot was harvested in late January or early February to coincide
with commercial harvesting for green table olives.

2.3. Statistical analysis

Variables measured over the course of the growing season
such as shoot elongation and volumetric soil water content were
analyzed with the PROC MIXED procedure of SAS (SAS Insti-
tute, Cary, NC, USA) for repeated measures ANOVA following the
variance-covariance structure recommendations of Littell et al.
(1998). Mean comparisons among treatments for these variables
were contrasted using the ESTIMATE function of PROC MIXED. Fruit
set, yield, and gas exchange variables were analyzed using the
ANOVA procedure of INFOSTAT (University of Cérdoba, Cérdoba,
Argentina), and Tukey’s tests were employed to evaluate differ-
ences between means.

3. Results
3.1. Meteorological data and applied irrigation

The annual reference evapotranspiration (ETo) averaged
1605 mm for the 3 years from 2005 to 2007. During the study,
monthly ETo values ranged from 2.1 during the winter (June 2006)
to 7.3mmd~! during the summer (Fig. 1A; December 2005 and
2006) with a pronounced increase at the beginning of spring dur-
ing September and October due to rising air temperatures and wind
speed (average of 3.5-4.0ms~!, data not shown). Average daily
values of minimum air temperature were 4.7 °C in June 2006 and
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Total water applied (mm) for each crop coefficient during the spring (September-November), summer (December-February), fall (March-May), and the entire growing
season (September-May) for 2005-2006 and 2006-2007. Effective precipitation was only 17 and 12 mm in the first and second growing seasons, respectively.

Crop coefficient (Kc) Total water applied (mm)

September-November December-February March-May September-May (total)
2005-2006 2006-2007 2005-2006 2006-2007 2005-2006 2006-2007 2005-2006 2006-2007
0.50 93 125 142 178 98 97 334 400
0.70 128 172 197 243 135 133 460 548
0.85 160 214 241 301 169 166 570 681
1.0 177 229 284 336 193 200 654 765
1.15 212 273 335 399 230 239 777 910

reached a maximum of 34.6°C in mid-summer (Fig. 1B; January
2006). Average maximum temperatures were greater than 30 °C for
approximately five months per year (i.e., mid-spring through late
summer). Accumulated precipitation from early spring (Septem-
ber) to late-fall (May) was 73 and 46 mm for the 2005-2006 and
2006-2007 experimental seasons, respectively. Most of this precip-
itation fell in late-spring or early summer (December and January;
data not shown).

The irrigation applied from early spring to late-fall along with a
very small amount of effective precipitation (17 mm in 2005-2006
and 12 mm in 2006-2007) was summed to determine total water
applied during the growing season. These values ranged from 334 to
777 mm the first year and 400-910 mm the second year, depending
on the treatment (Table 1). The low levels of effective precipita-
tion occurred because many of the rainfall events were less than
5mm, and because a large proportion of the rainfall fell in the
inter-row spaces outside of the root zone in this young orchard.
The greater amount of water applied in 2006-2007 reflected the
increase in canopy cover over the course of the experiment. The
water applied was similar from March to May in both years because
ofinter-annual differences in ETo and a slight over-irrigation in May

2006. All treatments received 43 mm during the winter months
(June-August) of 2006.

3.2. Soil water content and stem water potential

Volumetric soil water content at a depth of 0-50 cm was lower
in the Kc=0.50 treatment than in the Kc=0.85 and 1.15 treatments
during most of each growing season (Fig. 2A and B; P<0.05). At
the 50-100cm soil depth, no statistically significant differences
between Kc=0.50 and the other irrigation levels were apparent
until February 2006 (mid-summer) during the 2005-2006 season
(Fig. 2C). In contrast, soil water content was lower at this depth in
the Kc=0.50 treatment as early as late-October (mid-spring) during
the second season (Fig. 2D) possibly due to greater spring ETo values
the second season and a slightly earlier start to the experimental
treatments. Alternatively, the greater amount of winter irrigation
before the start of the experiment by the grower/cooperator in
2005 compared to 2006 may have led to a delayed response to
the Kc=0.50 treatment for soil moisture at the 50-100 cm depth.
Apparent differences in soil water content between treatments
at the 50-100cm depth in October 2005 are likely to be merely

