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ABSTRACT
Olives are a historic horticultural crop in the Mediterranean where a long, hot
growing season and a relatively cool winter with minimum temperatures make it the
perfect climate for growing this crop. An increase in the global demand for olive
products, especially olive oil, has led to many countries outside the Mediterranean to
develop extensive olive production areas. Olive oil is a staple in most Mediterranean diets
and has been linked to improving health quality with its free-radical scavenging
properties, and has gained popularity around the world. New olive orchards are typically
high-density orchards that range from 200 – 300 trees per hectare, to a super-high density
system of 1,500 – 2,500 trees per hectare. A benefit to high-density orchards is the ability
to mechanically harvest the crop, which cuts down on labor costs for the orchards. These
high-density orchards rely on supplemental irrigation systems to meet the needs of the
plants. Additional irrigation can cut the amount of time it takes to bring an orchard into
full production and possibly eliminate the alternate bearing characteristic of olive trees.
However, with water supplies rapidly depleting, it is important for olive growers to be
able to limit irrigation without harming the overall health and production of the trees.
Olives are a drought tolerant crop and there has been extensive research completed in the
Mediterranean area to understand how drought affects the trees in that area. However,
there is limited research available for newer production areas, and none of that is specific
to the south Texas production area. Therefore, the purpose of this research was to
understand the physiological effects of drought on olives in south Texas. The field
portion of this research took place at three different olive orchards in Texas: Texas Olive
Ranch in Carrizo Springs, Conly Olive Orchard in Asherton, and Central Texas Olive
iv
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Ranch in Walburg. At each orchard three different levels of irrigation, low, medium and
high, were applied to the established ‘Arbequina’ trees. During the growing season, May
– August, monthly mid-day stomatal conductance and SPAD readings were taken in 2010
and 2011. Shoot growth was measured at the end of each growing season. At Texas Olive
Ranch in September 2010, individual olives were harvested from the trees under the
different levels of irrigation. Overall means at the three orchards indicated little
difference in stomatal conductance between the different irrigation treatments, indicating
that less water can be applied without physiologically harming the trees. The greenhouse
portion of this research was conducted to evaluate the effects of drought on four different
olive varieties when subjected to varying levels of fertility. Four fertility treatments
(control, low, moderate, and high) were applied to ‘Arbequina’, ‘Arbosona’, ‘Koroneki’
and ‘Mission’ olives. These trees were then subjected to two different drought
experiments, acute and sequential. Mid-day stomatal conductance, leaf temperature and
pre-dawn leaf water potential measurements were taken and indicated that ‘Arbequina’
can withstand the effects of drought better than ‘Mission’. Also increasing fertility rates
enhance the effects of drought regardless of variety. Both the greenhouse and field
studies play a role in better understanding the effects of drought on olive trees.
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CHAPTER I
INTRODUCTION AND LITERATURE REVIEW

Olive Taxonomy
The commercial olive, Olea europea L., is a member of the Oleaceae family. This
family consists of the genera Fraxinus (ash), Forsythia (golden bell), Forestiera (desert
olive), Ligustrum (privet), Olea (olive), and Syringa (lilac) (Martin, 1994). It has been
reported that olive trees can live to be more than 1,000 years old, with the earliest
cultivation dating back to 4800 BC in Cyprus (Therios, 2009). O. europea does not
appear to be a true species, but one that has been derived from hybridization and mutation
and includes several groups and more than 2,600 cultivars.
The olive tree is an evergreen tree native to the Mediterranean region, tropical and
central Asia and various parts of Africa; however, it is now found in several countries in
Europe, North and South America, and Australia (Therios, 2009). The leaves of an olive
tree are thick, leathery, and oppositely arranged and live for a period of two to three years
(Martin, 1994). Leaf abscission occurs during the spring just as with most evergreens.
The leaves are grey-green in color. Stomata are only located on the lower surfaces of the
leaves, and are surrounded by peltate trichomes which assist in restricting water loss and
protecting the leaves from harmful ultra-violet radiation (Fernandez et al., 1997). Cutin
makes up the cuticular membrane of the leaf. This process begins at leaf formation and
continues until leaf growth is terminated. Leaves reach their final size in two weeks
(Martin, 1994).
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Olives produce small inflorescences that are located in the axil of each leaf and
contains fifteen – thirty inconspicuous flowers (Therios, 2009). Winter chilling hours are
necessary for induction of inflorescences’ growth. Olive flowers are small, yellow –
white in color, and consist of a four-segmented calyx, a tubular corolla with four lobes,
two stamens and an ovary with two carpels and a short style (Martin, 1994). There are
two types of flowers present on an olive tree: perfect and staminate. Perfect flowers
possess both the pistil and stamen; whereas staminate flowers only produce a functional
stamen. Pollination occurs through self-pollination or by cross-pollination by wind
(Martin et al., 1994a). Flower bud development begins in late fall, and full bloom occurs
between mid-April to early May in California. Flowering occurs when the temperature
fluctuates between 15.5 o to 19 oC maximum and 2 o to 4 oC minimum. If temperatures are
held at 13oC, both chilling and warmth will be sufficient for flowering, but complete
flower development will not occur.
Olive cultivars are broken down into two groups depending on the use of their
fruit: table olives for canning and consumption, and olives that are crushed and used to
produce olive oil. In 1995, the world-wide production of table olives was 860,000 tons,
with 1,662,000 tons of olives used for oil (Thomas, 1995). There was record production
in 2003/04, with 3,174,000 tons of olives produced world-wide, and in 2008/09, the
world production for olives was 2,669,500 tons (Advantia, 2011).
The morphology of the olive fruit is interesting. The fruit is a drupe which results
from the growth of the ovary with only one of the ovules developing (Proietti et al.,
1999). The fruit remains green for most of the developmental cycle, which suggests that
the fruit has active chloroplasts that are capable of CO2 fixation in the light, contributing
2
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significantly to fruit development and oil synthesis. Complete fruit development, from
anthesis to ripening, lasts between 25 – 30 weeks, and after the first four weeks the parts
of the fruit can be clearly identified. The exocarp, or skin, of the olive has a waxy cuticle
and the epidermal cells have high amounts of chloroplasts. This is also where the stomata
for the fruit are located (Therios, 2009). The mesocarp is the edible portion of the fruit,
which contains cells rich in protoplasm (Proietti et al., 1999). The endocarp consists of
the pit and seed. Volatile and phenolic compounds found in the fruit are responsible for
the aroma, taste and many of the health benefits associated with olive oil (

mez-Rico et

al., 2006). The concentrations of these compounds change depending upon the degree of
ripening of the fruit. The quality of pickling olives is greatly affected by the
concentrations of organic acids and sugars found in the fruit due to the role of these
compounds in the fermentation process (Patumi et al., 1999). Poor organoleptic
characteristics can result from low sugar or high organic acid concentrations that cause
anomalous fermentation. It is important to know when maturation has been reached, in
order to harvest fruit when these compounds are at optimal levels. The fruit maturation
process is characterized by a change in the fruit color from green to a dark purple or
black (Proietti et al., 1999). Each cultivar has a different intensity of the final color which
indicates ripeness.
Olive oil, a staple in Mediterranean diets, has been linked to good health for many
years. Oleuropein, the bitter, minor compound found in olive oil, is known for is freeradical scavenging properties that are associated with lower incidence of cancer and
cardiovascular disease (Therios, 2009). Because of its healthy properties, there has been a
steady increase in olive oil consumption throughout the world (Patumi et al., 1999).
3
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Health conscious Americans are recognizing olive oil as an alternative to traditional
vegetable oil because it is monounsaturated and free of cholesterol (Connell, 1994).
Producers are recognizing the increased interest in olive oil, and many are focused on
creating the high-quality, gourmet oil the consumer is demanding.