Fig. 2. Volumetric soil water content (%) at a depth of 0-50cm (A and B) and 50-100cm (C and D) for the three crop coefficients evaluated (Kc=0.50, 0.85, 1.15) during
2005-2006 and 2006-2007. Arrows indicate the start and end of the treatments during both years. Means are shown =+ standard error (n =4) except for October 2005 when
repetitions were not performed. Soil water content at field capacity and wilting point were estimated to be approximately 20% and 9%, respectively.
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Fig. 3. Midday stem water potential (SWP) (A and B) and predawn leaf water potential (LWP) (C and D) for all five crop coefficients during 2005-2006 and 2006-2007.
Arrows indicate the start and end of the treatments during both years. The means are shown =+ standard error (n=4).

a reflection of only one soil sample per treatment (n=1) being
taken on this date rather than four samples per treatment (n=4)
as was the case for the other measurement dates. There were no
differences in soil water content between the Kc=0.85 and 1.15
treatments during the course of the study in the top meter of soil.
This may have been related to the soil water holding capacity. No
soil samples were taken below a depth of 1 m, nor were multiple
sampling positions measured to determine overall wet-bulb size.
Irrigation was sufficient at the end of the first season to restore soil
water content to a similar level for both the 0-50 and 50-100 cm
soil depths in the three treatments evaluated (Fig. 2A and C).
Midday stem water potential (¥) had a tendency to be lower in
Kc=0.50 thanin the other treatments in 2005-2006 using repeated
measures ANOVA (Fig. 3A; P=0.09). A more significant difference
in ¥ occurred between the Kc=0.50, 0.70, and 0.85 treatments
compared to those of Kc=1.0 and 1.15 towards the end of the first
year (April 2006; P<0.05). In the second year (2006-2007), lower
Y values in Kc=0.50 and 0.70 versus the higher irrigation levels
were apparent during both the summer and fall with a minimum
value of —2.45MPa in Kc=0.50 (Fig. 3B). Similar to ¥s, predawn
leaf water potential (¥pq) values in Kc=0.50 were lower than in

Table 2

the other treatments during both years (Fig. 3C and D; P<0.01).
A significant correlation was found between ¥s and ¥4 over the
course of the experiment (r=0.70, P<0.01; data not shown).

3.3. Leaf gas exchange

There was a tendency for leaf conductance (g;) to decrease
with less irrigation throughout most of the experiment (Table 2;
P<0.10). Additionally, g showed a strong non-linear relation-
ship with stem water potential (¥s) in 2006-2007, where g;
increased markedly with values of ¥ above —2.0 MPa (r2=0.77;
g1=181¥2 +865¥; + 1102). No statistically significant differences
between treatments in net photosynthesis were detected.

3.4. Plant growth

Elongation of non-bearing branches (i.e., without fruits) in
Kc=0.50 was about one-half of elongation in the treatments Kc=1.0
and Kc=1.15 during 2005-2006 (Fig. 4A; P<0.01). Elongation
for the Kc=0.70 and 0.85 treatments was intermediate. Similar
results were apparent in the second year with the elongation of

Net photosynthesis (A) and leaf conductance (g)) of the irrigation treatments with crop coefficients (Kc) of 0.50, 0.85, and 1.15 in 2005-2006 and 2006-2007. The values are

means =+ standard error (n=4).

Date Kc A(pmolm—2s1) g (mmolm2s-1)
2005-2006 2006-2007 2005-2006 2006-2007
November 0.50 169 £ 1.3 116 £2.1 86 + 10° 94 + 27
0.85 141 £23 154 + 2.1 775 116 + 20
1.15 14.7 £ 2.5 145+ 2.5 114 + 15 139+ 9
February 0.50 123 £25 9.0+ 1.9 86 + 11 70 + 32°
0.85 153 £ 3.0 11.1 £ 0.8 122 +19° 98 + 32°
1.15 171 £23 122 £ 0.8 149 + 23° 117 £ 20°
March/April 0.50 92426 96+39 80 + 12° 72 +23°
0.85 14.0 £ 1.6 12.6 £2.3 116 + 20° 140 + 33’
1.15 13.0 £3.2 139+ 1.7 140 + 30° 185 + 33°

" P<0.10.
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Fig. 4. Elongation of non-bearing (A and B) and fruit-bearing branches (C and D) for all five crop coefficients during 2005-2006 and 2006-2007. The means are

shown + standard error (n=4).

non-bearing branches increasing as irrigation increased (Fig. 4B;
P<0.01), although elongation was less overall in 2006-2007 than
in 2005-2006. In fruit-bearing branches, elongation in Kc=1.0 and
1.15 was also much greater than in Kc=0.50 during 2005-2006
(Fig.4C). Nosignificant differences among treatments in the elonga-
tion of fruit-bearing branches were apparent in 2006-2007 possibly
because of higher fruit load during the second season (Fig. 4D).
The increase in canopy volume was 30-60% greater in Kc=1.0
and 1.15 than the other treatments at the end of the first season
(June 2006), and this difference persisted throughout the second
year (Fig. 5A; P<0.01). Additionally, trunk cross-sectional area
(TCSA) growth showed significant differences among irrigation
treatments by late summer of the first year (March 2006) (Fig. 5B;
P<0.01). The treatment Kc=1.15 accumulated approximately 60%
more TCSA than Kc =0.50 and 8% more than Kc= 1.0 over the 2 years.

3.5. Yield components

There were not pronounced differences in fresh fruit yield
among treatments during the first year with an average of
18.4kgtree~! (Fig. 6A; P=0.08) although fruit number was some-
what greater in Kc=1.15 than in the Kc=0.85 and 1.0 treatments
(Fig. 6B; P<0.05). In the second year, yield reached a maximum
between theirrigation levels of Kc = 0.70 and 0.85 above which yield
did not increase. Yield was 27% lower in Kc=0.50 primarily due to a
reduction in fruit number (Fig. 6B; P<0.01). No differences among
the treatments at harvest were found for fruit diameter or fresh and
dry fruit weight in either year (Table 3). Fruit set (i.e., percentage
of inflorescences with at least one fruit) and density (i.e., fruit per
decimeter of shoot) also were not affected.

3.6. Water productivity

The water productivity on a yield basis (WPy) (i.e., fresh
fruit yield per mm of applied irrigation) decreased as applied
water increased in 2006-2007 with a maximum value of

21.9kgmm~'ha~! in the Kc=0.50 treatment and a minimum of
14.1 in Kc=1.15 (Fig. 7; P<0.01). This indicates that water use was
less efficient as water applied increased. In contrast, the water pro-
ductivity based on vegetative growth (WPy¢) (i.e., increase in trunk

Fig.5. Increase in canopy volume (A) and in trunk cross-sectional area (B) for all five
crop coefficients during 2005-2007. The means are shown = standard error (n=4).
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Fruit set, density, longitudinal and equatorial diameter, and fresh weight for 2005-2006 and 2006-2007. The values are means =+ standard error (n=4).

1835

Crop coefficient (Kc)  Fruit set (%)

Fruit density (#dm-1)

Longitudinal diameter (mm) Equatorial diameter (mm)

Fresh fruit weight (g)

2005-2006  2006-2007  2005-2006  2006-2007  2005-2006  2006-2007  2005-2006  2006-2007  2005-2006  2006-2007
0.50 85+34 1540 5= 2.5 0.5+0.2 1.0+ 0.2 21.8+0.2 233+ 04 182+ 03 19.1+ 05 45 +02 48 £03
0.70 13.0+34 16.0 £ 0.7 1.0+ 0.3 1.1 £0.1 223 £ 0.2 235+ 0.1 185+ 0.2 19.2 +£ 0.2 4.7 £ 0.1 5.0+ 0.1
0.85 103 + 1.1 16.7 + 3.1 0.9 + 0.1 1.2 +£0.2 224 £ 0.2 233 +£0.1 184+ 0.2 18.8 £ 0.1 4.7 £ 0.1 4.8 + 0.1
1.00 59+0.38 13.8 £ 1.0 0.5+ 0.1 1.0 £ 0.1 223 £0.2 234+ 0.1 183 £ 0.2 18.8 £ 0.3 4.7 £ 0.1 5.1 209
1.15 10.1 £ 0.3 16.6 £ 2.2 09 +£0.1 1.2+02 21.9+03 234+04 18.0+ 0.3 19.1 £ 0.2 43 +£02 50+0.1