Production Development
Olive is an arborous crop mainly located in the Mediterranean basin, where
production has been a part of the culture for thousands of years (

mez-Rico et al.,

2009). The Mediterranean climate offers ideal growing conditions for olives: a long, hot
growing season and a relatively cool winter with minimum temperatures above the lethal
limit of -9oC to -12oC (Connell, 1994). Commercial olive production areas are found
between 30o and 45o north and south latitudes. In these semiarid regions, olive orchards
are the main component of agricultural systems, with more than two million hectare
planted in Spain and over five million hectare through the whole European Union
(Gomez et al., 2001; Villalobos et al., 2000). Olive crops have both economical and
cultural relevance (

mez-Rico et al., 2009). Traditional orchards in Spain are planted

with 100 trees per hectare, and ground cover rarely exceeding 25% (Villalobos et al.
2000). The majority of traditional orchards rely solely on the efficient use of rainfall for
irrigation to support productivity and sustainability (Gomez et al., 2001). The topography
of many of the Mediterranean areas hinders the infiltration of rain water. Many orchards
are planted in shallow soils on steep hills leading to high amounts of water runoff losses;
therefore, limiting the amount of water that can infiltrate into the soil. Traditional olive
farmers will attempt to avoid severe water stress by combining sparse plantings and
4
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heavy pruning; however, this allows high evaporation from the soil, further reducing the
amount of water available to the trees.
In recent years, the new olive production areas of have been focused away from
the Mediterranean region to new producer countries such as the United States and
Australia (

mez-Rico et al., 2009). With this shift in locations, there has also been a

move to more modernized plantings instead of the traditional sparse plantings. Many of
these orchards are increasing the planting density and relying on irrigation systems to
meet the water demands of the crop rather than sole dependency on rainfall (Gomez et
al., 2001). Planting density in a non-traditional olive orchard can range anywhere from
200 – 300 trees per hectare, to a super-high density system of 1,500 – 2,500 trees per
hectare (Berenguer et al. 2006; Villalobos et al. 2000). The super-high density system
was developed within the last fifteen years to accommodate more efficient mechanical
harvesting with the use of over-the-row harvesters, and to speed up the time it takes to
bring an orchard into production (Berenguer et al. 2006). Hand harvesting, which is
typically associated with traditional orchards, can account for 45 – 65% of total
production costs (Martin et al., 1994b). This cost has been a large problem that limits the
competitiveness of traditional olive farmers. The switch to modern, high–density
plantings allow for the adoption of efficient and economically sustainable production
practices which will aid in producing a commercially–competitive product (Verie and
Sarri, 2010). High-density orchards are also irrigated which can help with reducing the
alternate bearing characteristic of this crop while increasing fruit yields per hectare
(

mez-Rico et al., 2006).
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Olives were first brought into California by Franciscan padres traveling north
from Mexico in the 1700s, and were grown at the missions the Franciscans established
(Connell, 1994). The orchards were abandoned with the fall of the missions around 1834,
and it wasn’t until the late 1800s that American settlers began reviving the old orchards
and propagating the trees. At this time, several Mediterranean olive cultivars were
introduced into California, and by 1901 there were 539,568 trees planted. Today
California is still the largest producer of olives in the United States. More recently
planted olive orchards use the high – density planting models. Main production areas of
California are found in the San Joaquin Valley and northern Sacramento Valley (Martin
et al., 1994b). Canned black-ripe and green-ripe olives account for 90 – 95% of the
products produced by the California olive industry (Daniels, 1994). The remaining crops
are used for oil and specialty table olives. In 2008, the value of production of olives in
California was over 46.5 million dollars, and in 2010 there was a record breaking harvest
of 195,000 tons valued at 1.1 billion dollars (USDA, 2011). The 2011 crop is estimated to
produce around 65,000 tons (USDA and NASS, 2011).
In recent years, Texans have become interested in following the lead of California
producers by becoming major olive producers in their own right. In 1994, the Texas
Olive Oil Council was formed to help promote the growth and success of this new,
specialty crop for Texas. Olive production is limited to the southern portions of the state,
with high production areas in Atascosa, Bexar, Dimmitt and LaSalle counties. Olives are
a new crop for Texas, and currently there is little research available directed specifically
to the Texas producers. Therefore, the purpose of this research was to evaluate olive
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production in Texas, focusing on the effects of irrigation management to overall plant
health.
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CHAPTER II
EFFECTS OF IRRIGATION TREATMENTS ON STOMATAL CONDUCTANCE IN ‘ARBEQUINA’
OLIVES
Abstract
Olive is a drought tolerant arborous crop mainly located in the Mediterranean
basin, where production has been a part of the culture for thousands of years. New olive
production areas are developing outside the Mediterranean. Countries such as the United
States have started growing olives in modern, high-density orchards where supplemental
irrigation is needed. Stomatal conductance and overall tree growth measurements have
been explored in several studies in all the major olive production areas to determine how
olive trees respond to periods of drought. However, there is no specific research available
for the south Texas production area. Therefore, the purpose of this research was to
evaluate olive production in Texas, focusing on effects of irrigation management to
overall plant health by comparing gas exchange, growth, and production of established
‘Arbequina’ olive trees exposed to different irrigation treatments. Research was
conducted at three different olive orchards in southern Texas: Texas Olive Ranch (TOR)
in Carrizo Springs, Conly Olive Orchard in Asherton (Conly), and Central Texas Olive
Ranch (CTOR) in Walburg. At each orchard the experiment was a randomized complete
block design, and in May 2010 blocks were assigned irrigation treatments of high,
medium, or low. Mid-day stomatal conductance (gs) and leaf temperature (Tleaf) was
measured monthly from May through August at each orchard in 2010 and 2011. In
September 2010, 100 olives were harvested from each of the seven trees within each
irrigation treatment at TOR. These olives were then individually weighed and measured.
These measurements were then used to calculate the density of the olive fruit. At the end
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of each growing season, ten random shoots from each tree within the blocks were
selected to measure current year’s shoot growth. Olives receiving high irrigation had
greatest mid-day gs readings at TOR and Conly both years of the study. However, there
was little variation of mid-day gs between the high and low irrigation treatments. A
similar trend occurred at CTOR indicating that at these locations less water may be
applied without drastically affecting g s. Trees at TOR and Conly were able to keep their
stomata open, leading to cooler canopies. Therefore, there was a positive relationship
between leaf-to-air vapor pressure deficit (LVPD) and gs in the high and low irrigation
treatments. This was not seen at CTOR, where all irrigation treatments had a decrease in
gs as LVPD increased. It was found that olives under low and medium irrigation had a
greater mass and volume, but were less dense than olives from the high irrigation trees.
This could indicate greater oil content. Our research indicates there are few physiological
differences between olive trees receiving high irrigation, and those that were subjected to
a slight drought stress. The ability to reduce irrigation without harming the trees could
lead to potential savings for the producer.
Introduction
Irrigation can be one of the most costly aspects of a horticulture production
system, especially in an environment not receiving adequate rainfall. In traditional,
sparsely planted olive orchards, growers rely solely on rainfall to irrigate their crop.
There are over two million hectares of olives planted in Spain, and 90% of the production
area does not receive supplemental irrigation (Gomez et al., 2001; Villalobos et al.,
2000). In recent years, new olive production areas have been focused away from
11
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Mediterranean to new producer countries such as the United States and Australia
(

mez-Rico et al., 2009). An increased demand for olive products (both canned fruits