Fig. 6. Fresh fruit yield (A) and estimated fruit number (B) for all five crop coef-
ficients in 2005-2006 and 2006-2007. Means are shown =+ standard error (n=4).
Different letters represent significant differences among treatments within a given
growing season.

cross-sectional area per mm of applied irrigation) in 2006-2007
was relatively high for the Kc=0.50 treatment, but constant for
Kc=0.70-1.15 (P<0.01). This result for water productivity using
trunk diameter indicates that trunk diameter growth was fairly

Fig. 7. Water productivity on a fresh fruit yield basis per unit of irrigation water
applied (WPy) and water productivity based on vegetative growth (WPy) (i.e.,
increase in trunk cross-sectional area per mm of water applied) in 2006-2007.
The means are shown + standard error (n =4). Different letters represent significant
differences among treatments.

proportional to irrigation applied. Similar results for WPy and WPy
were found during the 2005-2006 season (data not shown).

4. Discussion

Reference evapotranspiration (ETo) in the commercial orchard
where our study was conducted in arid, subtropical Argentina
(28° S) was greater from 2005 to 2007 than occurs on average in
most parts of the Mediterranean Basin and California (1600 mm
vs. 1200-1400 mm) (e.g., Beede and Goldhamer, 2005; Villalobos
et al,, 2006; FAO, 2009). In contrast, rainfall was extremely low
(<100 mm per year). Although definitive long-term meteorologi-
cal records are not available, this combination of high ETo and low
rainfall will most likely result in large amounts of irrigation water
being required in mature orchards in much of northwest Argentina
even for moderate Kc values.

As would be expected, the soil water content of the lowest irri-
gation level (Kc=0.50) decreased during the spring of each year;
especially at the 0-50cm depth where most of the roots were
located (Searles et al., 2009), compared to the much higher irri-
gation levels (Kc=0.85, 1.15). Differences in midday stem water
potential (¥) were not always apparent between treatments dur-
ing the first year, but there were clearly lower ¥ values in Kc = 0.50
and 0.70 relative to the higher irrigation levels during the second
year. Goldhamer et al. (1994 ) reported few differences in leaf water
potential above Kc=0.4 in cv. ‘Manzanillo’ olive trees in California,
while Selles et al. (2006) found a tendency for ¥ to be lower in
Kc=0.4 versus Kc=0.7 after 2-3 years of treatment in cv. ‘Sevil-
lana’ in Mediterranean Chile. A minimum ¥ value of —2.4 MPa was
measured during the study in the Kc = 0.50 treatment similar to val-
ues reported in young ‘Arbequina’ trees in California (Grattan et al.,
2006) and in mature cv. ‘Picual’ trees in southern Spain (Moriana et
al., 2003) for approximately the same Kc. It is likely that a relatively
high amount of winter irrigation by the grower/cooperator in 2005
before the start of the experiment in combination with the lowest
irrigation level being a moderate Kc value (0.50) contributed to dif-
ficulties in detecting a clear response of ¥ to the Kc treatments
in the first year. Available soil water could have been discounted
from irrigation applied at the start of the experiment (Iniesta et al.,
20009).

Additionally, the tendency for leaf conductance to be lower in
the Kc=0.50irrigation treatment may have partially maintained ¥
values over the two growing seasons. A delay in the onset of water
stress by restricting water loss via stomatal control represents a
common drought avoidance mechanism in olive (Connor, 2005).
Greater senescence and shedding of older leaves in the Kc=0.50
treatment also reduced leaf area density and subsequently transpi-
ration (Rousseaux et al., 2009).

With the exception of fruit-bearing branches in the second year
when fruit load was high, shoot elongation was the variable most
affected by irrigation level with elongation for Kc = 0.50 being about
50% of that for Kc=1.0 and 1.15. Maximum shoot growth rate in
‘Manzanillo’ in California was also seen to be very plastic with a
60% reduction in Kc=0.16 relative to Kc=0.85 (Goldhamer et al.,
1993).In a more integrative manner, differences in stem elongation
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in the present study led to less canopy volume increase per tree by
the end of the first year in the treatments Kc=0.50, 0.70 and 0.85
versus Kc=1.0 and 1.15. In the Mediterranean Basin, reductions in
canopy volume were measured in young olives trees under deficit
irrigation compared to a well-watered control (Pérez-Lépez et al.,
2007), and such differences are likely to become greater over sev-
eralyears (d’Andriaetal.,2004). Furthermore, trunk cross-sectional
area (TCSA) growth did not have a clear limit in response to irriga-
tion level as TCSA growth continued to increase with irrigation even
up to Kc=1.15. Grattan et al. (2006) had similar results for young
olive trees in California irrigated with 140% of crop ET in the last sea-
son of a 2-year study although shoot elongation reached maximum
values with less irrigation. In contrast, trunk growth was reduced
in Spain when Kc was greater than 0.70 possibly due to anoxic soil
conditions (Girona et al., 2002).

The fruit yield in our study with cv. ‘Manzanilla fina’ reached
a maximum in the range of Kc=0.70-0.85 in the second year.
Similar results were found for ‘Manzanillo’ in California with no
increase in yield or crop value above Kc=0.75 (Goldhamer et al.,
1994). Measurements of sap flow and soil evaporation for peri-
ods of 7-10 days within the same plots also indicated that a Kc
of 0.7-0.8 allows for a proper estimation of crop evapotranspira-
tion during most of the growing season for the arid northwest of
Argentina (Rousseaux et al., 2009). The response of yield to irriga-
tion indicates that the reduction in shoot elongation in the lowest
irrigation levels during the first year reduced the potential num-
ber of fructification sites and final fruit number the next season.
In contrast, there were no apparent effects of irrigation on fruit
set or individual fruit weight in either year. Several previous stud-
ies have found that fruit set and fruit weight are only decreased
if the irrigation levels are very low (Kc<0.35) (e.g., Metheney et
al., 1994; d’Andria et al., 2004). Nevertheless, an increase in yield
for the Kc=1.0 and 1.15 irrigation levels would be anticipated rel-
ative to that of Kc=0.70-0.85 if the potential number of fruiting
sites was the only factor that influenced yield. Possibly, the greater
amount of vegetative growth in the Kc=1.0 and 1.15 treatments
and differences in leaf area density resulted in less light penetra-
tion into the canopy interior where flowering or fruit set were not
measured (review by Jackson, 1980; Connor et al., 2009). Whole-
canopy calculations indicate that leaf area density was 25% greater
in Kc=1.15 than in Kc=0.50 (Rousseaux et al., 2009), and that fruit
number per m? of canopy volume was 10-15% less in Kc=1.0 and
1.15 compared to Kc=0.85.

The water productivity (WPy; kg of fresh fruit per mm of irri-
gation per ha) is a parameter used to evaluate the efficiency of
different irrigation management strategies (Fereres and Soriano,
2007). The observed values in the present study ranged from
21.3kgmm~1ha~! for Kc=0.50 to 14.1 for Kc=1.15 in the sec-
ond year. This indicates that very high irrigation levels, which are
common in commercial orchards in northwest Argentina, lower
irrigation efficiency. Of course, greater soil evaporation in the high-
est irrigation levels as measured by Rousseaux et al. (2009) and
drainage of irrigation water below the rooting zone likely explains
much of this reduction in WPy. From a physiological perspective,
whole-tree transpiration provides another indicator of WPy (Iniesta
et al., 2009). For our experimental plots, little difference in WPy
on a transpiration basis would be apparent based on periodic sap
flow measurements. The values of WPy reported in this study on an
applied irrigation basis are within the same range as those of other
authors (e.g., Moriana et al., 2003; Wahbi et al., 2005).