and oil) has led growers to shift to more modern plantings that include high density
planting requiring supplemental irrigation (Diaz-Espejo et al., 2006; Tognetti et al.,
2004). Irrigation techniques such as drip lines, mini-sprinklers, and localized flooding are
associated with these high density orchards (Moreno et al., 1996).
Due to an overall decrease of available water, agriculturalists have become
increasingly aware of the need to limit water consumption used for irrigation and
improve water efficiency of crops (Moreno et al., 2006). Certain developmental stages of
the olive tree are particularly sensitive to inadequate irrigation: flowering, shoot growth
and fruit set (Beede and Goldhamer, 1994). Poor water management during these critical
stages can lead to a significant decrease in yield. Therefore, it is vital olive growers know
specific water requirements for their location and develop precise irrigation schedules to
maximize water usage. Maximum crop productivity can be achieved in areas with limited
water by implementing deficit irrigation strategies and precision irrigation practices
(Cuevas et al., 2010).
Olive trees have the ability to withstand recurrent drought by possessing a “high
amount of cuticular wax, low leaf water content at saturation, dense packing of
mesophyll layer, osmotic adjustment ability, low xylem hydraulic conductivity, and
stomatal closure early in the day” (Tognetti et al., 2004). Therefore, olives are classified
as a drought avoidance species. Stomata are only located on the abaxial surface of olive
leaves, and are surrounded by peltate trichomes which assist in restricting water loss and
12
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protecting leaves from harmful ultra-violet radiation (Fernandez et al., 1997). During
moderate drought conditions, olive plants induce stomatal closure which can lead to a
decrease in photosynthesis (Bacelar et al., 2007). Stomatal conductance and overall tree
growth measurements have been explored in several studies in all the major olive
production areas to determine how olive trees respond to periods of drought (Inglese et
al., 1996; Moriana et al., 2002). It was found trees under intense drought had lower
stomatal conductance and reduced yield.
Because olives are a relatively new crop for Texas growers, there is little specific
research for the south Texas production area. To conserve water during olive production,
it is crucial to understand the physiology behind the response of olives to variable
irrigation regimes (Diaz-Espejo et al., 2006). Therefore, the purpose of this research was
to evaluate olive tree physiology in Texas, focusing on effects of irrigation management
to overall plant health by comparing gas exchange, growth, and production of established
olive trees exposed to different irrigation treatments.
Materials and Methods
This study was conducted at three different olive orchards in Texas: Texas Olive
Ranch in Carrizo Springs (28.48º N: -99.77º W, U.S. Department of Agriculture
hardiness zone 9), Conly Olive Orchard in Asherton (28.44º N: -99.74º W, U.S.
Department of Agriculture hardiness zone 9), and Central Texas Olive Ranch in Walburg
(30.75º N: -97.56º W, U.S. Department of Agriculture hardiness zone 8). Planting and
establishment of Texas Olive Ranch (TOR) occurred in 2005, making it the oldest of the
three orchards in this study. At TOR planting density is 581 trees per acre. Conly Olive
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Orchard (Conly) was planted in 2007 at a density of 687 trees per acre, and Central Texas
Olive Ranch (CTOR), the youngest of the three orchards, was planted in 2009 with 611
trees per acre. Each of the orchards is managed under standard procedures for highdensity plantings.
At each location the experimental design was a randomized complete block
design with three blocks consisting of seven trees in each block. Data was taken on only
the three middle trees in each block allowing the outer trees of the block to act as buffers.
In May 2010 blocks were randomly assigned irrigation treatments of high, medium, or
low. At each location, existing surface drip irrigation lines were altered to apply the
specific irrigation treatment to each block. High, or the control irrigation treatment, had
no alterations resulting in three emitters per tree. In the medium irrigation, every third
emitter was blocked, allowing only two emitters per tree, and low irrigation trees had one
emitter per tree by blocking the second and third emitters. ‘Arbequina’ was the variety of
olive tree studied at each location.
Beginning May 2010, mid-day stomatal conductance (gs) and leaf temperature
(Tleaf) was measured monthly May through August at each orchard. Measurements were
made using a SC-1 leaf porometer (Decagon Devices, Inc.; Pullman, Washington).
Measurements began at approximately 1200 HR. Data was recorded on eight random,
current year leaves per tree that were well exposed in full sun and fully expanded. In
addition, a SPAD chlorophyll meter (model 502 Plus; Plainfield, Illinois) was used to
estimate chlorophyll for each of the eight leaves. This experiment was replicated
beginning in May 2011. In December 2010, a WeatherHawk weather station
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(WeatherHawk; Logan, Utah) was installed at each location to measure climatic
conditions (air temperature, precipitation, wind speed and direction, and relative
humidity). Hourly means were recorded. Climate data was used to calculate leaf-to-air
vapor pressure deficit (LVPD) in 2011 (Jones, 1992).
In September 2010, 100 olives were harvested at TOR from each of the seven
trees within each irrigation treatment. Olives were then individually weighed using an
analytical balance (Ohaus Cooperation; Parsippany, NJ). Length and width of each olive
was also measured using a micrometer. Measurements were used to calculate olive fruit
density. Conly and CTOR did not bear fruit in 2010, and none of the orchards harvested
fruit in 2011.
To measure current year’s shoot growth, at the end of each growing season, ten
random shoots from each tree within the blocks were selected to measure current year’s
shoot growth. This was done at all three orchards in December 2010 and October 2011.
Measurements (gs, LVPD, SPAD, and shoot growth) were subjected to analysis of
variance using the proc GLM procedure in SAS (Version 9.2 for Windows: SAS
Institute, Cary, North Carolina). Differences in means were separated using Fisher’s least
significance difference procedure (P < 0.05). Response of gs and LVPD was analyzed
using a regression analysis in SAS.
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Results
Texas Olive Ranch
Overall mid-day gs means in 2010 showed no difference between irrigation
treatments, and only a slight variation in the treatment means between months. In May,
medium irrigated trees had a statistically greater mean mid-day gs than low irrigated
trees; however, there was no statistical difference between the high and low treatments
(Figure 2.1). During June the trees under high irrigation had a statistically greater reading
than the medium treatment. No differences between treatments were seen during July and
August (Figure 2.1). Overall measurements for high, medium and low treatments were
408, 388 and 384 mm/m2s, respectively (Figure 2.2).It should be noted that the 2010
growing season was characterized by a generous amount of rainfall. From January
through the end of August TOR received 358 mm of rainfall. The average high
temperature from May to August was 35.7 oC, and the average low was 21.8 oC.
In contrast, a consistent difference was seen in mid-day gs during the
2011growing season (Figure 2.3). High temperatures and below average rainfall was
characteristic for Texas in 2011. From January through the end of August, TOR received
a mere 121 mm of rainfall. Between May to August, the average high temperature was
39.8 oC , and the average low temperature was 23.2 oC. The overall average
measurements for the high, medium and low treatments were 347, 248, and 262 mm/m2s,
respectively. Each measurement date differences between high and other irrigation
treatments were found (Figure 2.2).
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Low irrigation trees had greater SPAD readings compared to high and medium
treatments, with differences between the low and medium treatments in 2010 (Figure
2.4). When comparing within the individual months, excluding August, low irrigation
trees always had the greatest mean SPAD readings, and medium irrigation trees recorded
the lowest numbers. June and July readings were not different. SPAD readings were not
taken in August 2010.
In 2011, overall SPAD means were slightly greater among medium irrigation
treatment compared to the low irrigation treatment (Figure 2.4). High irrigation means
were lower when compared to medium and low irrigation treatments. Variations within
individual months were slight. SPAD readings were not taken in June 2011.
There was little variation in shoot growth at TOR in 2010. Mean shoot growth for
the high, medium and low treatments were 21.4, 20.3 and 20.5 cm respectively (Figure
2.5). In 2011, shoot growth greatly varied between each of the three treatments. The
medium irrigated trees had the greatest average shoot growth, 18.1 cm, followed by high
irrigation, 10.4 cm, and finally low irrigation trees had an average shoot growth of 4.3 cm
(Figure 2.5).
During 2011, response of g s to increasing LVPD differed among the three
irrigation treatments (Figure 2.6). Trees under the high irrigation treatment responded
with increased gs as LVPD increased. This trend was also seen for the low irrigation trees.
A decrease in gs as LVPD increased was seen in trees under medium irrigation treatment.
Different slopes and intercepts indicate different gs responses to LVPD.
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Fruit mass, volume and density were measured in 2010. Olives were harvested
from each of the three irrigation treatments and also from within the orchard in order to
have a control to compare to. Results for mass and volume indicate that olives from the
low irrigation trees and the control tress were statistically the same (Table 1). The
medium and the high irrigation olives had a lower mass and volume than the low
irrigation olives. However, the olives from the high irrigation trees had the greatest
density, and the medium irrigation olives had the lowest.
Conly Olive Orchard
Slight differences were seen in July and August where the high irrigation trees
had greater gs readings than the low and medium (Figure 2.7). In May and June no
differences were found. Overall in 2010, all irrigation treatments preformed similarly
when comparing mid-day gs (Figure 2.8). The average high from May to August in 2010
was 35.9 oC, and the average low was 21.9 oC. Rainfall from January through the end of
August totaled 361 mm.
Mid-day gs followed a similar trend in 2011. No differences were seen during the