The water productivity on a vegetative basis (WPyg; TCSA
growth per mm of irrigation per ha) contrasted with WPy in
that the values of WP,g were relatively constant in the range of
Kc=0.70-1.15. This indicates that TCSA growth was proportional
to the water applied. The vegetative growth aspect of water pro-
ductivity is considered important when evaluating biomass crops

such as alfalfa and for annuals such as maize or wheat where water
deficits can affect the fraction of harvestable biomass (Fereres and
Soriano, 2007). However, little information is available concerning
the limits of vegetative growth in fruit trees with respect to water
supply especially at subtropical latitudes (Faust, 2000).

The results of our study suggest that high, long-term yields of
table olives are obtainable in intensively managed orchards in the
arid northwest of Argentina assuming continued access to deep
ground water (100-400 m depth) and low costs of irrigation water
(i.e., 0.03 euros per m3). A Kc value of approximately 0.70 over the
course of the growing season should be sufficient to maintain both
fruit yield and vegetative growth at adequate levels. Higher levels
of irrigation will most likely lead to excessive vegetative growth
due to the warm meteorological conditions in the region. Vigor-
ous growth raises a number of concerns at the management level
including difficulties in harvesting large trees, the potential for
increased competition for light within and between tree canopies,
and the necessity to prune more frequently. An assessment of regu-
lated deficit irrigation strategies for table olives in this region could
be beneficial in further reducing water use.

Acknowledgements

We thank Matias Cincotta of Agroaceitunera S.A. for access to
their commercial orchard; Roberto Olea, Karis Gottlieb, and Cintia
Pulido for technical support in the field; and Valeria Schindler for
statistical advice. This research was supported by grants to MCR
from Fundacién Antorchas (Argentina) and the Ministerio de Cien-
ciay Tecnologia de Argentina (ANPCyT, PICT 32218). MCR and PSS
are members of CONICET.

References

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop evapotranspiration: guide-
lines for computing crop water requirements. In: FAO Irrigation and Drainage
Paper No. 56. FAO, Rome.

Ayerza, R., Coates, W., 2004. Supplemental pollination—increasing olive (Olea
europaea) yields in hot, arid environments. Exp. Agric. 40, 481-491.

Ayerza, R, Sibbett, G.S., 2001. Thermal adaptability of olive (Olea europaea L.) to the
Arid Chaco of Argentina. Agric. Ecosyst. Environ. 84, 277-285.

Beede, R.H., Goldhamer, D.A., 2005. Olive irrigation management. In: Sibbett, S.G.,
Ferguson, L. (Eds.), Olive Production Manual. University of California Agricultural
and Natural Resources Publication 3353, pp. 61-69.

Connor, D.J., 2005. Adaptation of olive (Olea europaea L.) to water-limited environ-
ments. Aust. ]. Agric. Res. 56, 1181-1189.

Connor, D.J., Centeno, A., Gémez del Campo, M., 2009. Yield determination in olive
hedgerow orchards. II. Analysis of radiation and fruiting profiles. Crop Pasture
Sci. 60, 443-452.

Connor, D.J., Fereres, E., 2005. The physiology of adaptation and yield expression in
olive. Hortic. Rev. 31, 155-229.

d’Andria, R., Lavini, A., Morelli, G., Patumi, M., Terenziani, S., Calandrelli, D., Fragnito,
F., 2004. Effects of water regimes on five pickling and double aptitude olive
cultivars (Olea europaea L.). ]. Hortic. Sci. Biotechnol. 79, 18-25.

FAO (Food and Agriculture Organisation of the United Nations, Water Development
and Management Unit), 2009. CLIMWAT 2.0 for CROPWAT Database, Available
at: http://www.fao.org/nr/water/infores_databases_climwat.html.

Faust, M., 2000. Physiological considerations for growing temperate-zone fruit crops
in warm climates. In: Erez, A. (Ed.), Temperate Fruit Crops in Warm Climates.
Kluwer Academic Publishers, Dordrecht, pp. 137-156.

Fereres, E., Castel, J.R,, 1981. Drip Irrigation Management. Division of Agricultural
Sciences, University of California Publication Leaflet 21259.

Fereres, E., Evans, R.G., 2006. Irrigation of fruit trees and vines: an introduction. Irrig.
Sci. 24, 55-57.

Fereres, E., Soriano, M.A., 2007. Deficit irrigation for reducing agricultural water use.
J. Exp. Bot. 58, 147-159.

Fernandez,].E., Moreno, F., Girén, LF., Blazquez, 0.M., 1997. Stomatal control of water
use in olive tree leaves. Plant Soil 190, 179-192.

Fulton, A., Buchner, R., Olson, B., Schwankl, L., Gilles, C., Bertagna, N., Walton, J.,
Shackel, K., 2001. Rapid equilibration of leaf and stem water potential under
field conditions in almonds, walnuts, and prunes. HortTechnology 11, 609-615.

Girona, J., Luna, M., Arbones, M., Mata, ]., Rufat, J., Marsal, ]J., 2002. Young olive
tree responses (Olea europea, cv “Arbequina”) to different water supplies. Water
function determination. Acta Hortic. 568, 277-280.

Goldhamer, D.A., Dunai, J., Ferguson, L., 1993. Water use requirements of Manzanillo
olives and responses to sustained deficit irrigation. Acta Hortic. 335, 365-372.


http://www.fao.org/nr/water/infores_databases_climwat.html

G. Correa-Tedesco et al. / Agricultural Water Management 97 (2010) 1829-1837 1837

Goldhamer, D.A., Dunai, J., Ferguson, L.F., 1994. Irrigation requirements of olive trees
and responses to sustained deficit irrigation. Acta Hortic. 365, 172-175.

Go6mez-del-Campo, M., Leal, A., Pezuela, C., 2008. Relationship of stem water poten-
tial and leaf conductance to vegetative growth of young olive trees in a hedgerow
orchard. Aust. J. Agric. Res. 59, 270-279.

Grattan, S.R., Berenguer, M.]., Connell, J.H., Polito, V.S., Vossen, P.M., 2006. Olive oil
production as influenced by different quantities of applied water. Agric. Water
Manage. 85, 133-140.

Greven, M., Neal, S., Green, S., Dichio, B., Clothier, B., 2009. The effects of drought
on the water use, fruit development and oil yield from young olive trees. Agric.
Water Manage. 96, 1525-1531.

Iniesta, F., Testi, L., Orgaz, F., Villalobos, F.J., 2009. The effects of regulated and con-
tinuous deficit irrigation on the water use, growth and yield of olive trees. Eur.
J. Agron. 30, 258-265.

100C (International Olive Oil Council), 2009. World Table Olive Figures, Available
at: http://www.internationaloliveoil.org.

Jackson, J.E., 1980. Light interception and utilization by orchard systems. Hortic. Rev.
2,208-267.

Lavee, S., Hanoch, E., Wodner, M., Abramowitch, H., 2007. The effect of predeter-
mined deficit irrigation on the performance of cv. Muhasan olives (Olea europaea
L.) in the eastern coastal plain of Israel. Sci. Hortic. 112, 156-163.

Littell, R.C., Henry, P.R., Ammerman, C.B., 1998. Statistical analysis of repeated mea-
sures data using SAS procedures. ]. Anim. Sci. 76, 1216-1231.

Metheney, P.D., Ferguson, L., Goldhamer, D.A., Dunali, J., 1994. Effects of irrigation on
Manzanillo olive flowering and shoot growth. Acta Hortic. 356, 168-171.

Moriana, A., Villalobos, F.J., Fereres, E., 2002. Stomatal and photosynthetic responses
of olive (Olea europaea L.) leaves to water deficits. Plant Cell Environ. 25,
395-405.

Moriana, A., Orgaz, F., Pastor, M., Fereres, E., 2003. Yield responses of a mature olive
orchard to water deficits. J. Am. Soc. Hortic. Sci. 128, 425-431.