months of May and June, but differences were found in July and August (Figure 2.9). The
high irrigation trees during July and August had the greatest mid-day gs means, but the
lowest during May and June. However, overall comparisons of the three irrigation
treatments indicate high irrigation trees have a greater mid-day gs mean when compared
to medium irrigation trees (Figure 2.8). Overall low irrigation trees did not differ from
either high or medium treatments. There was increase in the average high and low air
temperatures from May to August in 2011. The average high was 40.4 oC and average
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low was 22.8 oC. Conly Olive Orchard only received 104 mm of rainfall from January
through the end of August.
SPAD readings for 2010 showed little variation between the different treatments.
May was the only month with differences, and low irrigation trees had the greatest mean.
Overall means indicate low irrigation trees were slightly greater than medium, and high
irrigation had the lowest overall mean (Figure 2.10). SPAD readings were not taken in
August 2010.
In 2011, there were no differences in SPAD means found between treatments
within any of the months. However, the trend between months, excluding July, indicate
medium irrigation trees had the greatest means. This trend can also been seen in the
overall means (Figure 2.10). SPAD readings were not taken in June 2011.
Shoot growth in 2010 showed a slight difference between medium and high
irrigation treatments. Trees receiving medium irrigation had the greatest shoot growth
followed by low irrigation (Figure 2.11). High irrigation trees had the least amount of
shoot growth. However, in 2011, high irrigation trees had the greatest shoot growth, and
low irrigation trees had the least (Figure 2.11). There were differences between each of
the three irrigation treatments.
The response of gs to LVPD was similar to the results seen at TOR. Both high and
low irrigation trees exhibited an increase in gs as LVPD increased, and the medium
irrigation trees showed a decrease in gs with an increase in LVPD (Figure 2.12).
Differences in slopes and intercepts were seen at this orchard as well.
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Central Texas Olive Ranch
In 2010, CTOR had an average high temperature from May to August of 33.7 oC,
and an average low temperature of 20.7 oC . Rainfall from January through the end of
August totaled 579 mm. Slight differences in mid-day gs were seen in May and July
(Figure 2.13). Medium irrigation trees had the greatest mid-day gs mean for both months,
and was greater than the high irrigation in May, and low irrigation in July. Little variance
was seen between treatments and overall means for high, medium and low irrigation were
654, 682 and 641 mm/m2s, respectively (Figure 2.14).
Differences were seen in overall and monthly means during 2011. The treatment
with the greatest mean mid-day gs was different each month. Therefore, a clear trend
between the months was not evident (Figure 2.15). Overall, trees under high and low
irrigation were very similar, and there was a difference between the low and medium
irrigation treatments (Figure 2.14). COTR received 177 mm of rainfall from January
through August in 2011. Average high and low temperatures from May to August were
37.7 and 22.3 oC, respectively.
In May 2010, SPAD readings were different between all treatments. High
irrigation trees had the greatest mean, followed by medium irrigation trees, and then low
irrigation trees. In June and July no differences were seen. Overall means showed that the
low irrigation trees had lower SPAD readings than trees receiving high and medium
irrigation treatments (Figure 2.16). SPAD readings were not taken in August 2010.
In 2011, differences in SPAD readings between irrigation treatments were found
in August where high irrigation trees were greater than medium irrigated trees. Overall,
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there were no differences between the treatments (Figure 2.16). SPAD readings were not
taken in June 2011.
In 2010, high irrigation trees had the greatest shoot growth with a mean of 34 cm,
followed by low, 31 cm, and medium, 30 cm, treatments (Figure 2.17). When comparing
shoot growth in 2011, there were no differences between the irrigation treatments;
however, the medium irrigation trees did have the greatest growth, followed by the low
and high irrigation trees (Figure 2.17).
All irrigation treatments exhibited a decrease in gs in response to an increase in
LVPD (Figure 2.18). High and low irrigation treatments had similar intercepts and
slopes. The medium irrigation treatment differed from the other two treatments with a
more negative slope and different intercept.
Discussion
Stomatal conductance (gs) is a direct indication of the gas exchange between the
atmosphere and the leaf, and can be used to determine the water use efficiency of olive in
response to limited water resources (Moriana et al., 2002). Olive stomata react to
changes in abscisic acid levels and water potential of surrounding cells to help the plant
conserve water (Therios, 2009). When there is a lack of water availability cells lose
turgor and cause stomata to close, reducing the CO2 supply and photosynthetic rate. A
reduction in stomatal conductance could lead to a reduced yield (Inglese et al., 1996).
Olive trees under the high irrigation treatment had the greatest mid-day gs
readings at Texas Olive Ranch (TOR) and Conly Olive Orchard for both years of the
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study. However, there was little variation of mid-day gs between the high and low
irrigation treatments. The only difference was seen in 2011 at TOR. Fernandez et al
(1997) had similar results in a study looking at full irrigation (irrigated to 100% ET) and
a reduced irrigation (received 33% ET) of an established ‘Manzanillo’ olive orchard. This
indicates that at these locations less water may be applied without drastically affecting g s.
A similar trend can be seen at Central Texas Olive Ranch (CTOR), where there were no
differences in the high and low irrigation treatments.
There were slight differences in SPAD measurements for each of the orchards.
The SPAD meter is used to determine the relative amount of chlorophyll in a leaf which
can be correlated with the nitrogen content and photosynthetic activity (Loh et al., 2002).
At TOR the low irrigation trees had greater SPAD readings when compared to trees
receiving high irrigation. No differences were seen at Conly Olive Orchard. This suggests
that there was no direct effect of irrigation treatments on chlorophyll content of the
leaves. At CTOR, the low irrigation trees had slightly, but not significant, lower SPAD
readings when compared to the high irrigation trees.
LVPD influences the opening and closing of stomata, and therefore has a direct
effect on gs (Costa et al., 2007). LVPD is greatly influenced by leaf temperature (Jones,
1992). Increases in LVPD lead to a greater evaporative demand, causing some plants to
close their stomata. All treatments at CTOR showed a decrease in g s as LVPD increased.
Montague et al. (2000a) found newly transplanted trees were more sensitive to increases
in LVPD, causing decreases in gs, when compared to established trees with well
developed root systems. CTOR trees were transplanted in 2009. Therefore, the lack of
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maturity of the trees could explain why regardless of irrigation treatment, there was a
negative response between gs and increasing LVPD. At TOR and Conly Olive Orchard,
gs increased as LVPD increased for both high and low irrigation treatments indicating the
evaporative demand threshold had not been met. Differences in stomatal responses to
higher evaporative demand on leaves can be explained by differences in leaf temperature
(Montague et al., 2000b). Plants with open stomata use more energy through
transpirational, evaporative cooling, causing a greater amount of water lost through
transpiration. However, when stomata close to limit water loss, leaf temperatures increase
which leads to increased respiration and photosynthesis is limited (Montague and
Kjelgren, 2004). High and low irrigation trees at TOR and Conly were able to keep their
stomata open, leading to cooler canopies. Therefore, there was a positive relationship
between LVPD and gs in the high and low irrigation treatments.
It was found olives from low and medium irrigation trees had a greater mass and
volume, but were less dense than olives from the high irrigation trees. This could be
because water has a greater density than oil. Therefore, trees that received a high amount
of irrigation had less oil content. Although oil content was not determined in the study,
this has been proven in previous studies. Grattan et al., (2006) found that there was a
linear decrease in percentage of olive oil extracted as irrigation increased. The study also
found that olives under low irrigation matured quicker and had better quality of oil with
improved oil chemistry and flavor over olives from higher irrigation levels.
Our research indicates that in most cases, there is no physiological difference
between olive trees that received high irrigation, and those that were subjected less
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irrigation. Lower fruit density in the olives from the low and medium irrigation trees
could indicate greater oil content and more desirable characteristics that lead to a better
quality of oil. Future research comparing oil content of the olives under different
irrigation regimes will need to be completed at the respected orchards.
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Fig. 2.1. Effects of irrigation on stomatal conductance of field grown ‘Arbequina’ olive
trees at Texas Olive Ranch, Carrizo Springs, TX from May to August 2010. Each bar
represents a mean of twenty-four measurements. Letters indicate significant treatment
effects (P ≤ 0.05).
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Fig. 2.2. Effects of irrigation on stomatal conductance of field grown ‘Arbequina’ olive
trees at Texas Olive Ranch, Carrizo Springs, TX. Each bar represents a mean of ninetysix measurements. Letters indicate significant treatment effects (P ≤ 0.05).
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Texas Olive Ranch 2011
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Fig. 2.3. Effects of irrigation on stomatal conductance of field grown ‘Arbequina’ olive
trees at Texas Olive Ranch, Carrizo Springs, TX from May to August 2011. Each bar
represents a mean of twenty-four measurements. Letters indicate significant treatment
effects (P ≤ 0.05).
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Fig. 2.4. Effects of irrigation on estimated leaf chlorophyll content of field grown
‘Arbequina’ olive trees at Texas Olive Ranch, Carrizo Springs, TX. Each bar represents a
mean of seventy-two measurements. Letters indicate significant treatment effects (P ≤
0.05).