Pastor, M., Garcia-Vila, M., Soriano, M.A., Vega, V., Fereres, E., 2007. Productiv-
ity of olive orchards in response to tree density. ]J. Hortic. Sci. Biotechnol. 82,
555-562.

Pérez-Lopez, D., Ribas, F., Moriana, A., Olmedilla, N., de Juan, A., 2007. The effect of
irrigation schedules on the water relations and growth of a young olive (Olea
europaea L.) orchard. Agric. Water Manage. 89, 297-304.

Rana, G., Katerji, N.,2000. Measurement and estimation of actual evapotranspiration
in the field under Mediterranean climate: a review. Eur. J. Agron. 13, 125-153.

Ravetti, L.M., Matias, A.C., Patumi, M., Rocchi, P., Fontanazza, G., 2002. First obser-
vations regarding oil accumulation and other phenological aspects within the
new olive production zone of Catamarca, Argentina. Acta Hortic. 586, 353-356.

Rondanini, D., Ruiz, D., Araujo, S., Del Carril, D., Garcia, E.A., Rousseaux, M.C., 2007.
Caracterizacion de los aceites varietales de oliva virgen elaborados en los valles
calidos de La Rioja (Argentina). Campaias 2005 y 2006. Grasas y Aceites 69,
654-659.

Rousseaux, M.C., Benedetti, ].P., Searles, P.S., 2008. Leaf-level responses of olive trees
(Olea europaea) to the suspension of irrigation during the winter in an arid region
of Argentina. Sci. Hortic. 115, 135-141.

Rousseaux, M.C,, Figuerola, P.I., Correa-Tedesco, G., Searles, P.S., 2009. Seasonal vari-
ations in sap flow and soil evaporation in an olive (Olea europaea L.) grove under
two irrigation regimes in an arid region of Argentina. Agric. Water Manage. 96,
1037-1044.

SAGPyA (Secretaria de Agricultura, Ganaderia, Pesca y Alimentos), 2008. Cade-
nas Alimentarias: Produccién Olivicola, Available at, http://www.alimentos
argentinos.gov.ar/olivicola/.

Searles, P.S., Saravia, D.A., Rousseaux, M.C., 2009. Root length density and soil water
distribution in drip-irrigated olive orchards in Argentina under arid conditions.
Crop Pasture Sci. 60, 280-288.

Selles, G., Ferreyra, R., Selles, 1., Lemus, G., 2006. Efecto de diferentes regimenes de
riego sobre la carga frutal, tamafio de fruta y rendimiento del olivo cv. Sevillana.
Agric. Técnica 66, 48-56.

Testi, L., Villalobos, F.J., Orgaz, F., 2004. Evapotranspiration of a young irrigated olive
orchard in southern Spain. Agric. Forest Meteorol. 121, 1-18.

Villalobos, F.J., Testi, L., Hidalgo, J., Pastor, M., Orgaz, F., 2006. Modelling potential
growth and yield of olive (Olea europaea L.) canopies. Eur. ]. Agron. 24, 296-303.

Wabhbi, S., Wakrim, R., Aganchich, B., Tahi, H., Serraj, R., 2005. Effects of partial root-
zone drying (PRD) on adult olive tree (Olea europaea) in field conditions under
arid climate 1. Physiological and agronomic responses. Agric. Ecosyst. Environ.
106, 289-301.

Yunusa, LA.M., Zeppel, M.].B., Nuberg, L.K., 2008. Water-use efficiency reflects man-
agement practices in Australian olive groves. ]J. Hortic. Sci. Biotechnol. 83,
232-238.


http://www.internationaloliveoil.org/
http://www.alimentosargentinos.gov.ar/olivicola/

	Plant growth and yield responses in olive (Olea europaea) to different irrigation levels in an arid region of Argentina
	Introduction
	Materials and methods
	Experimental site and irrigation treatments
	Soil and plant measurements
	Statistical analysis

	Results
	Meteorological data and applied irrigation
	Soil water content and stem water potential
	Leaf gas exchange
	Plant growth
	Yield components
	Water productivity

	Discussion
	Acknowledgements
	References