30

Texas Tech University, Kaylee A. Decker, May 2012

TOR Shoot Growth Means

90

Low Irrigation
Medium Irrigation
High Irrigation

80
70

cm

60
50
40
30
a

20

b

c

10

2011

2010

Fig. 2.5. Effects of irrigation on yearly shoot growth of field grown ‘Arbequina’ olive
trees at Texas Olive Ranch, Carrizo Springs, TX. Each bar represents a mean of thirty
measurements. Letters indicate significant treatment effects (P ≤ 0.05).
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Fig. 2.6. Effects of irrigation on the influence of leaf-to-air vapor difference (LVPD) on
stomatal conductance (gs) of field grown ‘Arbequina’ olive trees at Texas Olive Ranch,
Carrizo Springs, TX. Predicted regression line equations are followed by the R2 value for
the equation: High irrigation, y = 230.81 + 26.24x, R2= 0.023; Medium irrigation, y =
285.66 – 7.85x, R2 = 0.002; Low irrigation, y = 174.39 + 18.77x, R2 = 0.011.
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Irrigation Trt
High
Medium
Low

Volume (mm3)
951.95 c
1133.99 b
1240.57 a

Mass (g)
1.240 c
1.364 b
1.514 a

Density (g/mm3)
.00133 a
.00122 b
.00124 b

Table 1. Effects of irrigation on mass, volume and density of individual olives harvested
in September 2010 at Texas Olive Ranch, Carrizo Springs, TX. Letters indicate
significant treatment effects (P ≤ 0.05).
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Conly Olive Orchard 2010
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Fig. 2.7. Effects of irrigation on stomatal conductance of field grown ‘Arbequina’ olive
trees at Conly Olive Orchard, Asherton, TX from May to August 2010. Each bar
represents a mean of twenty-four measurements. Letters indicate significant treatment
effects (P ≤ 0.05).
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Fig. 2.8. Effects of irrigation on stomatal conductance of field grown ‘Arbequina’ olive
trees at Conly Olive Orchard, Asherton, TX. Each bar represents a mean of ninety-six
measurements. Letters indicate significant treatment effects (P ≤ 0.05).
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Conly Olive Orchard 2011
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Fig. 2.9. Effects of irrigation on stomatal conductance of field grown ‘Arbequina’ olive
trees at Conly Olive Orchard, Asherton, TX from May to August 2011. Each bar
represents a mean of twenty-four measurements. Letters indicate significant treatment
effects (P ≤ 0.05).
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Conly Olive Orchard Yearly SPAD Means
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Fig. 2.10. Effects of irrigation on estimated leaf chlorophyll content of field grown
‘Arbequina’ olive trees at Conly Olive Orchard, Asherton, TX. Each bar represents a
mean of seventy-two measurements. Letters indicate significant treatment effects (P ≤
0.05).
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Conly Olive Orchard Shoot Growth Means
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Fig. 2.11. Effects of irrigation on yearly shoot growth of field grown ‘Arbequina’ olive
trees at Conly Olive Orchard, Asherton, TX. Each bar represents a mean of thirty
measurements. Letters indicate significant treatment effects (P ≤ 0.05).
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Fig. 2.12. Effects of irrigation on the influence of leaf-to-air vapor difference (LVPD) on
stomatal conductance (gs) of field grown ‘Arbequina’ olive trees at Conly Olive Orchard,
Asherton, TX. Predicted regression line equations are followed by the R2 value for the
equation: High irrigation, y = 181.68 + 40.42x, R2= 0.086; Medium irrigation, y = 379.99
– 8.578x, R2 = 0.004; Low irrigation, y = 323.5 + 7.960x, R2 = 0.005.
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Central Texas Olive Ranch 2010
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Fig. 2.13. Effects of irrigation on stomatal conductance of field grown ‘Arbequina’ olive
trees at Central Texas Olive Ranch, Walburg, TX from May to August 2010. Each bar
represents a mean of twenty-four measurements. Letters indicate significant treatment
effects (P ≤ 0.05).
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Fig. 2.14. Effects of irrigation on stomatal conductance of field grown ‘Arbequina’ olive
trees at Central Texas Olive Ranch, Walburg, TX. Each bar represents a mean of ninetysix measurements. Letters indicate significant treatment effects (P ≤ 0.05).
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Central Texas Olive Ranch 2011
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Fig. 2.15. Effects of irrigation on stomatal conductance of field grown
‘Arbequina’ olive trees at Central Texas Olive Ranch, Walburg, TX from May to
August 2011. Each bar represents a mean of twenty-four measurements. Letters
indicate significant treatment effects (P ≤ 0.05).
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Fig. 2.16. Effects of irrigation on estimated leaf chlorophyll content of field grown
‘Arbequina’ olive trees at Central Texas Olive Ranch, Walburg, TX. Each bar represents
a mean of seventy-two measurements. Letters indicate significant treatment effects (P ≤
0.05).
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Fig. 2.17. Effects of irrigation on yearly shoot growth of field grown ‘Arbequina’ olive
trees at Central Texas Olive Ranch, Walburg, TX. Each bar represents a mean of thirty
measurements. Letters indicate significant treatment effects (P ≤ 0.05).
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Fig. 2.18. Effects of irrigation on the influence of leaf-to-air vapor difference (LVPD) on
stomatal conductance (gs) of field grown ‘Arbequina’ olive trees at Central Texas Olive
Ranch, Walburg TX. Predicted regression line equations are followed by the R2 value for
the equation: High irrigation, y = 534.74 - 10.75x, R2= 0.008; Medium irrigation, y =
712.42 – 68.00x, R2 = 0.205; Low irrigation, y = 534.10 - 10.43x, R2 = 0.005.
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CHAPTER III
RESPONSE OF GREENHOUSE GROWN OLIVE VARIETIES TO IRRIGATION AND FERTILITY
REGIMES
Abstract
Irrigation and fertility treatments can become large expenses in olive production
systems, and with a decrease in available resources it is important to develop an irrigation
and fertility schedule that will limit inputs without harming plant health. Most high density olive orchards practice regulated deficit irrigation techniques to effectively
irrigate and produce quality oil. Olives require minimal fertility. However, nutritional
deficits can enhance the alternate bearing characteristic of olives, lead to misshaped fruit,
and increase stomata sensitivity. It is essential for growers to understand how irrigation
and fertility complement each other. The purpose of this research was to evaluate effects
of varying levels of drought and fertility treatments to overall plant health of four olive
varieties. During the Summer and Fall of 2011, two experiments were used to determine
if fertility treatments play a role in drought tolerance and the recuperative capacity of four
Olea euporea L. varieties (‘Arbequina’, ‘Arbosona’, ‘Koroneki’ and ‘Mission’). Four
fertility treatments (control – no fertility, low – 100 ppm N, moderate – 200 ppm N, and
high – 400 ppm N) were applied prior to initiation. Both drought studies were a
randomized complete block design with four blocks in the acute drought study, and six
blocks in the sequential drought study. In the acute drought study, the plants were
subjected to intense drought stress by withholding supplemental irrigation completely.
Every other day, mid-day stomatal conductance (gs) and leaf temperature (Tleaf) readings
were taken on one fully developed leaf per tree. Every fourth day, pre-dawn leaf water
potential (ΨL) was also measured. In the sequential drought study, trees were subjected to
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increasing increments of drought between watering. Prior to a watering event, mid-day gs,
Tleaf and ΨL measurements were taken. In both studies, ‘Arbequina’ had the greatest midday gs and ‘Mission’ had the lowest mid-day gs readings. Regardless of variety, trees
under the control fertility treatment had the greatest mid-day gs readings. No clear trends
were seen in pre-dawn ΨL, and response of gs to LVPD varied between the two rounds of
each study. Based on our research, it can be concluded ‘Arbequina’ was the most drought
tolerant variety, and increasing amounts of fertility enhance the effects of drought on
young olive trees.
Introduction
Deficit irrigation techniques have been developed for areas where there is limited
water available for the irrigation of crops. Regulated deficit irrigation applies less water
than the plant needs during the vegetative growth stage, but at critical fruit growth and
development stages, full irrigation is applied to achieve close to maximum production
(Fernandez et al., 2006; Therios, 2009). Previous research indicates olive yields will be
decreased without the proper amount of irrigation (Beede and Goldhamer, 1994).
Availability of irrigation water for most olive orchards is scarce. Therefore, most high
density orchards practice regulated deficit irrigation techniques to effectively irrigate and
produce quality oil (Motilva et al., 2000).
Because of their ability to adapt to adverse conditions, olives are known to be able
to withstand minimal applications of fertility (Therios, 2009; Perica et al., 2001).
However, low amounts of fertility enhance the alternate bearing characteristic of olives
(Martin et at., 1994). In California, nitrogen, potassium and boron deficiencies have been
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examined (Freeman and Carlson, 1994). Each of these deficiencies has different effects
on olive trees. A lack of boron can lead to misshapen fruit (Perica et al., 2001), and
improper fertilization can lead to either excessive or restrictive growth to the plants (Liu
and Dickmann, 1992b). The amount of nitrogen found in leaves can also influence the
sensitivity of stomata to abscisic acid (ABA) which is an indicator of plant stress (Liu
and Dickmann, 1992a). Liu and Dickmann (1992a) found high nitrogen levels in a leaf
can lead to an increase of ABA, which can cause a decrease in stomatal conductance. A
lack of potassium can also impact stomatal conductance by inhibiting stomatal closure
that occurs during periods of water stress (Benlloch-Gonzalez et at., 2008). Given these
concerns, fertility in a producing olive orchard needs to be monitored.
An olive producer’s goal is to bring a new orchard to maturity as quickly as
possible. Therefore, it is important adequate irrigation be available to plants at critical
stages to achieve maximum growth (Moriana and Fereres, 2002). Nutritional balance is
also important for young olive trees (Therios, 2009). It is essential for growers to
understand how irrigation and fertility complement each other. The purpose of this
research was to evaluate effects of varying levels of drought and fertility treatments to
overall plant health of four greenhouse grown olive varieties.
Materials and Methods
Two experiments (acute drought and sequential drought) were used to determine
if fertility treatments play a role in drought tolerance and the recuperative capacity of four
olive varieties. During Summer and Fall of 2011, acute and sequential drought
experiments were conducted under standard greenhouse conditions at Texas Tech
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University Horticultural Greenhouse Complex in Lubbock, Texas (33.65º N: -101.82º W;
U.S. Department of Agriculture hardiness zone 7). A WeatherHawk weather station
(WeatherHawk; Logan, Utah) was installed in the greenhouse to measure climatic
conditions (air temperature and relative humidity). Hourly means were recorded. Olea
europea L. ‘Arbequina’, ‘Arbosona’, ‘Koroneki’ and ‘Mission’ seedlings were
transplanted into 3.8 L pots using a standard greenhouse potting media (Metro-Mix
Professional Growing Mix, SunGro Horticulture; Bellevue, Washington). Four fertility
treatments (control – no fertility, low – 100 ppm N, moderate – 200 ppm N, and high –
400 ppm N) were applied prior to initiation of the drought studies. Jack’s 20-20-20 water
soluble fertilizer (JR Peters, Inc. Allentown, Pennsylvania) was mixed at the respective
rates and was applied at a rate of 1:100 using a Dosmatic A-30 fertilizer injector
(Dosmatic U.S.A., Inc., Carrollton, TX).
Acute Drought Experiment
On July 27, 2011 seedling trees for the first round were organized into specific fertility
treatments and were irrigated to saturation every other day. Fertility treatments were
applied every fourth day until three rounds of fertility had been applied. At this time, half
of the seedlings were randomly arranged into four blocks. The remaining seedlings were
held for round two and continued the same watering and fertility treatment pattern until
initiation of the second round. Round one began August 8, 2011. Within the four blocks,
each variety was represented with the four different fertility treatments. Therefore, there
were four ‘Arbequina’ trees per block: a control, low, moderate and high fertility tree.
Due to a lack of plant materials, block three lacked a set of ‘Koroneki’ trees, and block
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four lacked both ‘Koroneki’ and ‘Mission’. Plants were then subjected to intense drought
stress by withholding supplemental irrigation completely. Every other day, mid-day
stomatal conductance (gs) and leaf temperature (Tleaf) readings were taken using a SC-1
porometer (Decagon Devices, Inc.; Pullman, Washington) on one fully developed leaf per
tree (usually the fifth node). Measurements began at approximately 1200 HR. Every
fourth day, pre-dawn (0630 HR) leaf water potential (ΨL) was also measured on one fully
developed leaf per seedling using a pressure chamber (model 3005; SoilMoisture
Equipment Corp., Goleta, California). When 50% of the plants exhibit foliar death, no
measurable gs, the experiment was terminated. A second replication of the study began
September 7, 2011. The experimental design for the second round was identical to the
first trial with the exception that plants received more fertility treatments.
Sequential Drought Experiment
Rounds one and two of the sequential drought experiment began on the same dates as
rounds one and two of the acute drought experiment. Fertility treatments of control, low,
moderate, and high were also applied in the same manner. The sequential drought
experiment consisted of six blocks. Within each block were sixteen trees: a control, low,
moderate and high fertility tree from each of the four different varieties. Trees were then
subjected in increasing increments of drought between watering. For example, all trees
were watered to saturation at the start of the experiment and were then subjected to one
day of drought before another watering event occurred. Prior to each watering, mid-day
stomatal conductance (gs) and leaf temperature (Tleaf) readings were taken on one fully
developed leaf per tree beginning at approximately 1200 HR. Pre-dawn leaf water
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potential (ΨL) was also measured on one fully developed leaf per tree on the day of a
watering. The next drought period lasted two days and the plants were re-watered. The
next drought period increased to three days and so on until 50% of the plants in the
experiment exhibited foliar death with no measureable g s.
Measurements (gs, LVPD and ΨL ) were subjected to an analysis of variance
using the proc GLM procedure in SAS (Version 9.2 for Windows: SAS Institute, Cary,
North Carolina). Differences in means were separated using Fisher’s least significance
difference procedure (P < 0.05). Response of gs and LVPD was analyzed using a
regression analysis in SAS.
Results
The experiments were conducted under standard greenhouse conditions. For
round one, average high air temperature was 39.7 oC and average low air temperature was
24.8 oC. During round two the average high and low temperatures decreased slightly to
34.5 and 22.2 oC, respectively. Mean relative humidity in round one was 43.5% and
increased to 52.3% during round two.
Acute Drought Experiment
During each round of the acute study, ‘Arbequina’ had greater gs readings than
the other varieties with differences beginning 4 days after initiation of the study (Figure
3.1). Typically ‘Mission’ had the least gs readings throughout both rounds of the study,
and was the only cultivar to have all plants dead at the end of round two (Figure 3.2).
Although there was variation between data sets, overall ‘Arbosona’ had greater gs means
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when compared to ‘Koroneki’ (Figure 3.3). This was trend was seen in both rounds of the
experiment.
There was more variability between data sets when comparing the different
fertility treatments. In round one, differences were only seen on 4 and 14 days after
initiation (Figure 3.4). Trees receiving low (100 ppm N) fertility treatment had the
greatest gs means on each day. However, overall there were no differences between
treatments (Figure 3.6). In round two, differences were seen on days 4, 6, 8 and 12 after
initiation (Figure 3.5). By day 6, the control treatment (no fertility) had the greatest gs
mean. This trend continued through the remainder of the experiment. Overall the
moderate fertility treatment (200 ppm N) had the lowest gs mean (Figure 3.6).
During round one, ‘Koroneki’ consistently had the least negative pre-dawn ΨL,
and ‘Mission’ had the most negative (Figure 3.7). Overall there was a difference between
the two varieties. In round two ‘Arbosona’ had the least negative pre-dawn ΨL on 4 and 6
days after initiation. After 10 days had passed, ‘Arbequina’ and ‘Arbosona’ were the only
varieties that still had viable measurements. No differences were seen in overall means
between varieties.
There were slight variations between pre-dawn ΨL measurements comparing the
effects of fertility treatments. In round one, differences were seen 10 days after initiation
and trees receiving low (100 ppm N) fertility treatment had the least negative pre-dawn
ΨL (Figure 3.8). No clear pattern or differences were found in round two, and there were
no differences in overall means for either round.
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In round one, ‘Arbosona’ and ‘Mission’ showed an increase in g s as LVPD
increased (Figure 3.9). However, ‘Koroneki’ and ‘Arbequina’ exhibited a decrease in g s
as LVPD increased. During round two, as LVPD increased all varieties had a decrease in
gs (Figure 3.10). This was also the trend seen during both rounds for the fertility
treatments (Figures 3.11 & 3.12).
Sequential Drought Experiment
In the beginning of round one, ‘Mission’ had a lower g s mean when compared to
the other varieties (Figure 3.13). By 4 days between watering, a clear pattern was
established. ‘Arbequina’ had the highest gs means, followed by ‘Arbosona’, ‘Koroneki’,
and ‘Mission’. No ‘Mission’ trees survived past 7 days without irrigation. Overall
‘Arbequina’ and ‘Arbosona’ had greater gs means when compared to ‘Koroneki’ and
‘Mission’. Round two showed similar trends. ‘Arbequina’ had the greatest gs and
typically ‘Mission’ had the least (Figure 3.14). Overall means reflect this trend (Figure
3.15).
Early in round one, moderate (200 ppm N) fertility treatment showed the greatest
gs readings. However, at 4 days between watering, the control treatment had the greatest
gs (Figure 3.16). This continued for the remainder of the experiment. At 8 days between
watering, trees with the moderate and high (400 ppm N) fertility treatments had no
measureable gs. Overall there were no differences between the treatment means (Figure
3.18). A clear pattern developed in round two. From the beginning the control fertility
treatment had the greatest gs means, and typically the high fertility trees had the lowest gs
means (Figure 3.17). However, at the end of the round, trees under the low (100 ppm N)
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and moderate fertility treatments exhibited foliar death with no measureable gs. The
overall gs mean for the control treatment was greater when compared to the other
treatments, and there were no differences between the low and moderate treatments
(Figure 3.18).
During round one, pre-dawn ΨL did not exhibit clear trends between different
varieties and differences in overall means were not found (Figure 3.19). The only
differences seen in round two was at 2 and 4 days between watering events, and
‘Arbequina’ had the least negative pre-dawn ΨL. However, overall there were no
differences between means.
Differences in pre-dawn ΨL between fertility treatments did not follow a specific
trend, and overall means showed no differences (Figure 3.20). At the beginning of round
one, trees under the high fertility treatment had the least negative pre-dawn ΨL. However,
at the end they had the most negative readings. The control fertility treatment trees had
the least negative pre-dawn ΨL at the end of round two.
In round one, there was an increase in gs as LVPD increased for all of the varieties
(Figure 3.21). This trend was also seen for all of the different fertility treatments (Figure
3.23). Different intercepts were seen for each of the different varieties and treatments.
‘Mission’ was the only variety in round two that showed a decrease in g s as LVPD
increased (Figure 3.22), and the high fertility treatment had the same response (Figure
3.24). All other varieties and treatments had increases in g s as LVPD increased.
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Discussion
In the acute drought study ‘Arbequina’ had the greatest overall g s mean for both
rounds. ‘Arbequina’ is known to be a moderately drought tolerant variety and is one of
the most popular oil producing varieties (Therios, 2009). Similar results were found in
the sequential study. This implies ‘Arbequina’ trees were able to keep their stomata open
and maintain greater gs. Other varieties, especially ‘Mission’, were not able to withstand
effects of drought and had lower gs means. Because stomata react directly to the amount
of water lost from the leaf, stomatal closure is one of the earliest responses to drought
(Chaves et al., 2003).
Although no differences were seen in fertility treatments during round one, both
studies indicate trees under control fertility treatment had greater g s during round two
regardless of variety. Increased fertility in a plant can increase the sensitivity of stomata
to levels of ABA associated with drought (Lui and Dickmann, 1992a). Most likely,
effects of fertility were more evident during round two because of the increased amount
of fertility treatments prior to initiation of round two.
Pre-dawn ΨL indicates leaf energy level and soil moisture (Ameglio et al., 1999).
There was no clear pattern for pre-dawn ΨL between either of the acute and sequential
studies regardless of variety and fertility treatment. The only difference was seen in the
acute experiment during round one, where ‘Koroneki’ had the least negative pre-dawn
ΨL. Dichio et al., (2005) found containerized olive trees under high amounts of drought
stress had more negative pre-dawn ΨL measurements when compared to trees under
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minimal drought stress. At the level of fertility and drought experienced, there were no
differences by variety.
It is known stomata respond directly to variations in evaporative demand.
Therefore, LVPD influences the opening and closing of stomata, leading to changes in g s
(Costa et al., 2007). High LVPD can lead to a reduction in g s (Monteith, 1995). There
was no trend between two treatment rounds in the acute drought study. ‘Arbosona’ and
‘Mission’ had increases in g s as LVPD increased during round one indicating these
varieties can maintain open stomata during a drought period. However, for round two all
varieties and fertility treatments had decreases in gs as LVPD increased. Montague and
Kjelgren (2004) observed that leaves of woody plants growing on non-vegetative
surfaces receive more long-wave radiation and sensible heat. Therefore, plants growing
on non-vegetative surfaces found in most greenhouses have greater leaf temperatures,
increases LVPD and lower gs.
In sequential experiment round one all varieties and fertility treatments exhibited
increasing gs as LVPD increased. This is due to the fact that the evaporative demand
threshold was not met (Turner et al., 1984), and seedlings were able to keep their stomata
open despite the lack of irrigation leading to a cooler canopy. Leaf temperature can be
lowered with high levels of gs, and can lead to a lower LVPD (Montague et al., 2000). In
round two, ‘Mission’ and the high (400 ppm N) fertility trees showed a decrease in g s. It
should be noted that ‘Mission’ is widely used in traditionally spaced orchards in areas
such as Argentina, Australia, Egypt and the United States (Therios, 2009). The other
cultivars are used in more high density plantings and are maintained with different
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canopy characteristics. Montague et al. (2000) found that the effect of increasing LVPD
on gs is species specific. Therefore, it is not unforeseen that ‘Mission’ would respond
differently than the other cultivars.
Throughout both greenhouse experiments, the effects of drought were evident.
Overall, ‘Arbequina’ proved to withstand these effects better than ‘Mission’ and it was
seen that increased levels of fertility do not protect the plant against drought.
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Fig. 3.1. Acute drought study, round 1. Effects of drought on stomatal conductance of
four containerized, greenhouse grown olive varieties. Letters indicate significant
differences within each date (P ≤ 0.05).
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Fig. 3.2. Acute drought study, round 2. Effects of drought on stomatal conductance of
four containerized, greenhouse grown olive varieties. Letters indicate significant
differences within each date (P ≤ 0.05).
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Fig. 3.3. Acute drought study, overall means. Effects of drought on stomatal conductance
of four containerized, greenhouse grown olive varieties. Letters indicate significant
differences (P ≤ 0.05).

62

Texas Tech University, Kaylee A. Decker, May 2012

Fig. 3.4. Acute drought study, round 1. Effects of drought on stomatal conductance of
containerized, greenhouse grown olive trees subjected to varying levels of fertility: Trt 0
– control, no fertility, Trt 0.5 – low, 100 ppm N, Trt 1 – moderate, 200 ppm N, Trt 2 –
high, 400 ppm N. Letters indicate significant differences within each date (P ≤ 0.05).
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Acute Round 2

Fig. 3.5. Acute drought study, round 2. Effects of drought on stomatal conductance of
containerized, greenhouse grown olive trees subjected to varying levels of fertility: Trt 0
– control, no fertility, Trt 0.5 – low, 100 ppm N, Trt 1 – moderate, 200 ppm N, Trt 2 –
high, 400 ppm N. Letters indicate significant differences within each date (P ≤ 0.05).

64

Texas Tech University, Kaylee A. Decker, May 2012
Acute

Trt 0
Trt 0.5
Trt 1
Trt 2

Stomatal conductance (mmols m-2 s-1)

450
400
350
300
250
a

200

ab

b

ab

150
100
50

Round 1

Round 2

Fig. 3.6. Acute drought study, overall means. Effects of drought on stomatal conductance
of containerized, greenhouse grown olive trees subjected to varying levels of fertility: Trt
0 – control, no fertility, Trt 0.5 – low, 100 ppm N, Trt 1 – moderate, 200 ppm N, Trt 2 –
high, 400 ppm N. Letters indicate significant differences (P ≤ 0.05).
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Fig. 3.7. Acute drought study, overall means. Effects of drought on pre-dawn water
potential of four containerized, greenhouse grown olive varieties. Letters indicate
significant differences (P ≤ 0.05).
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Fig. 3.8. Acute drought study, overall means. Effects of drought on pre-dawn water
potential of containerized, greenhouse grown olives subjected to varying levels of
fertility: Trt 0 – control, no fertility, Trt 0.5 – low, 100 ppm N, Trt 1 – moderate, 200
ppm N, Trt 2 – high, 400 ppm N. Letters indicate significant differences (P ≤ 0.05).
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Fig. 3.9. Acute drought study, round 1. Effects of drought on the influence of leaf-to-air
vapor difference (LVPD) on stomatal conductance (gs) of four greenhouse grown olive
varieties. Predicted regression line equations are followed by the R2 value for the
equation: Arbequina, y = 449.84 – 40.74x, R2= 0.045; Arbosona, y = 195.66 + 2.02x, R2
= 1.41E-04; Koroneki, y = 465.72 – 57.00x, R2 = 0.125; Mission, y = 119.09 + 6.28x, R2
= 0.002.
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Fig. 3.10. Acute drought study, round 2. Effects of drought on the influence of leaf-to-air
vapor difference (LVPD) on stomatal conductance (gs) of four greenhouse grown olive
varieties. Predicted regression line equations are followed by the R2 value for the
equation: Arbequina, y = 226.82 – 2.24x, R2= 4.77E-04; Arbosona, y = 226.86 – 18.16x,
R2 = 0.033; Koroneki, y = 241.39 – 23.29x, R2 = 0.055; Mission, y = 196.85 – 13.45x, R2
= 0.014.
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Fig. 3.11. Acute drought study, round 1. Effects of drought on the influence of leaf-to-air
vapor difference (LVPD) on stomatal conductance (gs) of greenhouse grown olives
subjected to varying levels of fertility: Trt 0 – control, no fertility, Trt 0.5 – low, 100 ppm
N, Trt 1 – moderate, 200 ppm N, Trt 2 – high, 400 ppm N. Predicted regression line
equations are followed by the R2 value for the equation: Trt 0, y = 245.71 – 13.20x, R2=
0.008; Trt 0.5, y = 287.85 – 13.35x, R2 = 0.006; Trt 1, y = 228.05 – 6.01x, R2 = 0.001; Trt
2, y = 331.26 – 25.20x, R2 = 0.016.
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Fig. 3.12. Acute drought study, round 2. Effects of drought on the influence of leaf-to-air
vapor difference (LVPD) on stomatal conductance (gs) of greenhouse grown olives
subjected to varying levels of fertility: Trt 0 – control, no fertility, Trt 0.5 – low, 100 ppm
N, Trt 1 – moderate, 200 ppm N, Trt 2 – high, 400 ppm N. Predicted regression line
equations are followed by the R2 value for the equation: Trt 0, y = 245.19 – 15.86x, R2=
0.021; Trt 0.5, y = 236.37 – 15.23x, R2 = 0.018; Trt 1, y = 197.76 – 7.94x, R2 = 0.005; Trt
2, y = 198.57 – 7.87x, R2 = 0.007.
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Sequential Round 1

Fig. 3.13. Sequential drought study, round 1. Effects of increasing drought on stomatal
conductance of four containerized, greenhouse grown olive varieties. Letters indicate
significant differences within each date (P ≤ 0.05).
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Sequential Round 2
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Fig. 3.14. Sequential drought study, round 2. Effects of increasing drought on stomatal
conductance of four containerized, greenhouse grown olive varieties. Letters indicate
significant differences within each date (P ≤ 0.05).
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Fig. 3.15. Sequential drought study, overall means. Effects of increasing drought on
stomatal conductance of four containerized, greenhouse grown olive varieties. Letters
indicate significant differences (P ≤ 0.05).
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Fig. 3.16. Sequential drought study, round 1. Effects of increasing drought on stomatal
conductance of containerized, greenhouse grown olive varieties subjected to varying
levels of fertility: Trt 0 – control, no fertility, Trt 0.5 – low, 100 ppm N, Trt 1 – moderate,
200 ppm N, Trt 2 – high, 400 ppm N. Letters indicate significant differences within each
date (P ≤ 0.05).
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Sequential Round 2

Fig. 3.17. Sequential drought study, round 2. Effects of increasing drought on stomatal
conductance of containerized, greenhouse grown olive varieties subjected to varying
levels of fertility: Trt 0 – control, no fertility, Trt 0.5 – low, 100 ppm N, Trt 1 – moderate,
200 ppm N, Trt 2 – high, 400 ppm N. Letters indicate significant differences within each
date (P ≤ 0.05).
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Fig. 3.18. Sequential drought study, overall means. Effects of increasing drought on
stomatal conductance of containerized, greenhouse grown olive varieties subjected to
varying levels of fertility: Trt 0 – control, no fertility, Trt 0.5 – low, 100 ppm N, Trt 1 –
moderate, 200 ppm N, Trt 2 – high, 400 ppm N. Letters indicate significant differences (P
≤ 0.05).
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Fig. 3.19. Sequential drought study, overall means. Effects of drought on pre-dawn water
potential of four containerized, greenhouse grown olive varieties. Letters indicate
significant differences (P ≤ 0.05).
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Fig. 3.20. Sequential drought study, overall means. Effects of drought on pre-dawn water
potential of containerized, greenhouse grown olives subjected to varying levels of
fertility: Trt 0 – control, no fertility, Trt 0.5 – low, 100 ppm N, Trt 1 – moderate, 200
ppm N, Trt 2 – high, 400 ppm N. Letters indicate significant differences (P ≤ 0.05).

79

Texas Tech University, Kaylee A. Decker, May 2012
Sequential Round 1

Arbequina
Arbosona
Koroneki
Mission

650

550

-2

-1

Stomatal conductance (mmols m s )

600

500
450
400
350
300
250
200
150
100
50
1

2

3

4

5

6

Leaf to air vapor pressure deficit (kPa)

Fig. 3.21. Sequential drought study, round 1. Effects of drought on the influence of leafto-air vapor difference (LVPD) on stomatal conductance (gs) of four containerized,
greenhouse grown olive varieties. Predicted regression line equations are followed by the
R2 value for the equation: Arbequina, y = 143.62 + 35.11x, R2= 0.083; Arbosona, y =
136.25 + 30.74x, R2 = 0.061; Koroneki, y = 76.15 + 38.50x, R2 = 0.077; Mission, y =
123.05 + 20.10x, R2 = 0.026.
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Sequential Round 2
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Fig. 3.22. Sequential drought study, round 2. Effects of drought on the influence of leafto-air vapor difference (LVPD) on stomatal conductance (gs) of four containerized,
greenhouse grown olive varieties. Predicted regression line equations are followed by the
R2 value for the equation: Arbequina, y = 177.75 + 28.72x, R2= 0.044; Arbosona, y =
169.19 + 12.62x, R2 = 0.012; Koroneki, y = 151.39 + 17.23x, R2 = 0.021; Mission, y =
192.28 – 7.24x, R2 = 0.004.
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Fig. 3.23. Sequential drought study, round 1. Effects of drought on the influence of leafto-air vapor difference (LVPD) on stomatal conductance (gs) of greenhouse grown olive
varieties subjected to varying levels of fertility: Trt 0 – control, no fertility, Trt 0.5 – low,
100 ppm N, Trt 1 – moderate, 200 ppm N, Trt 2 – high, 400 ppm N. Predicted regression
line equations are followed by the R2 value for the equation: Trt 0, y = 128.85 + 26.38x,
R2= 0.05; Trt 0.5, y = 111.39 + 32.44x, R2 = 0.064; Trt 1, y = 138.45 + 30.85x, R2 =
0.050; Trt 2, y = 123.68 + 29.75x, R2 = 0.048.
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Fig. 3.24. Sequential drought study, round 2. Effects of drought on the influence of leafto-air vapor difference (LVPD) on stomatal conductance (gs) of greenhouse grown olive
varieties subjected to varying levels of fertility: Trt 0 – control, no fertility, Trt 0.5 – low,
100 ppm N, Trt 1 – moderate, 200 ppm N, Trt 2 – high, 400 ppm N. Predicted regression
line equations are followed by the R2 value for the equation: Trt 0, y = 161.85 + 34.52x,
R2= 0.078; Trt 0.5, y = 175.70 + 7.36x, R2 = 0.003; Trt 1, y = 181.23 + 8.95x, R2 = 0.006;
Trt 2, y = 181.04 – 3.63x, R2 = 0.001.
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